International Journal of Environmental Research & Clean Energy
30" January 2017. Vol.5 No.1

@ ISOMAse
e © 2012 ISOMAse, All rights reserved

ISSN: 2502-3888 http://isomase.org/IJERCE1.php

Hybrid Fuzzy Logic Controller in Matlab/Simulink fo r
Controlling AFR of SI Engine

Mohammad Javad Nekodeand Jaswar Kotd®"

¥Department of Aeronautical, Automotive and Oceagifering, Faculty of Mechanical Engineering, Umisid Teknologi Malaysia

(UTM), Malaysiaa
P)Ocean and Aerospace Engineering Research Instiudenesia

*Corresponding author: jaswar.koto@gmail.com arssver @ utm.my

Paper History

Received: 10-December-2016
Received in revised form: 10-January-2017
Accepted: 30-January-2017

ABSTRACT

The Kyoto Protocol (1997) has been a turning pfanthe future
economical and environmental policies for both stdalized 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 stomimetric value of
14.7. In the present paper, new simulation modelguMatiab
Simulink for a SI (Spark-Ignition) engine has beeveloped that
included all engine dynamic models such as dynamidel of
the throttle body, a lambda dynamic model, a mod¢he intake
manifold dynamic, and models of engine torque arad ihjection
dynamic. Then, to control the AFR in Sl enginesy mentrollers
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
operation tests such as 40, 50 and 60 N.m butpdger only
presented operation at 60 N.m. The simulation tedalunded
that the maximum and minimum AFR for convectior@K-up

and HFLC methods were (16.80, 12.4) and (15.024)14.

respectively. Simulation results from HFLC was atsompared
to other control methods such as, sliding madetrol
(SMC), neural network (NN), Proportional—integrabntroller

(P1) and model-based predictive control (MPC).

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
TWC  Three Way Catalytic

1.0 INTRODUCTION

Environment in forms of air pollution emitted bynth ocean and
air transportation systems such as hydrocarbons ),(HC
compounds of hydrogen nitrogeN(,), carbon dioxide ¢0,),
particulate matter (PM) and sulfur oxidesSOf) became an
essential issue on societies’ point of view. TheotdyProtocol
(1997) has been a turning point for the future ecoinal and
environmental policies for both industrialized addveloping
countries (Koto and lkeda, 2002).

According to the Ward's research, the number oficleb
jumped from 980 million units in 2009 to 1.015 iaifl in 2010
(Sousanis, 2011). The governments and vehicle raatures in
industrialized and developing countries considert rmmly
economical issue, but also environmental issueortter to do
that, the vehicle engine manufacturers are contisiyoworking
towards reducing fuel consumption and emissions lewhi
maintaining optimum performance as they try to més
growing demands of governmental automotive starsdbaded on
the Kyoto Protocol (1997).
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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, Guair to fuel ratio
(AFR) which is related to each other. Furthermaseyeral
different operating modes are defined for sparlktigm (SI)
engines such as startup, idle, running and bral@ogsequently,
the engine dynamics very nonlinear and multivagable to
those factors (Balluchi et al., 1998).

To decrease effectively the emission of harmful egas
subsequent to engine combustion, three way cata(yitiwC)
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 hydatsiC),
carbon monoxide G0), and hydrogen nitrogenNQ, ), in the
exhaust gas to less toxic pollutants by catalyzesédox reaction
as shown in Figure 1 (Berkeley). A catalyst is aemltal
compound that helps the reaction to occur fasterebycing the
activation energy barrier of the reaction (Berkglggonversion
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.

Expanding mat

Insulates, seals and

exhaust gas

Figure 1: Catalytic Converter — Deconstructed (Berkeley).

According to Benninger and Plapp (1991) variatiomghe
AFR should be within + 0.2%. More than a 1% vadatbelow
14.7 may significantly increase emissions of unkdrn
hydrocarbons KIC) and carbon monoxideCQ). As shown in
Figure 2, the production of hydrogen nitrog&0(), up to 50%
can be the result of deviations greater than 1%a@«d et al.,
2005).

