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ABSTRACT

High ratio emissions that outcome from incomplebenbustion
cause air contamination, poorer the performancehef spark
ignition (SI) engine and raise fuel consumption.cbimpleted
combustion emitted a high ratio of CO, HC, Nivd PM harmful
emissions such as come into atmosphere. This staslyeviewed
existing engine simulation structures using diffénmethods as s
as follows Neural Networks (NN), Sliding Mode Cait(SMC),
Proportional—Integral (PI) Predictive Control (MP&)d DRNN-
based MPC method. The existing engine models wemgpared
with the new engine simulation structure model Wwhiwas
proposed by the authors, using Hybrid Fuzzy Logiontl
(HFLC) method in term of AFR. The simulation engimodel in
Matlab/Simulink using new engine simulation hasrfded that
AFR (15.02, 14.4) which closes to the stoichioneetralue of
14.7 compared by using Neural Networks (NN) mettzo8l|iding
Mode Control (SMC) method, a Proportional-Integi@l)
control method, Model Predictive Control (MPC) nahand
DRNN-basedMIPC method

KEY WORDS:. New Engine Simulation Structure, S| Engine;

Structure Model; Emission

NOMENCLATURE

AFR Air to Fuel Ratio

DRNN Diagonal Recurrent Neural Network
EGR Exhaust Gas Recirculation

MEP Mean Effective Pressure

MPC Model Predictive Control

MVEM Mean Value Engine Model

NN Neural Networks,

PI Proportional-Integral

RBF Radial Basis Function

RLS Recursive Least-Squares

P; Pressure of intake manifold

n Speed of engine

my Flow rate of fuel to the intake valve
T; Temperature of intake air

mg; Air mass flow past throttle plate
mg, Air mass flow into the intake port

1.0 BACKGROUND OF ENGINE SIMULATION
MODELS

Environment in forms of air pollution emitted bynth ocean and
air transportation
compounds of hydrogen nitrogeNO,.), carbon dioxide CO,),

particulate matter PM) and sulfur oxides SO, ) became an
essential issue on societies’ point of view. The-eel and clean
emissions are more stringent legislation, improweisién engine
control transient performance emerged as an impiigaue. The
Kyoto Protocol (1997) has been a turning point thoe future
economic and environmental policies for both indakzed and
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developing countries [1].

An internal combustion (IC) engine in a vehicle dgedo
operate smoothly, from idle to high speeds, andeundrying
inertial loads, disturbances and throttle settingsaddition, the
industry is faced with meeting stringent fuel camgtion and
emissions regulations [2]. Tail-pipe emissions s using a
three-way catalytic converter can be done by cdirtgothe ratio
of air-to-fuel (AFR) with very precisely in the sidy state
operation and transient engine, Mean AFR variai+0.2% [3].

Figure 1 shows an engine management systems typical

consist of an engine control unit and a common odrgensors
and actuators. The principal engine sensors inclodenk
position/engine speed, manifold absolute pressureaidlow
sensor, throttle position, coolant temperature, arbaust gas
oxygen 0,), while the principal engine actuators include finel
injectors and electronic spark [4] & [5].

Y VAYVA
L]

=

Figure 1: Engine management system [5].

Cassidy, et.al [6] has proposed a model engine twhizs
been generally settled as a standout amongst ttst widely
recognized routines for the depiction of engindays (SYS). In
the engine system, carburetor throttle blade positispark
advance, exhaust gas recirculation (EGR) and flosl fwere
defined as controls and speed, torque, manifoldiwvag fuel and
air flows and exhaust emissions were defined agubwariables
[6]. It is very important to conclude that theree afour
fundamental segments of the SYS incorporated is thodel
which is exhaust gas recirculation (EGR), fuelak& and ignition
SYSs. Cassidy’s model give well execution in sirtinta
procedure, be that as it may, because of its inamience, it is not
proper for development and assessment of the engin&ol
SYSs. After effects of reenactment and tests ageptiemise of
the model and it has a restricted notoriety. Liizedion is
utilized for acquiring a percentage of the mathérahstatements
and parameters of the model so that the dynamiibutits of

engine can't be accurately reflected.

