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ABSTRACT

The Kyoto Protocol (1997) has been a turning péimtfuture
economic and environmental policies for both indakzed and
developing countries. The vehicle engine manufacturare
continuously working towards reducing fuel consumptand
emissions while maintaining optimum performance Kegping
the Air to fuel ratio (AFR) as close to the stomtmietric value of
14.7. In the present paper, new simulation modelguMatlab
Simulink for a Sl (Spark-Ignition) engine has bemveloped that
included all engine dynamic models such as dynanodel of
the throttle body, a lambda dynamic model, a modi¢he intake
manifold dynamic, and models of engine torque arad ihjection
dynamic. Then, to control the AFR in S| enginesy entrollers
were proposed to maximize fuel economy and minineizieaust
emissions. A hybrid fuzzy logic controller (HFLC)aw created
by combining a PID control and fuzzy control. Howevthis
model was validated using the results from engirevérious
constant load operation tests such as 40 Nm, 50ahtin60 Nm
but this paper only presented operation at 60 Nime. Simulation

results founded that the maximum and minimum AFR fo

convectional look-up and HFLC methods were (161804) and
(15.02, 14.4) respectively. Simulation results frétRLC were
lower than other methods such as Sliding Mode ©@b{8MC),
Neural Network (NN), Proportional-Integral contesll(PI) and
Model-based Predictive Control (MPC) extracted froublishing
data.

KEY WORDS: Hybrid Fuzzy Logic Controller, Air to Fuel

Ratio, Matlab/Simulink, SI Engine.

NOMENCLATURE
AFR Air to Fuel Ratio

HFLC  Hybrid Fuzzy Logic Controller
MIMO  Multi Input Multi Output
MPC Model-Based Predictive Control

NN Neural Network
PID Proportional Integral Derivative

SDO Simulink Design Optimization
SMC Sliding Mode Control
TWC  Three Way Catalytic

1.0 INTRODUCTION

Environment in forms of air pollution emitted bynth ocean and
air transportation
compounds of hydrogen nitrogeNd, ), carbon dioxide 0,),
particulate matter (PM) and sulfur oxideS0Q,) became an
essential issue on societies’ point of view. TheotdyProtocol
(1997) has been a turning point for the future ecoic and
environmental policies for both industrialized addveloping
countries [1].

According to the Ward's research, the number oficleb
jumped from 980 million units in 2009 to 1.015 kit in 2010
[2]. The governments and vehicle manufactures dustrialized
and developing countries consider not only econahigsue but
also environmental issue. In order to do that,\tbleicle engine
manufacturers are continuously working towards ceuy fuel
consumption
performance as they try to meet the growing demaofls
governmental automotive standards based on theokaitocol
(1997) [1].
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To reach this goal, many different variables must b
controlled such as engine torque, engine speedngirf fuel
injection, timing of spark ignition, air intake, émir to fuel ratio
(AFR) which is related to each other. Furthermaseyeral
different operating modes are defined for sparktigm (SlI)
engines such as startup, idle, running and bral@ogsequently,
the engine dynamics very nonlinear and multivagabdle to
those factors [3].

To decrease effectively the emission of harmful egas
subsequent to engine combustion, a three way tiatglljWC)
converter can be installed at the exhaust systamC s very
important element of the car's exhaust system dueapable of
making some harmful gases such as unburned hytatsiC),
carbon monoxide ¢0), and hydrogen nitrogenNQ, ) in the
exhaust gas to less toxic pollutants by catalyzesedox reaction
as shown in Figure 1 [Berkeley]. A catalyst is aerdiical
compound that helps the reaction to occur fasteredycing the
activation energy barrier of the reaction [Berkglegonversion
efficiency depends on the air to fuel ratio dur@ognbustion. The
effect of emission controls can be also influenbgd\FR due to
its stoichiometric value that guarantees the high€/C
efficiency.

Figure 1: Catalytic Converter -Deconstructed- [Berkeley].

According to Benninger, et al, 1991 variations lme tAFR
should be within + 0.2%. More than a 1% variatieiow 14.7
may significantly increase emissions of unburnedrbgarbons
(HC) and carbon monoxideCQ). As shown in Figure 2, the
production of hydrogen nitrogemNQ,), up to 50% can be the
result of deviations greater than 1% [4].

To control the AFR in most of Sl engines, proparéband
integral (PI) controls together with a look-up ®hiere used.
This was not a robust system due to the effectnebrtainty and
time variations. A neural network (NN) and a Prdjporal-
integral (PI) control for the AFR was establishgdZhai et al,
2010. There was a control performance but still desiation
between the AFR and stoichiometric AFR is too greie
maximum and minimum AFR with Pl and NN methods dase
the Zhai et al,. 2010 was (22.5, 12.8) and (17.3,29),
respectively. Wang, 2006 studied the air—fuel ratatrol using
the MPC controller (16.2, 14.05)
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Figure 2: The most suitable values 60, HC, NO,, CO, and air
to fuel ratio for an Internal Combustion engibg [

In this study, the AFR in Sl engines was contillesing
new control methods to maximize fuel economy while
minimizing exhaust emissions. In this way, a hyltidzy logic
control (HFLC) was created by combining two contnabdels,
PID control and fuzzy control This research wasticamtion
from previous research [5,6 & 7].

2.0 SOFTWARES SIMULATION

2.1 Commercial Software Simulation
Currently, engineering simulation software can beunfl
abundantly in market. To simulate the engine maoaighropriate
software should be selected. In the automotiversgging field,
simulation software is provided mainly in two diféat groups:
commercial software and custom in-house softwatgchware
explained in detail in the following subsections

Nowadays, four commercial packages of engine sitionla
are principally applied to automotive industry, redyn Lotus
Engine Simulation (LESoft), Ricardo Wave (RW), Gbwer,
mathematica and AVL CRUISE as shown in Figure 3;
functionality of all is the same [8]. Note that aiétd input
parameters should be provided for them to simufaéeengine
operation in an integrated manner rather than uaingriety of

subsystems.