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 std treviation
between the AFR and stoichiometric AFR is too gredie
maximum and minimum AFR with Pl and NN methods dase
the (zZhai et a,. 2010) was (22.5, 12.8) and (12.3,25),
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 engik@ldgiz et al.,
2005).

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.

2.0 SOFTWARES SIMULATION

2.1 Commercial Software Simulation
Currently, engineering simulation software can beunfl
abundantly in market. To simulate the engine maoajghropriate
software should be selected. In the automotiversgging field,
simulation software is provided mainly in two diféat groups:
commercial software and custom in-house softwatgchvare
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 (Chan et al., 2D1Rote that
detailed input parameters should be provided fentlo simulate
the engine operation in an integrated manner ratfeer using a

variety of subsystems.

q AVL CRUISE

GT g Gamma
Technologies

WOLFRAM

Figure 3: Commercial packages of engine simulation

The commercial engine simulation software has abamof
advantages; the most important ones include asasll
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1. The commercial software is use friendly, hand od alick
button software. They can handle a wide range dirtieal
applications in regard to vehicle and engine duedntain
many modules and libraries.

2. Innovative graphical user interface and methodsmofidel
construction help a user perform the simulatiomisans of
drag-and-drop element library, easy-to-use, modular
extendable.

3. The application software can provide an accuratginen

performance block, engine component blocks, andcaayn

control blocks in order to apply to a real-time glation. The
application is also fast and reliable fuel econorwyd
performance predictions from early concept phase. |
addition, vehicle dynamics blocks are includeddme of the
software, which help to analyze the engine comboséind
emissions; simulated items are fast, and the abdaresults
have a high accuracy.

Strong teams are ready to update modules and provid

solution to the problems faced by customs. In essenar

designers can make use of simulation software ikinga
appropriate decisions; such decisions are expedted
contribute to designing competitive vehicles regayd
important factors such as performance, fuel efficie

emissions, and drivability.

1. Ricardo Wave (RW)

Ricardo Wave (RW) is used worldwide in industry tees

including ground transportation, rail, motor spamarine, and

power generation for 1D engine and gas dynamicdysisa

(Ricardo Wave, Wave) The engine simulation packdd@W has

been proposed for the analysis of the pressure wigmamics,

plenums, energy losses in ducts, mass flows, andfottmof a

variety of machines and systems (Ricardo Inc, 20R9) makes

use of two-zone model to simulate time-dependeitt dynamics
and thermodynamics. Several key features of Ric@doe are
as follows (Ricardo Wave, Wave):

e Advanced Sl and combustion models (non-predictesni-
predictive and predictive models) allowing accusiteyle or
multiple fuels handling

»  State of the art compressor and turbine physics

e Comprehensive 1D and 3D aftertreatment libraryudiig
TWC, DPF, LNT, DOC, SCR and user models

* Advanced acoustic features including, engine spmedio
player, modeling absorptive materials, porous ductsr
defined flow noise calculation

e Graphical plotting on the fly and interactive inpedntrol
using the WAVELIive interface

2. Lotus Engineering Software (LESoft)

Lotus Engineering Software (LESoft) which is anhiokse code
has been developed by automotive engineers (LdtHESOft)

.Engine simulation is processed by this packaggvormodules,
i.e., the data module and the solver module (L&usup plc,

2011). The former provides users with the poss$ybaf inputting

the engine dimension data. The latter is a buitambustion and

heat transfer zero-dimensional equation and fuglégemposition
solver based on data input by the user in the pusvimodule.
The code is capable of predicting combustion, gew,fland
overall performance of the IC engines.