Continuation Cassidy’s work, many researchers (B1],[9]
& [6], etc.) have studied on utilization the electic controlled
engine for static engine model and the semi st&atgine model.
Hendricks, et.al proposed a compact dynamic mehrevengine
model (MVEM) which predicted the mean value of tp®ss
internal and external engine [7]. Cassidy, et.ablieg linear
quadratic (LQ) optimal control theory to the desuafrelectronic
automotive engine controls in which time delays evarodelled
by first order Pade approximations [6]. Cook, etnalLl988 [10]
has studied non-thermodynamic modeling of autorecitternal
combustion engines. Alippi, et.al, 1998 [11] prdsen an
application of neural techniques in the automoéxgine. Pieper,
et.al in 1999 [2] has developed a fuel injecteci®dine for their
studying on a sliding mode controller for the linead nonlinear
models. Yoon, et.al in 2000 [12] has introduced limear
dynamic models of engindNekooei studiecbnline Artificial
Fuzzy sliding Gain Scheduling Sliding Mode Control
(AFSGSMC) design and its application to internambaistion
(IC) engine [8]. The fuzzy online tune sliding ftion in fuzzy
sliding mode controller is based on Mamdanis fuz#grence
system (FIS) and it has multi input and multi oatpu

It is conceivable to mirror a few engine preseptaparameters
in the stable conditions because of steady staenigations of
engine are the source of model information. TwodAmental
purposes behind putting these models separatedi@natilizing
them prevalently are as follows:

They can't mirror the dynamic attributes while thregine is
working under transient conditions. They are alsbjuneedy to
the experimental information so that require higkeasure of
labour and material resources. For conquering tbadgantages
of the aforementioned engine models and simulatbnthe
qualities of dynamic, a model named the mean vanogine
model (MVEM) was arranged and got extra advancentsnt
distinctive researchers [13].

Finally, Hendricks methodically compressed the mezodel
[6]. For the most part, for explaining the dynamiocedure of
the engine, the mean value of variables includetyite SYS of
the engine is utilized as a part of this model. gkdingly, the
engine dynamic qualities can be effectively refectin the
transient conditions. In this manner, researcherd analysts
created and upgraded the MVEM overwhelmingly in eidilm
are and in addition the torque models. Togethen it science
and innovation change, numerous researchers imgprdhe
MVEM,; they have connected hybrid models and astatetrol
also. The extent of the MVEM application has bepread by
[10] since he connected this model to a turbochthoges engine.
The air/fuel effect and spark angle have been densd by [14]
on the yield torque. Subsequently, by a low preoismodel
mistake of beneath 5%, it is conceivable to appé/mean model
to the lean burn engine. The optimal control sysiteto bring the
air-fuel ratio stays as close as possible to thielsbmetric ratio.
Balluchi, et.al [13] has addressed the problem elfvdring as
quickly as possible a requested torque produceda bspark
ignition engine equipped with a multi-point portjdation
manifold and with drive-by-wire electronics. In erdo solve the
problem, they set up a hybrid model by using cydeurate
hybrid model and hybrid control approaches to kéepair-fuel
ratio stays as close as possible to the stoichigematio.
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2.0EXISTING ENGINE SIMULATION STRUCTURE

A few diverse simulation model structures are exfst are
excluded in this writing survey. This is on accoahthey may be
like the examined models or lack adequate pointstefest. In
1988, Cook and Powel
modeling of automotive internal combustion engiaesl show
how adequate linear model can be developed foattadysis of
control. The nonlinear engine simulation model aord
representations of the throttle body, engine pumpinenomena,
induction process dynamics, fuel system, enginequer
generation, and rotating inertia as shown in Figuifd0]. The
engine structure consists of throttle body, madif@lenum,
engine pump, fuel system and engine power andanert
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Figure 2: Nonlinear Engine Model [10]
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e

The linearized version of the engine model is fHated in
Figure.3. According to the figures, it was foundiedt there is no
thermodynamic model included in their study for Karengines.
Be that as it may, the throttle dynamics, pumpingnéers of
engine, prompting procedure dynamics, SYS of fugbdtion,
torque of engine, inertia of rotating and EGR SY®ainics are
being spoken to in this simulation model.
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Figure 3: Block diagram of linear Engine Model [10].

Alippi,.et.al, 1998 [11] presented an applicatioh neural
techniques in the automotive field the control of Ao keep
minimum value the exhaust car engine emissionghénstudy,
the neural controller had been obtained with arréctl control
scheme, based on a neural model of the processsitdesigned
to optimize performance and limit the necessarytrobractions
[11].

Figure 4.a outline the structure of engine simatastructure
proposed by Alippi.et.al [11] which has some crucend
fundamental constituting blocks. The engine stmectonsists of
manifold dynamic, cylinder air intake, fuel film plesition
dynamic (wall wetting) and AFR modules.