;; AVL CRUISE
GT =’

Figure 3: Commercial packages of engine simulation

The commercial engine simulation software has abarmof
advantages; the most important ones include asaell
1. The commercial software is use friendly, hand od elick
button software. They can handle a wide range dirtieal
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applications in regard to vehicle and engine duedotain
many modules and libraries. 3. GT POWER

2. Innovative graphical user interface and methodsmoftel The professional software company of Gamma Teclyedois
construction help a user perform the simulatiomisans of mainly focused on engine and vehicle industry. GOWER,
drag-and-drop element library, easy-to-use, modular provided by Gamma Technologies, has various vehaie
extendable. engine technical applications, including vehiclenamics and

3. The application software can provide an accuratginen engine performance modeling [GT-POWER]. GT-POWER is
performance block, engine component blocks, ancaayn used to predict engine performance quantities @agtpower,
control blocks in order to apply to a real-time siation. The torque, airflow, volumetric efficiency, fuel consption,
application is also fast and reliable fuel econormyd turbocharger performance and matching, and pumpisges
performance predictions from early concept phase. | [GT-POWER]. GT POWER is fundamentally a greatly ztdale
addition, vehicle dynamics blocks are includedame of the multi-physics platform that can be used to consteugariety of
software, which help to analyze the engine combuoséind engineering models through combining the flow, e
emissions; simulated items are fast, and the obdaresults acoustics, electric, chemistry, mechanical, andtrom GT-
have a high accuracy. POWER includes physical models for extending thedjations

4. Strong teams are ready to update modules and grovid to include cylinder and tailpipe-out emissionsake and exhaust
solution to the problems faced by customs. In esseoar system acoustic characteristics (level and qualitygylinder and

designers can make use of simulation software ikinga pipe/manifold structure temperature, measured dglirpressure
appropriate decisions; such decisions are expedted analysis, and control system modeling [GT-POWER].

contribute to designing competitive vehicles regayd The application of GT can be as follows [GT-POWER]:
important factors such as performance, fuel -efficie e Combustion and Emissions
emissions, and drivability. «  Cylinder Pressure Analysis
¢ Intake and Exhaust Acoustics
1. Ricardo Wave (RW) +  Exhaust Aftertreatment
Ricardo Wave (RW) is used worldwide in industry tees . Valvetrain
including ground transportation, rail, motor spamarine, and R

Waste Heat Recovery

. Performance, Fuel Economy, and Emissions
¢  Control, MiL, SiL and HiL

¢ Real-Time Engine

power generation for 1D engine and gas dynamicdysisa
[Ricardo software] The engine simulation packageRyY has
been proposed for the analysis of the pressure wgmamics,
plenums, energy losses in ducts, mass flows, andfotdmof a
variety of machines and systems [Ricardo softwdR§y makes
use of two-zone model to simulate time-dependeid dynamics
and thermodynamics. Several key features of Ricavdwe are
as follows [Ricardo software]:
¢« Advanced Sl and combustion models (non-predictesni-
predictive and predictive models) allowing accurstgle or
multiple fuels handling
e  State of the art compressor and turbine physics

4. AVL CRUISE

Powertrain analysis and vehicle simulation can beedusing
AVL CRUISE J[AVL]. This product is applicable to the
development and optimization of reliable powertsainow
emission engines, complex control systems of engiaevell as
cooling and transmission systems. The applicatietd fcovers
fuel efficiency, driving emissions and performamemlyses along
the vehicle development process with model re-us@ toncept

*  Comprehensive 1D and 3D after treatment libraryuiiag design through to HiL and testing [AVL]. AVL CRUISE able
TWC, DPF, LNT, DOC, SCR and user models to support engineers during the process of dewedpfiie engine
* Advanced acoustic features including, engine spaetio and vehicle in standard applications, e.g., fueneeny and full
player, modeling absorptive materials, porous dusr load acceleration tests, traction diagrams, hilimbing
defined flow noise calculation ) o performance, and computational concept studiesudiioty the
*  Graphical plotting on the fly and interactive inpedntrol thermal, electrical, mechanical, and control systenAVL
using the WAVE Live interface CRUISE supports everyday tasks in vehicle systethdsiveline
) ) analysis from the concept phase to control functiemelopment
2. Lotus Engineering Software (LESoft) and testing. Its modular and open structure enadypdications

Lotus Engineering Software (LESoft) which is anhimise code  for different architectures (conventional, hybrielectric) and

has been developed by automotive engineers [.L®tasp] Engine singngineering focuses (transmission, engine, electystenita module an

code is capable of predicting combustion, gas flamd overall  controls, etc.) in all relevant industries (passzngommercial, 2-
performance of the IC engines. wheeler, off road) [AVL].

LESoft has several modules as follows [Lotus Group]

¢ Lotus Suspension Analysis (SHARK & RAVEN) 5. mathematica

*  Lotus Engine Simulation (LES) Mathematica provides a single integrated, contigustpanding

¢ Lotus Vehicle Simulation (LVS) system that covers the breadth and depth of teahnic

¢ Lotus Concept Valve Train (LCVT) computing—and with Mathematica Online, it is novarsgessly

e Lotus Concept Crank Train (LCCT) available in the cloud through any web browser,vasl as
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natively on all modern desktop systems [Wolframhthvematica
excels across all areas of technical computing-titinly neural
networks, machine learning, image processing, geéymdata
science, visualizations. For example, SystemModélenodule
gives users the possibility to control simulatiatisectly from
Mathematica [Wolfram].