LESoft has several modules as follows (Lotus, LESof

*  Lotus Suspension Analysis (SHARK & RAVEN)

*  Lotus Engine Simulation (LES)

*  Lotus Vehicle Simulation (LVS)

*  Lotus Concept Valve Train (LCVT)

e Lotus Concept Crank Train (LCCT)

3. GT POWER
The professional software company of Gamma Teclyiedois
mainly focused on engine and vehicle industry. GOWER,
provided by Gamma Technologies, has various vehaid
engine technical applications, including vehiclenamics and
engine performance modelling (GT POWER OverviewQ90
GT-POWER is used to predict engine performance tifies
such as power, torque, airflow, volumetric efficgn fuel
consumption, turbocharger performance and matchiagg
pumping losses (GT POWER). GT POWER is fundamegntall
greatly adaptable multi-physics platform that cam uUsed to
construct a variety of engineering models throughlgining the
flow, thermal, acoustics, electric, chemistry, nmadbal, and
controls. GT-POWER includes physical models foreaging the
predictions to include cylinder and tailpipe-outigsions, intake
and exhaust system acoustic characteristics (Ealuality), in-
cylinder and pipe/manifold structure temperaturegasured
cylinder pressure analysis, and control system tmagdGT
POWER).

The application of GT can be as follows (GT POWER):

*  Combustion and Emissions

e Cylinder Pressure Analysis

* Intake and Exhaust Acoustics

»  Exhaust Aftertreatment

e Valvetrain

*  Waste Heat Recovery

»  Performance, Fuel Economy, and Emissions

e Control, MiL, SiL, and HiL

* Real-Time Engine

4. AVL CRUISE

Powertrain analysis and vehicle simulation can beedusing
AVL CRUISE (AVL Product Description Cruise, 2009Jhis
product is applicable to the development and opttion of
reliable powertrains, low emission engines, comptmatrol
systems of engine, as well as cooling and trangoniss/stems.
The application field covers fuel efficiency, dng emissions and
performance analyses along the vehicle developprecess with
model re-use from concept design through to HiL &esting
(AVL, AVL CRUISE). AVL CRUISE is able to support
engineers during the process of developing thenengind vehicle
in standard applications, e.g., fuel economy and foad
acceleration tests, traction diagrams, hill clingbimerformance,
and computational concept studies including therntiag
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electrical, mechanical, and control systems. AVL W&E
supports everyday tasks in vehicle system and ldrev@nalysis
from the concept phase to control function develepimand
testing. Its modular and open structure enabledicapipns for
different architectures (conventional, hybrid, @ley and
engineering focuses (transmission, engine, elecgystem,
controls, etc.) in all relevant industries (passgngommercial, 2-
wheeler, off road) (AVL, AVL CRUISE).

5. mathematica

Mathematica provides a single integrated, contiguatpanding
system that covers the breadth and depth of teahnic
computing—and with Mathematica Online, it is novasessly
available in the cloud through any web browser,wasdl as
natively on all modern desktop systems (Wolframativmatica
excels across all areas of technical computing—ifinlg neural
networks, machine learning, image processing, g&gmdata
science, visualizations. For example, SystemModélenodule
gives users the possibility to control simulatiatisectly from
Mathematica (Wolfram, ME).

2.2 Code Languages for Simulation

The development of simulation software can be donevriting
source code in the program in a way to implemeatréguired
functions through programming languages for exanjplea, C,
C++, VC, Python, VF, Openfoam, R, etc). Some of the
programming software such as MATLAB, Dymola, Modali
VB, VS, V#, and VisSim has been designed partitylr data
processing and mathematical operations. Such s&fteaamprises
algorithmic components and toolbox comparable atestents or
blocks; by simply entering the equation or logicalationship,
they will be operational. For writing source cotlegre is a need
for expertise in a variety of subjects such as KHedge of the
application domain, formal logic, specialized alguns, and so
on. Many researchers have developed their own aoftvior
example Koto has developed several software usiBgcdde
such as Subsea Pro Software, Offshore Pro Softwandgation
Integrated System, Ice Ship Software Heli Pro Saxfey Mobile
Harbour Pro Software, Ship Manoeuvring Pro Softwex@M-SP
Pro Software (Koto, OCaRl).

When, in the late 1970s, Cleve Moler was attemptiingnake
an interactive access to FORTRAN linear algebrawsot
packages (i.e., LINPACK and EISPACK). FORTRAN is an
imperative programming language which is for geRpuapose
and numerical computation and analysis. FORTRANraaglly
developed from FORTRAN to FORTRAN 2015.