According to the Figure 5.a, there are six enginel@inputs
(red break line) as follows:

[10] studied non-thermodynamic

- Speed of engine ) for cylinder air intake and
converter,

- Angle of the throttle¢ ) for manifold air intake,

- External temperaturdy) for manifold air intake,

- External pressure?) for manifold air intake,

- Temperature of engine manifoldl,{) for manifold
pressure and cylinder air intake,

- Time of fuel injection Ty) for fuel injector.
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Figure4.a: Engine Simulation Block [15]

A block description of the training configuratios given in
Figure 4.b, wherdF = 14.64 is the stoichiometric value for AF
[15]. This control scheme is quite flexible andals the network
for subsequent online training.
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Figure4.b: Training configuration for the neural controlld5].

The AFR can be spoken to by the simulation blockpaiu
Really, by method for gathering the block of maluifair intake,
dynamic of manifold pressure and block of cylindarintake, it
is conceivable to perform the estimations of threnass into the
cylinder. Measure of fuel mass into the cylinden ¢e dictated
by utilizing fuel injector and the dynamic of fuidm deposition,
utilizing a proper physical driven model, two blsck
Identification with the AFR and exhaust pipe arareltterized as
engine AFR.

In 1999, Pieper and Mehrotra [2] studied a slidimpde
controller for the linear and nonlinear models. IFngected Sl
engine model was developed including intake madjflel wall-
wetting and crankshaft dynamics as well as loaecedf and
process delays inherent in four-stroke enginesliding mode
controller is designed and implemented for a lirzeslk model
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using state estimates [2]. Priyanto, et.al 2014 désigned online
artificial gain updating Sliding Mode Algorithm artths been
applied to internal combustion engine [9]

Countless of Sl engines can be simulated by amengiodel
which a nonlinear dynamic model studied by Yooaleh 2000
[12]. He introduced nonlinear dynamic models of ieagas
shown in Figure 5, that can be applied to variousdk of
operations of Sl engines in which the dynamic magshg test
data from both the stable operation and transiadt reonlinear
estimation techniques [16]. The engine structuresists of
throttle body, intake manifold dynamics, fuel filslynamics,
rotational engine dynamic, lambda, delay sensoradya and
torque production modules. In order for the develept of the
proposed engine model, he used 2.0L, an inlindiddsr DOHC
engine and an eddy current type dynamometer.
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Figure5: Nonlinear Dynamic Engine Model [12]

Diverse variables which are incorporated in the iremng
simulation model are represented as follows:
The input variables (red break line) are as follows
- angle of throttle ¢) for throttle body,
- flow rate of fuel (my; ) for fuel film dynamics,
- spark timing §A4 ) for torque production,
Disturbance:
- load of torqueT}) for rotational engine dynamics,
State variables:
- mass of air in throttle f1,.) from throttle body to
intake manifold dynamic,
- mass of air into cylindenif,,) from intake manifold
to torque production,
- airto fuel ratio 4, from AFR to torque production,
- engine brake torqud{, ) from torque production to
rotational engine dynamic
- mass of fuel in the fuel film ;) from fuel film
dynamic
The output variables (blue break line) are as ¥edlo
- pressure of intake manifold P, ) from intake
manifold dynamics,
- speed of engine\)
- AFRtime delay {.) from delay sensor dynamic.
Mass of air and fuel into the cylinder is initialbalculated by
the model. Besides, the engine AFR is processeguré&i5.a
shows the intake manifold dynamic structure. Atgldast, for
calculating torque of the engine brake, torque g model is

used. The Schematic diagram of torque productiordeindgs
shown in Figure 5.b. Rotational dynamics of theieagintake
manifold and fuel film are incorporated in the mbadé¢ and
transport delays which are common in the four strekgine
cycles [12].

OUTPUT

« Mass of air into
cylinder

INPUT
* Mass of air in INTEAKE
MANIFOLD

DYNAMICS

throttle
« Engine speed

Figure5.a: Intake manifold dynamic structure.

Based the study Yoon.et.al concluded that the sitioul data

from the model shows a good agreement with the unedslata

during the engine test. Their claimed that the im@ar engine
model is mathematically compact enough to run @i tiene, and
can be used as an embedded model within a congalithm or
an observer when a powertrain controller is desigmad
developed.
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Figure5.b: Schematic diagram of torque production model [12].