2.2 Code Languagesfor Simulation

The development of simulation software can be donevriting
source code in the program in a way to implemeatrdguired
functions through programming languages for exanjplea, C,

C++, VC, Python, VF, Openfoam, R, etc). Some of the

programming software such as Matlab, Dymola, MagelVB,
VS, V#, and VisSim has been designed particulady data
processing and mathematical operations. Such s@ftecanprises
algorithmic components and toolbox comparable atestents or
blocks; by simply entering the equation or logicelationship,
they will be operational. For writing source cotlegre is a need
for expertise in a variety of subjects such as Kedge of the
application domain, formal logic, specialized algons, and so
on. Many researchers have developed their own aodtvior
example Koto has developed several software usiBgcude
such as Subsea Pro Software, Offshore Pro Softiwadgation
Integrated System, Ice Ship Software Heli Pro Safey Mobile
Harbour Pro Software, Ship Manoeuvring Pro SoftwB@@M-SP
Pro Software [9].

When, in the late 1970s, Cleve Moler was attemptinghake
an interactive access to FORTRAN linear algebrawsok

packages (i.e., LINPACK and EISPACK). FORTRAN is an

imperative programming language which is for geRpuapose
and numerical computation and analysis. FORTRANrapglly
developed from FORTRAN to FORTRAN 2015.

Among other languages, Matlab is a programming uagg
of a high level; it makes available such a probkotving
environment that makes easy the scientific and emagttical
computations. Matlab was originated, and then is developed
by Mathworks founded in 1984 [10]. The Matlab isedisfor
machine learning, signal processing, image proegssomputer
vision, communications, computational finance, cantlesign,
robotics, and much more [Mathworks]. This softwareapable
of analyzing data, developing algorithms, and dngat
applications and models. Furthermore, in 2002, dditianal
package, i.e., SIMULINK, was developed by Mathworks
offers a graphical block diagramming environment foulti-
domain simulation and model-based design. This weoé
provides a unified integration with the rest of tivatlab
environment; it has the capacity to either drive thlatlab
software or be scripted from it. Matlab/Simuliinkakes a great
experience for users. Simulink and Matlab have besgpidly
promoted by much higher performance requirementsigrial
processing and numerical analysis based on evolatizurring
in the Science and Engineering fields. It can bd #zt one of
the three or four key developments, which haverigilace in
numerical computation during the last decade,esattivent of the
Matlab software that has been widely preferredhpusands of
foremost engineers and scientists [8].

There are several reasons for choosing Matlab/8ikub
develop engine simulation platforms and design remgiontrol

systems. Firstly, Matlab offers a high level of gramming
language as well as user-friendly, powerful graplaad many
math tool boxes. Matlab has ability to read in aewariety of
both common and domain-specific image formats dsal ability
auto-generate C code, using Matlab Coder.

Then, language, built-in math functions, and taafldviatlab
help to find multiple approaches and achieve sohstifaster
compared to those in spreadsheets or conventiongrgmming
languages like C/C++ or Java. Matlab allows thersise test
algorithms immediately without recompilation.

Matlab/Simulink contains toolbox called Simulink @l
Design (SCD) makes designing and analyzing therabsystems
very easy. For instance, users are able to designaaalyze
control systems modeled, the gains of PID contreliean be
tuned automatically by users in a way to satisfyfqgenance
requirements [Mathworks]. The users can also autoaiy tune
arbitrary SISO and MIMO control architectures [Matirks,
Nekooei, 2013]. Using such toolbox, users are akmpable of
exploring non-intrusively the operating points araculating the
accurate linearization of the Simulink models invariety of
operating conditions [Mathworks]. The tools prowddby the
Control Design toolbox help users to calculate $iraulation-
based frequency responses with no modificatiorhersimulation
model.

Matlab/Simulink also contains Simulink Design Optiation
(SDO) which has useful functions, interactive toaad blocks
for analyzing and tuning model parameters [MathwprkJsing
the Simulink Design Optimization toolbox, contrefieare able to
design improvements through estimating and tunhrgy rhodel
parameters by means of numerical optimization.dditéon, the
model accuracy can be enhanced using test datathier
calibration of physical parameters. Then, the dep@rameters in
the Simulink models can be automatically tuned $grs.

3.0HFLC AFR CONTROL FOR Sl ENGINE

Research flowchart used in this study consistbefix phases as
shown in Figure 4, as follows:

Proposed new engine and mathematical modeling,
Develop engine dynamic modeling using Matlab/Sintuli
Conducting experiment using Peugeot 405 1.8i engine
Validating the engine simulation model by companmith
experiment results

EC

o

controls which consists of Design PID Control, Igas
Fuzzy Control, Design Fuzzy PID Control and HylFigzzy
Controller (HFLC)

6. Evaluating the proposed HFLC.

JOM Ase | Received: 24-February-2017 | Accepted: 30-M&@h7 | [(41) 1: 1-15]
Published by International Society of Ocean, Medtwrand Aerospace Scientists and Engineevay.isomase.org ISSN: 2354-7065 & e-ISSN: 2527-6085

Proposed HFLC by based development of PID and Fuzzy



Jour nal of Ocean, M echanical and Aerospace
-Science and Engineering-, Vol.41

March 30, 2017

' Engine Simulation using HFLC |

Propoed New Engine

Model Design PID Contro

Mathematical Engine
Model

| |
Design Fuzzy PID
Control

Hybrid Fuzzy Controller
(HFLC)

Design Fuzzy
Control

Engine Dynamic Model by
Matlab/Simulink

Conduct Experiment

Validation with
Experiment

AFR with HFLC

Result Simulation Compared

Other Methods

Figure 4: Flowchart of engine simulation using HFLC in teofm
AFR.

3.1 Proposed New Engine Structure and M athematical Model
The simulation model for the engine dynamics witlsciated
with all operational dynamics of the engine inchglifuel, air,
and AFR dynamics, and engine speed. There are Bematical
modules for the engine operation as shown in Figurhey are
as follows

1. Model of throttle body

2. Model of Intake manifold dynamic

3. Model of Fuel Injection Dynamic

4. Model of Crank shaft dynamic

5. Model of Engine Air to fuel ratio

In the figure it can be seen that there were tvwmsraodels for

air dynamic which is throttle model and intake nfialidi models.