Among other languages, MATLAB is a programming
language of a high level; it makes available sucpr@blem-
solving environment that makes easy the scientifind
mathematical computations. MATLAB was originateddahen
in was developed by Mathworks founded in 1984 (Md©04).
The MATLAB is used for machine learning, signal gessing,
image processing, computer vision,
computational finance, control design, roboticsj amich more
(Mathworks, Matlab). This software is capable oélgming data,

communications,

developing algorithms, and creating applicationsl anodels.
Furthermore, in 2002, an additional package, B&MULINK,
was developed by Mathworks. It offers a graphicédck
diagramming environment for multi-domain simulaticand
model-based design. This software provides a uhifieegration
with the rest of the MATLAB environment; it has thapacity to
either drive the MATLAB software or be scripted foit.
MATLAB/SIMULIINK makes a great experience for users
SIMULINK and MATLAB have been rapidly promoted byush
higher performance requirements of signal procegssamd
numerical analysis based on evolution occurringhie Science
and Engineering fields. It can be said that onthefthree or four
key developments, which have taken place in nuraleric
computation during the last decade, is the adventthe
MATLAB software that has been widely preferred bpusands
of foremost engineers and scientists (Cégal, 2013).

There are several reasons for choosing
MATLAB/SIMULINK to develop engine simulation platfms
and design engine control systems. Firstly, MATLABers a
high level of programming language as well as @isendly,
powerful graphics and many math tool boxes. MATLARBS
ability to read in a wide variety of both commondatiomain-
specific image formats and also ability auto-gereer@ code,
using MATLAB Coder.

Then, language, built-in math functions, and toaf
MATLAB help to find multiple approaches and achiemutions
faster compared to those in spreadsheets or cdomaht
programming languages like C/C++ or Java. MATLARoak
the users to test algorithms immediately withoabrapilation.

MATLAB/SIMULINK contains toolbox called Simulink
Control Design (SCD) makes designing and analyttiegcontrol
systems very easy. For instance, users are abttedign and
analyze control systems modeled, the gains of Birollers can
be tuned automatically by users in a way to satisformance
requirements (Mathworks, SCD). The wusers can also
automatically tune arbitrary SISO and MIMO control
architectures (Mathworks, SCD). Using such toolbasers are
also capable of exploring non-intrusively the ofiagapoints and
calculating the accurate linearization of the SIMNK models
in a variety of operating conditions (Mathworks,[§CThe tools
provided by the Control Design toolbox help userscalculate
the simulation-based frequency responses with ndifioation
on the simulation model.

MATLAB/SIMULINK also contains Simulink Design
Optimization (SDO) which has useful functions, ratgtive tools,
and blocks for analyzing and tuning model paranseter
(Mathworks, SDO). Using the SIMULINK Design Optiration
toolbox, controllers are able to design improversetitrough
estimating and tuning the model parameters by meains
numerical optimization. In addition, the model a=my can be
enhanced using test data for the calibration of siglay
parameters. Then, the design parameters in the BINKJ
models can be automatically tuned by users.
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3.0 HFLC AFR CONTROL FOR SI ENGINE

The principal idea behind this paper was to developengine
simulation model that included all dynamic engiretp and to
develop a Hybrid Fuzzy Logic Controller (HFLC) traimbined
a fuzzy logic and PID controller using MATLAB/Simok. A
fuzzy controller was used for the online tuning tbe PID
controller gainky, k;, kq. The target of the thesis was the AFR
control of Sl engines.
Figure 4 provides a block diagram of the HFLC fog AFR in
a Sl engine which has divided into two sectors. Tirst sector
was the air to fuel ratio (AFR) setting controli@eveloped for
this study. It was important that this controllgrecate under the
various working conditions found in an engine. Setsector
was the perfect air to fuel ratio controller. Firgection must be
controlled by this controller according to the mo8ER settings.
This 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 berawgd
by the ideal AFR controller.