In 2003, Alippi.et.al [3] also studied on a neutzsed
solution to the air-to-fuel ratio control in fueljection systems.
They introduced an indirect control approach whieljuired a
preliminary modeling of the engine dynamics. Thgiea model
and the final controller were based on recurrentralenetworks
with external feedbacks. They had integrated reguénts for
feasible control actions and the static precisibreantrol in the
controller design to guide learning toward an effec control
solution.

Wang et.al, 2006 [16], the model predictive con{iMPC)
based on a neural network model is attempted fefual ratio, in
which the model is adapted on-line to cope with linear
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dynamics and parameter uncertainties. A radialsbasnction
(RBF) network as shown in Figure 6.d, is employed anel t
recursive least-squaresRLS) algorithm is used for weight
updating. The engine structure consists of manifsleksure and
temperature, fuel injection, AFR engine speed ant tdelay
modules. The engine simulation model used in thislysis an
expanded system based on the generic mean valireeemgdel
developed by Hendricks [7] has shown in Figure68& 5].

Manifold
T
—p| temperature
T
u | Manifold
n AFR
»{ pressure | > »  Tine | 4FR
e AFR —
> — delay
iy
»  Fuel iy
n
> injection —™ Engine |7
speed

Figure 6.a: Engine Simulation Model [18, 5 & 12]

Figure 6.a demonstrates the model of engine siialat
which is introduced by Wang et.al. The DRNN modeinade
adaptive on- line to deal with engine time varyohgamics, so
that the robustness in control performance is breaithanced.
There are two input variables for fuel injectiorrusture as
follows: throttle open angleuj and fuel flow raterhy;), and one
output (AFR) as shown in Figure 6.b. Symbols wiizas a part
of this model are as per the following:

- Pressure of intake manifol®;j from manifold pressure

to manifold temperature and engine speed.

- Speed of engine (n)

- Flow rate of fuel to the intake valveng) from fuel

injection to AFR and engine speed.

- Temperature of intake air T; ) from manifold

temperature to manifold pressure

- Air mass flow past throttle platen) from manifold

pressure to manifold temperature

- Air mass flow into the intake porti(,,) from manifold

pressure to AFR

INPUT
« Throttle open

OUTPUT
FUEL » Lambda
angle INJECTION

« Fuel flow rate

MODEL

J
Figure 6.b: Fuel injection structure

By executing air mass flow and fuel into the intghert
which is taken structure manifold pressure blockd duel
injection block, the AFR is calculated in the AFRdk. Figure
6.c shows the AFR structure with inputs such asrass flow
into the intake portri,,) and flow rate of fuel to the intake valve

().

INPUT

« Air mass flow into
the intake port

OUTPUT
* Lambda

« Flow rate of fuel to
the intake valve

Figure6.c: AFR structure

The strategy of MPC for S| engines is shown in Fég6.d.
The RBF neural network has three layers: the idayer, the
hidden layer and the output layer. The hidden lapesists of an
array of computing units called hidden nodes. Thiategy of
MPC for S| engines is shown in Figure 6.d. The il
adaptive RBF neural network is used to predictethgine output
for N, steps ahead.
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X 3
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\

V(t+N)) ... $(14N2) \\

Figure 6.d: The adaptive neural network model-based predictive

control strategy [16].

Using the same engine model as previous work, \\érzd),
2008 [17] introduced an adaptive neural network hoet to
estimate two immeasurable physical parametersnendind to
compensate for the model uncertainty and engine tmrying
dynamics. Using the method the chattering was aukatly
reduced and the air—fuel ratio is regulated witttie desired
range of the stoichiometric value. In the studeg, dldaptive law of
the neural network was derived using the Lyapunov&hod to
reassure the stability of the whole system anctherergence of
the networks. The overall system configuration loé DSMC
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scheme with RBF network adaptation including theurake based on a radial basis function (RBF) neural ndtwoodel as
network estimators is shown in Figure 6.f. shown in Figure 7.a.

rigle=1) - -
. N thyl=2)
—>( ) ) RBF
— -1 = Neural
. 0-2) — Nerwork )
X, —»(_\v; yi-1) >
yie-2) » |
°
; Figure 7.a: RBF model structure [12].
' (\ — In 2010, using the same engine simulation modelVasg,
et.al [18 & 5], Zhai, et.al, 2010 [20] also invegstied engine
\_ modeling with the Diagonal Recurrent Neural Netw(B{NN)
Input layer Hidden layer Output layer and such a model-based predictive control for AFRorder to
obtain the engine data for DRNN modelling, two setsandom
Figure6.e. The RBF neural network structure [18 & 5] amplitude signal (RAS) were designed for throtitgle ¢) and

fuel injection ratefis;) as shown in Figure 7.b.