L

«
INTAKE
MANTOLD
DYNAMIC
N

M v
"L .
Mei | acnos _— TR A » Ay >
DYNANSC g
—
TORQUE Engine Torque
MO0IL >

Figure5: Proposed new engine structure.

In the operation of a real engine, there are twoinma
parameters: any event in engine operation and efgliof the
signal. This is why a delay of data occurs betweasry event or
a signal block may be occurred.

3.2 Development of Engine Dynamic Simulation

The development and confirmation of simulation mMadengine

is used to design and optimize the engine contyetesns. A
Simulink engine dynamic model was developed forsoeasons.
First, the engine simulation model must be compidedhe basis
of the equation of engine dynamic as well as thapater data
of the model achieved from the engine testing ptatf Lastly,

the simulation model should be verified through canparison
between the simulation data and experiment.

The dynamic equations and engine standards exglaime
shown in Figure 5 were formed the basis of the remgiystem
dynamics simulation. Using these equations, the ineng
simulation model in Matlab/Simulink has been crdate

The use of modular structure makes it easier talctiee
performance and precision of the model. This migial module;
therefore, it can be simply used to simulate varidypes of
engines.

3.3 Experimental Setup

Based on parameters of the engine model needethdotests,
there is a need for the testing platform of engifithe
responsibility of optimization and modification die platform
engine is assumed for engine research Ilaboratorlge T
experimental tests were carried out at the engiesearch
laboratory in Shiraz University, Iran. In the engimesearch
laboratory, a Peugeot 405 1.8i engine was usedrtducting our
tests. Many of the parameters for the equationexatained in
Section 3.1, such as engine displacement volumginen
manifold volume, and injector parameters were dated using
the engine information and the engine parts. Figushows the
testing platform used for the engine.
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Figure6: Experimental Platform of Engine

Figure 7 illustrates the throttle angle for theirentime the test
with 40 second maximum run at 40 Nm of engine ldadtable
pressure at a 3.5° angle was the start point. & el@ained by
randomly pushing and releasing the accelerator |petiae
greatest open angle for the throttle was about°2&Rure 8
shows AFR taken from experiment at 40 Nm of cortstengine
load. The AFR model is not second order differémttpiation it's
just a transfer function.

Throttle angles
30 T

e}
o
E
=
g
2
z
=
0 | f f f ]
0 10 20 30 40
Time
Figure7: Variation of throttle at 40 Nm of engine load
AFR
e
=
<

0 5 10 15 20 25 30 35 40
Seconds (40 N.m absorbed load )

Figure8: AFR result at 40 Nm of engine load.

3.4 Validating the Engine Simulation M odel

The conducted experiment with a wide range of dmeravas
required to validate the developed engine simutatrmdel. In
order to accurately evaluate the simulation modepmparative
study was performed using the data collected frioensimulation
and actual experiments under several different aijper
conditions with predicted values for different \adofes for the
engine simulation and using identical inputs inghgdfuel flow
rate calculated using injection time, throttle opamgle, and
engine speed.

In the simulation process the engine behavior usdeeral
conditions was validated using the dynamometer wittonstant
load torque and then, a group of data in time domaas
recorded. The intake manifold pressure and théiaairrate were
two variables that were measured directly whiledghe analyzer
and Q sensor placed in the exhaust pipe were used teurea
the AFR. Because it is not easy to measure fuel €ilynamics,

the gas analyzer and,®ensor were used to measure the mass of

fuel in the film.

According to the requirements of the experimente th
validation of the simulation was divided into thrsections as
follows: setting up load for dynamometer, run eegimder the
given load and determine the error.

The constant loads were set for the dynamometes 4@r 50
and 60 N.m. These numbers were approximate valliese
different loads absorbed with three different ttleotangle
paradigms from the engine to simulate low, middkel high load
conditions.

After setting up the dynamometer, the engine wasumnder
the given load as discussed above. A greater abddoad and a
greater throttle angle paradigm have been used.

Furthermore, a comparative analysis is performetvden
the simulation data and the platform test dataefogine speed,
intake manifold pressure, AFR and lambda. Errorwbeh
simulation and experimental data was calculated.

3.5 Designing and Simulating of HFLC

The principal idea behind of the study firstly wasdevelop an
engine simulation model as shown in Figure 5 thatuded all
dynamic engine parts such as throttle body, intadenifold

dynamic, fuel injection dynamic, crankshaft dynamic engine
air to fuel ratio (AFR). After that it was desiggiand simulating
a Hybrid Fuzzy Logic Controller (HFLC) by combirati

between a fuzzy logic and PID controller using MbtSimulink
as shown in Figure 5. The purpose of those poirds to takes
advantage of the properties of the fuzzy logic Bifdl controllers.
A fuzzy controller was used for the online tuninfjtbe PID

controller gains proportionalK(,), integral K;), and derivative
(K4)- The target of the new engine controlled by HRk@s the
AFR control of SI engines which closes to the $tmimetric

value of 14.7.

A Proportional Integral Derivative (PID) controkeare the
most famous and popular industrial controllers. iThrebust
operation and the simplicity of their structure fre under many
different operating conditions is the reason fagirthpopularity.
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The (PID) controller continuously calculates aroemalue as the
difference between a desired AFR and a measured. ARBre
are three gain specifications needed for a PIDrobet design:
proportional K,), integral K;), and derivative K4). The PID
applies a correction based on proportional, integend
derivative terms. The controller attempts to mizenithe error
over time by adjustment of a control variable.