Fuzzy
controller

{4t

regulator

M d AFR
My developed casure

engine

Desired AFR

—_—

—
de/dt

Figure 4: Block diagram of HFLC AFR control of Sl engine

For HFLC and PID AFR controls, the engine must afeer
under stable conditions. The ideal AFR was set watpect to
fuel output. By using the PID and HFLC controllbetvariations
were corrected.

4.0 SIMULINK IMPLEMENTATION OF ENGINE 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 were s
models for air dynamic as listed below: throttledaband intake
manifold models as shown in Figure 5.

@ Mgy Mg
, THROTTLE : INTAKE
BODY MANFOLD —
— DYNAMIC
.\{ .
L, |
i I i 4irto .
™Mfi  NECTION N Ai e A
tinj NIECIORY [ IREEC ratio
=
L> TORQUE Engine Torque
——> MODEL

Figure 5: Proposed New Engine Model.

An experimental process was used to obtain alptrameters
used in the throttle body model. Using the idleak&t method
together and the throttle valve directly operatedthod, the
throttle opening cross-sectional area was effelgtiviescribed
using the equation for throttle mass air flow ahd &ccuracy of
the simulation was improved. The effects of chargesl
discharges for the intake manifold were fully reygrgted by the
Intake manifold dynamics model. Realistic dynamesponses
were provided and reasonable control over dynanmore was
produced.

Fuel injection models were included in the fuel aymcs.
Using various injectors, fuel injection dynamicsidze modeled.
In this study, fuel was measured using air to fiatio (AFR)
controller and fuel injection outputs. This modetjuired engine
events and engine speed to control the inputs.néngpeed and
AFR were the two sub-models used for combustioradyos.

4 AFR at 60 N.m Constant Load MJ.NEKOOEI C=SECAl X"

File Tools View Simulation Help B

ol 0P ® | =-aQ-C-|F -

" A L
| I/ \
| \WIAVAY;
\/ vi

[ 5 10 15 20 25 30 35 40

| Ready T=40.000

Ifigure 6: AFR validation at 60 N.m (Experiment and simulation
results are shown in red and blue, respectively)

Figure 6 shows AFR comparison between simulatiod an
experiment at 60 N.m of constant loading conditithwas
founded that results of the experimental and theikition model
were very similar indicating that our model wasidalThe
research also conducted a comparative analysiseofdsults of
simulation and test results under transient comuftiusing step
and sinusoidal throttle inputs. The outputs of tmedel of
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constant engine load, such as the lambda, airdloréttio, engine
speed and manifold pressure, were very close testperimental
results.

4.0 PID SIMULATION

A PID controller was designed to facilitate tuneagd collaborate
with the toolbox. Figure 7 illustrates a PID coffignin which the
Gain, Integrator and Derivative blocks were useddmprehend
the PID controller.

Figufe 7: PID Structure in SIMULINK

After the simulation finished, the research setRHe gains to
tune the simulation. By double-clicking on the Piibck, the
window shown in Figure 8 becomes visible.

[Fa] Function Block Parameters: PID Controller ' e N X7
PID Controller B
This block inuous- and discrete-time PID control algorithms and includes advanced features such as

anti-windup, external reset, and signal tracking. You can tune the PID gains automatically using the ‘Tune..." button
(requires Simulink Control Design).

Controller: [PID ~] Form: [Parallel
Time domain:

© Continuous-time

© Discrete-time

Main | PID Advanced | Data Types | State Attributes
Controller parameters

Proportional (P): 1 B Compensator formula
Integral (1): 1 I
| perivative (D): 0 p+riip N .
Filter coefficient (N): 100 S 14N E
Tune..

Initial conditions

Source: [internal 'lv
< n ] »

9 ([ ok ) cancel ][ Help ][ Apply

Figure 8: Funcﬁon block paramete_rs for the PID controller

Table 1: Ziegler-Nichols (Z/N) method (Ziegler and Nichols,
1942)

05K, - -
0.45 K, 1.2K/T, -
0.8K, . KoTu/8
0.6 K, 2K,/T, KoTu/8

In this study, the research set the PID gains usiegZiegler-

Nichols (Z/N) method based on Table 1 and as showangure 9.

.
[%a) Function Block Parameters: PID Controller ==
PID Controller

This block implements continuous- and discrete-time PID control algorithms and includes advanced features such as
anti-windup, external reset, and signal tracking. You can tune the PID gains automatically using the "Tune..." button
(requires Simulink Control Design).

ontroller: [PID ~| Form: [Parallel -
Time domain:

© Continuous-time

Discrete-time

Main | PID Advanced | Data Types | State Attributes
Controller parameters

Proportional (P): 0.6"Ku © Compensator formula
Integral (1): 1.2%Ku/Tu
Derivative (D): 0.6"Ku™Tu/8

pertip N
Filter coefficient (N): 100 - 1+ N .

Tune...

Initial conditions

Source: [internal

Q (o) [ cancel |[ Help |
Figure 9: PID Controller Based on Ziegler-Nichols (Z/N) metho

5.0 HFLC SIMULATION

The researcliesigned fuzzy logic in MATLAB was writing in
the command window. The fuzzy tool box is showFigure 10.

File Edit View

Untitied

e 26N

| FIS Name: Untitled FIS Type: mamdani |
And method min | || Current Variable
Or method — + | || Name |alpha

. T output
Implication min - ypo

Range o1

Aggregation = =
Defuzzification e = heo | cose | |

| Renaming output variable 3 to "alpha” |

Figure 10: Fuzzy logic editor windows

As shown in Figure 11, the reseamtided two inputse(K)
andAe(K) and three outputK;, K; andcc. In the next section,

the researcdefined the MF as shown in Figure 12, Figure 13 and
Figure 14 and Figure 15.
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BT s rrcton s ruied N s
File | Edit View
FIS Variables Membership function plots  plot points: 181
B NM NS 20 PS PM PB
N
| X
edot kdE
alpha
-1 -0.8 -06 04 -0.2 0 0.2 04 06 08 1
input variable "e”
Current Membership Function (click on MF to select) Ae(k) Ae
Name Figure 14: Singleton- membership functions f@r(Zhao, 1993).
Type
pars [T e eon v e U (SO
' File Edit View
| FIS Variables Membership function plots  Plot points: 181 I
SMALL B
IRy -
Figure 11: e(K) membership function in Matlab @ @ N
edot kd| o
As shown in Figure 8, the reseanssed 7 triangular functions @
with the range [-1 1] to define tle(K) ancAe(K), and MF. To ) S S S
define the MF oK, K; we used 2 gaussian functions with range  ouputvarvewy
[0 1] as ShOWﬂ in Figure 12. Current Variable Current Membership Function (click on MF to select)
Name kpp Name
Type output Ve
Params
K Baooe 01
NB NM NS ZO PS PM PB R [ = |
|Rln|lri|gllF1tn'SllALL' |

Figure 15: MF for K}, K;; in Matlab

" x=e(k) or ae(k) To definex the researchused the 4 triangular functions
Figure 12: Membership functions fce(K) and Ae(K) (Zhao, instead of singleton functions with the range [1a6] shown in
1993) Figure 16.
(B Membership Function Editor:fuzzy pid =@ =
,J A File Edit View
Small Big FIS Variablss v i Membership function plots plot points: 181

B .
T

alpha

output variable "alpha”

Current Variable Current Membership Function (click on MF to select)
Name alpha Name
0 02 04 06 08 1 e i Type
x=Kj or Ky Range 1ne e
. . . Display Range
Figure 13: K;, and K; membership functions (Zhao, 1993) = e | oo ]
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Figure 16: Membership function fo in Matlab
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After the defined membership function the reseatefined
the 49 rules based on Tables 2 ~ 4 as shown irrd-igl

Table 2: Fuzzy-tuning role fok,, (Zhao, 1993)

Ae(k)

NB NM NS ZO PS PM PB
NB B B B B B B B

NM S B B B B B S

NS S S B B B S S
e(k)

Z0 S S S B S S S

PS S S B B B S S

PM S B B B B S

PB B B B B B B

Table 3: Fuzzy tuning role foK, (Zhao, 1993

Ae(k)