Many scientists have tried to improve and develdfergnt
techniques to tune or optimize these gains. Thengumethod
presented by Ziegler-Nichols (Z/N) is perhaps thestmwell-
known one. The initial estimates were obtained gqigimee Z/N
technique. However, many of the controlled objestd have
complicated mechanism in real world applicationsriNally, it is
difficult to generate a mathematical model for thesbjects
because they are time varying, non-linear and faggi
Fortunately, fuzzy controls can be used to defioetrol rules
using if-then rules as well as including the exgerbntrol rules.
Fuzzy controls are robust enough to overcome tipaénof non-
linear objects. Therefore, combining conventionHD Rontrols
with fuzzy controls to create a new Fuzzy PID cohtwill
generate a control that incorporates the advantageboth
techniques. In the new fuzzy PID controller, th® Plarameters
are adjusted according to deviations between thersa actual
speeds using fuzzy logic. In a fuzzy inferenceeystthe current
rate of change in the deviation is calculated usinduzzy
reasoning. Then, the PID controller parameters suach
proportional K;), integral K;), and differential K4) coefficients
can be provided by the fuzzy inference. By reaktadljusting of
the fuzzy controller parameters prior to each agctibis possible
to achieve optimal control. This feature means thiat system is
precise, practicable and flexible.

Three fundamental fuzzy PID controllers are dimtion
fuzzy PID, Hybrid fuzzy PID controller and fuzzy iga
scheduling PID controller.

The fuzzy gain scheduling PID controller is a rhbsed
scheme for gain scheduling of PID controllers fhaemarkably
effective in nonlinear systems control. PID cor&olis highly
effective for controlling systems with nonlinearityesil, 2003].
In conventional gain-scheduled PID algorithms, pleeformance
of the algorithm can be improved when a fuzzy iefee
mechanism is employed and adopted for interpolatihg
algorithms of the local PID control. This controllean handle
incomplete and inaccurate knowledge.

By using fuzzy algorithm, the PID actions can benaged
through a direct-action fuzzy PID controller loghtmside the
feedback control loop. When the model
characteristics, the PID controller is effectiveenht uses fuzzy
logic controllers.

Fuzzy logic controllers are very effective since thodel has
nonlinearities. Hybrid fuzzy PID controller can appeared with
various forms, such as the combination of gain-daleg and
direct controller, or combine the PID with fuzzyntwller [11].
In this study, the HFLC has a function as Real $atimn
Continuous. A full analysis of HFLC performance eaked that
the speed of response and suppressed overshdw @omposite
controllers was enhanced, eliminating the steadjeserror. A
gain-scheduling HFLC with a parallel structure fiststudy has
been used.

has nonlinear

The precision of the PID control and the flexilgiliand
adaptability of fuzzy control were combined in tHELC control
as shown in Figure 9. With these two inherited abtaristics, the
fuzzy control of dynamic and static performancewvai as the
single PID control can be improved. There also atifely
control time-varying and nonlinear complicated eyss$ [12].

Figures 9 & 10 provide a block diagram of the HFdE the
AFR in a Sl engine which has divided into two sextdhe first
sector was the air to fuel ratio (AFR) setting colkér developed
for this study. It was important that this HFLC tafier operated
under the various working conditions found in argiea. The
Second sector was the perfect air to fuel ratioRpEontroller.
Fuel injection must be controlled by this HFLC cofier
according to the model AFR settings (red break)lifais type of
control scheme has some benefits:

1. The developed air to fuel ratio setting controller

concentrated on the best AFR analysis

2. The performance of the transient control may berawed

by the ideal AFR controller.

The HFLC and PID AFR controls require the engineusth
be operated under stable conditions. The ideal MaR set with
respect to fuel output. By using the PID and HFldBtooller the
variations were corrected.

Injection Time
, —-_—

Messured ATR
‘ \a- Developed
nmhtor l Eagine '

Figure 9: Block diagram of HFLC AFR control of S| engine

k,iuk‘,;

Injection Time

— oy ™
// \\ -( .\~
Setti ' i -
( 10rt!Lr4]1§.}7 ! =
N ~_ -7 1
Injection Time
7 -~
\ ']
(.

N -

Figure 10: HFLC and PID in Simulink.

3.6 EvaluatingHFLC

A comparative study of engine operations was reguito
evaluate the developed HFLC. In the first evaluatieethod, the
AFR from the simulated engine model using the dgyvedl HFLC
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has been collected then compared it with the AFR m@fal engine wl I I 1 1
that used a conventional look-up table control rhode

For the second evaluation methods, the AFR from the |
simulated engine model using the developed HFLC ten
collected then compared with the AFR from the sated engine
model using the developed PID controller. M

For the third evaluation method, the AFR from tleeeloped
HFLC has been collected and then compared with AésRlts

from four other controller methods such as NN, $\/C and 2t L 1 i X 1 i i 3
PMC developed by other researchers to control ARRSI e 2 08 2 S A SO
engines. P Y Figure 11: AFR validation at 60 Nm (Experiment and simulation

Based on the first evaluation method, the followistgps results are shown in red and blue, respectively)

were used in our evaluating processes:
1. Apply the developed controller on the validated ieag
model in Matlab/Simulink. 4.0PID SIMULATION

2. Start the engine test using a specific throttld@pgradigm. In order to simulate AFR, a PID controller was desd to

3. Measuring the AFR of the real engine using a cotiveal communicate with engine to facilitate tuning antlatmrate with

4 :;)Srﬁ-?r?et?jt:\?eﬁggggllsei:ﬁulated engine model usingsémee the toolbox as .s.hown ip 12. The Figure iIIustlratE.!s PID

' inputs (throttle angle paradigm, ambient tempegatiand cor_ltroller containing Gain, Integrator and Derlvatlb_locks
' which were used to comprehend the PID controlleariables

pressure) as were used with the real engine. . . )
5. Monitor the AFR of the simulated engine model input for PID control were received from fuzzy logiontrol.