NB NM NS ZO PS PM PB
NB S S S S S S S

NM B B S S S B B

NS B B B S B B B

et Z0 B B B B B B B
PS B B B S B B B

PM B B S S S B B
PB S S S S S S S

Table 4:fuzzy tuning role forx (Zhao, 1993

Ae(k)

NB NM NS ZO PS PM PB
NB 2 2 2 2 2 2 2

NM 3 3 2 2 2 3 3
e(k)
NS 4 3 3 2 3 3 4
Z0 5 4 3 3 3 4 5
PS 4 3 3 2 3 3 4

File Edit View Options

|| 145. 1 (e is PB) and (edot s PB) then (kpp is BIG)(kdp is SMALL)(alpha is 2) (1) Y

ST (G T UTTG (U0t 0 WG (KPP 15 U0 (RGP 1 = CC T 1 27 (17
40. If (e is PM) and (edot is PS) then (kpp is BIG)(kdp is SMALL)(alpha is 2) (1)
41. If (e is PM) and (edot is PM) then (kpp is BIG)(kdp is BIG)(alpha is 3) (1)

42. If (e is PM) and (edot is PB) then (kpp is SMALL)(kdp is BIG)(alpha is 3) (1)
43. If (e is PB) and (edot is NB) then (kpp is BIG)(kdp is SMALL)(alpha is 2) (1)
44. If (e is PB) and (edot is NM) then (kpp is BIG)(kdp is SMALL)(alpha is 2) (1)
45. If (e is PB) and (edot is NS) then (kpp is BIG)(kdp is SMALL )(alpha is 2) (1)
46. If (e is PB) and (edot is ZO) then (kpp is BIG)(kdp is SMALL)(alpha is 2) (1)
47. If (e is PB) and (edot is PS) then (kpp is BIG)(kdp is SMALL)(alpha is 2) (1)
43. If (e is PB) and (edot is PM) then (kpp is BIG)(kdp is SMALL)(alpha is 2) (1)

If and Then and and
eis edot is kppis kdp is alpha is

NS N ~| [smALL ~|  |smaLL -l R -
Z0 Z0 BIG BIG 3
PS PS none none 4
Pl E P E s
PB PB none
none Y none 2 2 2 X

not not not not not ‘

Connection Weight:

or

9 and 1 Delete rule | [ Change rule I

Ready I Help Close |

Figure 17: The 49 rules in MATLAB

As shown in Figure 18, the rules surface are \asisid they

show that the surface is symmetrically colored thuéhe use of
truly defined rules in MATLAB.

- S
Surface Viewer Rezy bl [E=EE )
File Edit View Options
1] I
[ 1 [ 1
05
o
05
[ ]
i, 05 0 05 1
X (input): - | ¥ (input): o o Zluputy: oo =
X grids: 1 Y grids: 15 Evaluate
Ref. Input: ” Plot points: 19 | | Help Close |
Ready |
I |
o

Figure 18: Rules surface viewer in Matlab

After designing the fuzzy model, the reseaagiplied it to the

PID control to online adjusting the PID gains. Fmul9
illustrated a HFLC structure in MATLAB.

At the beginning of this study, the built-in PIDning tool

block in SIMULINK was used to tune and optimize tR¢éD
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controller. According to the experimental analystee PID
Tuning Tool was not appropriate for nonlinear systeThis was
due to delay factors as well as other problemscéstsal with the
linearizing plant process.

Fuzzy control theory was used for further optinmiat A
single factor was applied by the fuzzy controliemparameterize
three PID parameters. The PID controller was used dasic
control and as a recompensing formula when thegsodrifted
away from a real-time parameter. Hence, the auiomat

adjustment of the process output to the given valag possible.
Five fuzzy values were used in the fuzzy contral.maintain the
smoothness of the control, a triangular member&mption was
used at the start before the Gaussian membershigida was
applied.

To generate the Fuzzy Rule Table, the method dpedlby
Zhen-Yu Zhao was used according to the typical rseader
system error curve and the PID air to fuel ratintod errors.

@

e

flu) PP
Caleculste Kp L’I
> > Fos) ()
u
— r’l Caleulate Ki
flu) »(D
J —>| > r’
1 Calculste Kd
| - —»@—» ~ . N
2z Fuzzy Logic
Unit Delsy Contoler N
PID Controller 1
alphs
—>
Iﬂ
—
Scope

Figure 19HFLC in SIMULINK

3.2 HFLC Simulation for SI-Engine

The HFLC was applied to simulate AFR of Sl engine

“Peugeot 405 1.8i Engine” as shown in Figure 20pdtxnental
tests were performed at the Engine Research LabpréERL) at
Shiraz University in Iran. The experiment was cartdd under
various constant loading conditions which is 40nmab@ 60 N,m.
This paper only discussed on 60 N.m of loading @@

/*

* 4

- Figur 20: eugeot 405 1.8i Engine.

Figure 21 illustrates this comparison and the pdege of
improved HFLC performance. The red line represémesHFLC
results and the blue line is the developed PID AFRtroller at a
constant load of 60 N.m.
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4 Comparing HFLC with Developed PID AFR Controller at 60 N.m Constant Load ... | = & 28

| File Tools View Simulation Help ~

Q- 0P ® | =-Q-E-|FA-

| il
=
o )

L
o 5 10 15 20 25 30 35 40

Ready T=40.000 |

Figure 21: Comparing HFLC with the Developed PID AFR
Controller at 60 N.m of constant load.

The maximum AFR in the real engine using the loctalge
controller was 16.8 and it was 15.02 for the HFT8e minimum
AFR in the real engine using the lookup-table catdér was 12.4
and it was 14.4 for the HFLC. Table 5 shows the ganson of
AFR results for the HFLC and Convectional Look-uable.

Table 5: Comparison of AFR results for the HFLC and
Convectional Look-up Table

16.80 12.40

15.02 14.4

Three different types of control methods for colimg AFR
from studies conducted by other researchers usecbfoparison
purposes. In Table 6, the results of a comparisodysbetween
an AFR control using Neural Networks (NN), a slglimode
control (SMC), a PI control, MPC and our develogdBLC
method are presented. Table 6 shows Comparisonebetihe
AFR results for the developed HFLC with NN, SMC, ®1Rnd
P1 Controller.

Table 6 showed that, the developed HFLC can coritrel
AFR very good in comparison with the reviewed methoThe
average error between the maximum and minimum ARR w
stoichiometric AFR was just approximately 7 % .Toentrol
methods have been reviewed in the Table 6 alsoaled the
AFR but still there is too big deviation betweere tAFR and
stoichiometric AFR.

Table 6: Comparison Between the AFR results for the develope
HFLC with NN, SMC, MPC and PI Controller.

NN

(Zhai et al 2010) 1r.7 13.25
Pl

(Zhai et al 2010) 22,5 12.8
SMC

(Pieper et al 1999) 17.64 11.76
MPC

(Wang et al 2006) 16.2 14.05
Developed HFLC

Proposed model in 15.02 14.4
thesis

4.0 CONCLUSION

In conclusion, this paper discussed on Hybrid Fuinpgic
Controller in Matlab/Simulink for Controlling AFRf &I Engine.
A new simulation model using Matlab Simulink foiSa (Spark-
Ignition) engine has been developed that includideragine
dynamic models. The model was validated using éselts from
engine for operation at 60 N.m. In order to conth@ AFR in Sl
engines, new controllers were proposed to maxiniizel
economy and minimize exhaust emissions. A hybrizyuogic
controller (HFLC) was created by combining a PlDtcol and
fuzzy control. The simulation results founded ttree maximum
and minimum AFR for convectional look-up and HFL@thods
were (16.80, 12.4) and (15.02, 14.4), respectiv8iynulation
results from HFLC was also compardd other control
methods such as, sliding modmtrol (SMC), neural network
(NN), Proportional-integral controller (Pl) and nebtbased
predictive control (MPC).
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