6. Compare the AFR of the real engine with the AFRfrihe
simulated engine model.

40SIMULINK IMPLEMENTATION OF ENGINE MODEL

An experimental process was used to obtain allpdw@meters
used in the throttle body model. Using the idleak&t method |
together and the throttle valve directly operatedthund, the Figure 12: PID Structure in SIMULINK
throttle opening cross-sectional area was effelgticescribed
using the equation for throttle mass air flow ahd &accuracy of
the simulation was improved. The effects of chargesl
discharges for the intake manifold were fully reygmted by the

After the simulation finished, the research setRH2 gains to
tune the simulation. By double-clicking on the Phibck, the
window shown in Figure 13 becomes visible.

Intake manifold dynamics model. Realistic dynamésponses [Ty s - |
were provided and reasonable control over dynanmore was [#D Controtter )
produced. e e e e TN
Fuel injection models were included in the fuel aymncs. e
Using various injectors, fuel injection dynamicsdze modeled. “:’:’:;: =] Form: (Pacate
In this study, fuel was measured using air to fiatio (AFR) oo |
controller and fuel injection outputs. This modetjuired engine Orscrete-tme
events and engine speed to control the inputs.rnéngpeed and - VD Advonced | Oata Types | State Aributes
AFR were the two sub-models used for combustioradyos. Cortrolier parameters
Figure 11 shows AFR comparison between simulatiod a Spposen P 0 2 it
experiment at 60 Nm of constant loading conditidn.was :'f::'w : i
founded that results of the experimental and thrikition model PR Tt
were very similar indicating that our model was idalThe Tune...
research also conducted a comparative analysiseofdsults of o o
simulation and test results under transient comastiusing step Soorce: [mternal
and sinusoidal throttle inputs. The outputs of tmedel of J - Co ) o [ e
constant engine load, such as the lambda, airdloréttio, engine : = —— )

speed and manifold pressure, were very close texherimental Figure 13: Function block parameters for the PID controller

results. . . -
In this study, the research set the PID gains usiagZiegler-

Nichols (Z/N) method based on Table 1 and as shiowfigure

JOM Ase | Received: 24-February-2017 | Accepted: 30-Ma@@h7 | [(41) 1: 1-15]
Published by International Society of Ocean, Meat&rand Aerospace Scientists and Engineevay.isomase.org ISSN: 2354-7065 & e-ISSN: 2527-6085



Jour nal of Ocean, M echanical and Aerospace

March 30, 2017
-Science and Engineering-, Vol.41

14.

As shown in Figure 16, there are two inple(K) andAe(K)
Table 1: PID gains parameter based on Ziegler-Nichols (Z/N) and three outputsK;, K, and « for membership function in

method [13]. matlab.
- = -
Control Types B et rcon o i SR
\Fi_le\ Edit  View
P FIS Variables Membership function plots plot points: 181
Pl NB NM NS Z0 PS PM PB
o N
ClassicPID .
S edot kdz
CalFurcton bock Pwamaters PO Convoter o 0 . o . . r— n n 2
(PO Cortrotier - 1 08 -06 -04 -02 0 02 04 06 08 1
This Block emplements contimacus- and decrete bme PID control akgorEhms and ndudes sdvonced features such o input variable "e”
ant-windup, external reset, and signal tracking. You Can tune the PID gains sutomatically using the Tune...' buston
;(rmnmmdw)_ Current Variable Current Membership Function (click on MF to select)
lorerolier: | PR = | Form: | Pacaiiel - Namo o Name I “‘
Tune doman: ¥ Y
® Cortnuous trre . Type input Type trimf - |
————— Range [F11) o 2 J
Man | P Advanced | Data Types | stete Auributes —
Ceatrofier paremeters Display Range 11 | Help | Close | |
Proportonal (P) 08" = Compensater formuis
g £ Selected variable "e” I
ogral (1): LYKy
Oervetve (D) 06 KN"TWE Pt N .
Fiter coufficent (); 160 e’ Figure 16: e(K) membership function in Matlab
Tune...
e In the next section, it was required to define Member
Source: wternal = - . . . . .
. = L Function (MF) as shown in Figure 14, Figure 15 &iglre 16
2 o e e and Figure 17. The researubked 7 triangular functions with the

Figure 14: PID Controller Based on Ziegler-Nichols (Z/N) range [-1 1] to define(K) ancAe(K), and MF. To define the
method MF of K}, K; we used 2 Gaussian functions with range [0 1] as
shown in Figure 17.

50HFLC SIMULATION

K , .
The researchiesigned fuzzy logic in MATLAB was writing in NB NM NS 70O PS PM PB

the command window. The fuzzy tool box is showkigure 15.

) * x=e(k) or ae(k)
XX e, ,,/ZZZS] Figure 17: Membership functions fce(K) andAe(K) [14, 15,
.-

S Unttied — 16]

|lm-= Unttied FS Type: mamdani I
And method == - | [current varate
O metnod — -l || o= I.pm
Impicaton = =) Type outout

= ': Range o I
Detuzzitcaton e ] wo | % ll |
|va—us-w "

& —— J)

Figure 15: Fuzzy logic editor windows
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Small

ae(k)

06

A€

x=Kj, or K&

and K;; membership functions [14, 15 & 16].

Figure 19: Singleton- membership functions f@r[14, 15 & 16].

FS Varsbies Membersho functicn plots POt ponts. 81
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XX 88
odot e
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Fame e ol

Tyse outpat Tye
‘ Params.

Raoge P

Daowy Range 0 1) el I Cose ]I
|~u—.umm~ ”

L =)

To definex the researchused the 4 triangular functions

Figure 20: MF for K, K;; in Matlab

instead of singleton functions with the range [1a8] shown in

Figure 21.

O
{- Membershvp Function Editor: fuzzy pid @] &)
Fle Eda View
FIS Varaties Membersho unctica plots 50t ports 181
3 ‘ s
\Vav;
XX &Y

Output varabie “sbhs”

{ || Corrent Varatie Current Membershp Functon (chck on MF % seiect)
Fame agha -
Tyre output Tpe
Params.
Range ne
Ouphy Range ne I Heo Cose |

Is.enw-'un-'

] b

Figure 21: Membership function fox in Matlab

After the defined membership function the reseatefined
the 49 rules based on Tables 2 ~ 4 as shown irré-Rf1

Table 2: Fuzzy-tuning role fok;, [14, 15 & 16].

Ae(k)

e(k)

NB NM NS ZO PS PM PB
NB
NM
NS
Z0
PS
PM
PB

nw n W W
n T ©® @
T T W @
»n T W W
nw n W@ @
nw n n

W,y 0N W
w
w
w
w
n

Table 3: Fuzzy tuning role foK}; [14, 15 & 16].

Ae(k)

e(k)

NB S S S S S

NM B B S S S B
NS B B B S B B B
Z0 B B B B B B B
PS B B B S B B B
PM B B S § § B B
PB S S S S S S S

Table 4: Fuzzy tuning role foe [14, 15 & 16].

Ae(k)
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°
(B surtace Viewer: fizzy pid Lo ) S
NB NM NS ZO PS PM PB e —
NB 2 2 2 2 2 2 2 | ;
| ) | |
NM 3 3 2 2 2 3 3 ; H-1 i
! 5 |
NS 4 3 3 2 3 3 4 ‘
e(k) o
Z0 5 4 3 3 3 4 5
PS4 3 3 2 3 3 4 B
PM 3 3 2 2 2 3 3 3 B
‘ 1 05 ] 05 EY
PB 2 2 2 2 2 2 2 '
X (oput) = 1Y (et oot . Zlowpty v
Xgrds: 15 ¥ grids: 15 fvatate
luﬂ.-n IHM 101 " weo | cose ]I
File Edt View Options
| =5 |
T T e s ' H
40 ¥ (o s PM) and (edot s PS) Then (ipp 8 BIG (kop s SMALLYabha 8 2) (1)

41,4 (e s PM) and (edot s P) then (kpp 8 BIG)(kdp s BIGKabha 8 3) (1)
42 1 (e s PM) and (edot s PB) Den (kpp & SMALL N(idp is BIG)apha 8 3) (1
43,1 (e & PB) and (edot 8 NB) en (kpp s BIG)(kdp s SMALLYepha 8 2) (1)

44,11 (¢ is PB) and (edot is NM) then (1pp s BIG)(kdp s SMALLabha s 2) (1)
45 o (o » PB) and (edot s NS) hen (ipp & BIG (kdp s SMALL apha 8 2) (1
45. 1 (¢ '8 PB) 8nd (edot s ZO) then (\pp is BIG)(kdp & SUALL X okba 8 2) (1)
47.¥ (¢ s PB) and (edot is PS) then (kpp 8 BIG)(kdp & SMALL (apha 8 2) (1)
43 M (e o_Psr._nnq_.\oog( 18 PM) Dhen (kpo & BIG)(Ldp I8 SMALLXabNa 8 2) (1)

49.11(e 8 PB) and (edot s PB) then (\pp s BIO)X\dp s SWALLNepheB2)(1)  ~

Figure 22: The 49 rules in MATLAB

As shown in Figure 23, the rules surface are \éséiid they
show that the surface is symmetrically colored ttuthe use of
truly defined rules in MATLAB.

Figure 23: Rules surface viewer in Matlab.

Figure 24 illustrated a HFLC structure in MATLAB ih
consists of fuzzy logic and PID controls. After idesng the
fuzzy logic control model, then it was applied e tPID control
to online adjusting the PID gains. As there werayléctors and
required linearization of experimental data, therefthe PID
control was tuned and optimized under PID tuning tdock in
SIMULINK. This was due to the PID Tuning Tool wastn
appropriate for nonlinear systems.

In the study, fuzzy logic control was developed dmdher
optimization based on Ziegler-Nichols (Z/N) methasishown in
Table 1. As shown in the Figure 24, a single fastas applied by
the fuzzy controller to parameterize three PID pwmeters such

ask,, K;andK,. The PID controller was used as a basic control

and as a recompensing formula when the procestediréway
from a real-time parameter. Hence, the automatjasaent of
the process output to the given value was posshile fuzzy
values were used in the fuzzy control which is uis e(K) =

14.7 andAe(K)') and 3 outputskK,’, K;’, OC) as shown in
Figure 24. To maintain the smoothness of the chrartriangular
membership function as shown in Figures 17 ~ 2Ceweed at
the start before the Gaussian membership functias applied.
The Fuzzy Rule Table as shown in Figure 20 was|dped by

Zhen-Yu Zhao method which was according to the cglpi
second-order system error curve and the PID aifuéb ratio

control errors.
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Figure 24.a HFLC in SIMULINK

3.2HFLC Simulation for SI-Engine

The HFLC was applied to simulate AFR of Sl engifetgeot
405 1.8i Engine” as shown in Figure 25. Experimtgsts were
performed at the Engine Research Laboratory (ERL$haraz
University in Iran. The experiment was conductedernvarious
constant loading conditions which is 40 Nm 50 Nnd &0 Nm.
This paper only discussed on 60 Nm of loading ciordli

I T

ﬁu'E

b

|

| | |

| i A 1 1 1 L
s

o w0 15 20 2% » 3% 40
Figure 26: Comparing HFLC with the Developed PID AFR
Controller at 60 Nm of constant load.

Table 5 shows the comparison of AFR results forHiffe.C

and Convectional Look-up Table. The maximum AFRhe real

. ' engine using the lookup-table controller was 16:8l & was

- 1N < { g 15.02 for the HFLC. The minimum AFR in the real ieregusing

Figure 25: Peugeot 405 1.8i Engine. the lookup-table controller was 12.4 and it was4lfor the
HFLC.

Figure 26 illustrates this comparison and the pdsge of
improved HFLC performance. The red line represémsHFLC Table 5. Comparison of AFR results for the HFLC and
results and the blue line is the developed PID AFRitroller at a Convectional Look-up Table
constant load of 60 N.m. The AFR using HFLC is mstable
with range between 15.0 ~ 14.4 and more stable acedpto
using NN [17] as shown in Figure 27.

16.80 12.40
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Seventh different types of control methods for calfihg
AFR from studies conducted by other researcherd uUse
comparison purposes. In Table 6, the results obrmparison
study between an AFR control using Diagonal RecuiriNeural
Networks (DRNN) [18] as shown in Figure 27, Neuxatworks
(NN) [17], sliding mode control (SMC) [20], PI coot [18] as
shown in Figure 28 and PID control [17], Fuzzy Piiethod
[17], MPC method [19] as shown in Figure 29 and etigyed
HFLC method are presented.

155

Alr-fuel rato

o
i TR R LT E R TR e
fu,ﬂi‘l‘{) ||}’|\Mﬂ*l SR "“M"
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Figure 27: Simulation results of DRNN-based MPC on AFR

[18].
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Figure 28: Simulation result of Pl control on AFR [18].

Figure 29: Air—fuel ratio control result of the MPC contralle
(tracking MAE = 0:2566) [19].

Yang Bai in 2013 had conducted the test with caristagine
load torque which was set at 80 Nm. The controligeR
comparison results are shown in Figure 30. The Isition result
shows 15.5 of maximum AFR and 14.4 of minimum ARRer
3 seconds, the system is unstable due to thelthobtange, and it
can be seen that the NN controlled AFR reducedmbrimum
error by 50% and 30% from the PID control fuzzy Riéntrol
[17].

PID
Fuzzy PID
NN Based

Air Fuel Raito

o
o
3
a

Time (sec)
Figure 30: AFR Comparison for the constant engine load torque
at 80 Nm [17].

Table 6 showed that, the developed HFLC can corilrel
AFR very good in comparison with other reviewed moels. The
average error between the maximum and minimum ARR w
stoichiometric AFR was just approximately 7 %. Hoee the
existing control methods have been improved byarebers and
also controlled the AFR but still there are stilhving big
deviation between the AFR and stoichiometric AFR.

Using the proposed new engine simulation and HFLC
simulation, the AFR result closes to the stoichitinevalue of
14.7 as shown in Table 6 and Figure 31, comparecitay other
methods such as Neural Networks (NN) method, anglichode
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control (SMC) method, a Proportional-Integral (Ripntrol
method and Model Predictive Control (MPC) method.

Table 6: Comparison Between the AFR results for the develope

HFLC with NN, SMC, MPC and PI Controller.

1 DRNN [18] 17.70 13.25
2 PI[1g] 22.50 12.€0
3 SMC[2(] 17.6¢ 11.7¢
4 MPC (Fig.24) [19] 16.20 14.05
5  PID (Fig.24) [17] 16.40 13.80
6 Fuzzy PID
(Fig.24) [17] 15.90 14.10
7 NN (IP) (Fig.z4) [17] 155C 14.3(
8  Convectional Look-up
(Fig.26) 16.80 12.40
9 Developed HFLC
(Fig.26) 15.00 14.40
AFR Performance analysis (Stoichiometric ratio of 14.7)
16.00
15.50 L 4
g . 3
< S I ¢ Yang Bai
Nekooei
450 B 5
4
14.00
0.0 0s 10 15 20
Load/Max Power (Nm/kW)

Figure 31: AFR comparison between Bai.Y aand Nekooei

methods.

4.0 CONCLUSION

In this research a new algorithm for engine airfuel (AFR)
control model was developed. To develop this newmtrob
algorithm, a combination of PID and Hybrid FuzzygioControl
(HFLC) methods was proposed. In order to examing tiew
proposed method, an engine simulation model wasl. iEke
engine simulation model was made by Matlab-Simulifiio
ensure the numerical engine able to be used, gestinthe
proposed PID and HFLC control model was carriedand the
output of this numerical engine was compared tceettperimental
result which conducted by using Peugeot 405 1 .§irnen

After verified the accuracy of the numerical engiribe
control model of the numerical engine was able mdify by
using the proposed model. The original Peugeot 48bengine
is control by convectional look-up table contrallen this
research, only the AFR ratio control model is foclis able the

proposed model work together with the original cointmodel, a
gain-scheduling HFLC AFR controller was developeg b
combined the PID control principle with fuzzy casitrFrom the
study, this research found the following results

1. The simulation results show that the HFLC able ¢diggm
better compare to individual PID or fuzzy contmoldrder to
control the AFR ratio. Where in HFLC model, the gan
between maximum and minimum AFR ratio used is 15002
14.4 while the conventional look-up controlled net
maximum and minimum AFR ratio of 16.8 and 12.4.rf&ro
the comparison, this clearly shows that HFLC ablestluce
the range of fluctuation of AFR ratio and this dead to
reduce of fuel consumption.

2. This research also proposed an engine simulatiotelrsn
the numerous engine operation conditions and inflaeof
engine control model can be test numerically. lis th
numerical engine, dynamic model of the throttle ypod
lambda dynamic model, a model of the intake madifol
dynamic, and models of engine torque and fuel tigec
dynamic are take into consideration to simulate éhgine
torque. By compare to experimental results, it isamed
that the different between the numerical and sitrada
result for 40 N.m absorbed load test and 50 Nm rdlesb
load test are 0.5% and 0.4% respectively. The kighlar
between the data obtain from numerical engine and
experiment data show that the performance testtresthe
PID and HFLC control model by numerical engine is
reliable.

3. The simulation results founded that the maximum and
minimum AFR for convectional look-up and HFLC metso
were (16.80, 12.4) and (15.02, 14.4) respectiv@&imulation
results from HFLC were lower than other methodshsas
Sliding Mode ntrol (SMC), Neural Network (NN),
Proportional-Integral controller (PI) and Model-eds
Predictive Control (MPC) extracted from publishitafa.
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