In like manner, in the block of speed of engines #ngine
speed is computed. Block of time delay is utilifedsimulating
the AFR time delay which is join in the counts anthe
simulation of engine. Model of manifold temperataikides to mg; (k) ——>1 Diagonal
the air mass flow into the intake port, intake nfiglidi pressure
and air mass flow past throttle plate for procegdime intake
manifold temperature. Dynamics of Fuel film of tiiake ports recurrent
can be simulated by the fuel injection model.

0 (k) ——p| ——9 afr (k+1)
(1) neural
Throttle 0 > )
angle ] Engine pit)
g (1) ‘ n(t) network
Other “fr * y—
pammclcr.\
RBF
%o | neural |« Figure7.b: The DRNN model input [20].
DSMC - network |«
? 0 Zhai, etal 2011 [21] had development of fast moder
RBF [* computers to extend model predictive control (MP@thod to
| neural [° automotive engine control systems, which is traddily applied
network to plants with dynamics slow enough to allow conagiohs
between samples. They attempted MPC based on ativada
Z5! neural network model for air fuel ratio (AFR), irhieh the model

was adapted on-line to cope with nonlinear dynamécsl
Figure 6.f: The DSMC scheme with on-line parameter adaptation parameter uncertainties. A radial basis functioBRRnetwork
[17]. was employed and the recursive least squares (Rg8jithm is
used for weight updating [21].
Zhai, et.al, 2009 [19] applied the model predicta@ntrol
(MPC) strategy to engine air/fuel ratio control ngsineural
network model using the same engine model as Weinagj, in 3.0 PROPOSED ENGINE SIMULATION STRUCTURE
2006 & 2008 [18 & 5]. The neural network model uses
information from multi-variables and considers emgdynamics
to do multi-step ahead prediction. The model ipéethin on-line
mode to cope with system uncertainty and time vaygffects.
Thus, the control performance is more accurate eotzlist
compared with non-adaptive model based methods.y The
developed a non-linear model predictive controlescé for AFR

This study was continuation from previous studies emgine
structure models and control system. They are dlows

designing fuzzy back-stepping adaptive based fuggtymator
variable structure control: applied to internal dworstion engine
in 3013 [14], combustion control of marine engineflizzy logic
control concerning the air to Fuel Ratio in 2012][2simple
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fuzzy logic diagnosis system for control of intdricambustion
engines in 2015 [23], combustion modelling of marispark-
ignition engines in 2015 [24] and a and a new emgimulation
Structure model applied to Sl engine controllin@@15 [8].

In the previous study, firstly, an engine simulatistructure

was developed by combining Wang's and Zhai's engine

simulation model which was shown in Figure 6.a vétlthrottle
body dynamic model. Then, the developed enginetsire was
utilized entire modules of intake manifold dynamiesher than
manifold pressure and temperature dynamics as slmwigure
8.a [8]. The new engine model was written basedhenMatlab
/Simulink functions rather than toolboxes.

Using the engine structure was previous proposeghe [8]
as shown in Figure 8.a, the authors utilized byoghicing fuel
injection dynamics and crankshaft dynamics as shimwrigure
8.b and Figure 11 which called Proposed New Engitmecture
“Nekooei-Koto”. In other word, the model was deyed based
on Wang’'s engine simulation model by introducinghaottle
body dynamic model and utilized the manifold pressand
temperature dynamics.
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Figure 8.a: Developed engine simulation
Nekooei,et.al, 2015 [8].

The Nekooei-Koto’s engine model of simulation irmmates

three input variables (red break line) as follows:

1. Throttle angle ¢),

2. Engine speedN),

3. Injection fuel rateifg).
The new engine model has two outputs variables(bteak line)
as follows:

1. AJ/Fratio

2. Torque of engine.

structure by

«a Maen Mg
THROTILE INTAKE
BODY [———* MANIFOLD
DYNAMIC
N

. —

T o ) A A

INJECTION Fuel e
tu| | INJECTOR |—*| _DYnamic ratio

TORQUE Engine Torque
MODEL |—»

Figure 8.b: Proposed Engine Simulation Structure.

The model used an intake manifold dynamics instefd
manifold pressure. This new simulation model inelicthree
input variables: throttle angler), engine speedV), injection fuel
rate fny;) based on the injection time and two output vaeisb
AFR and engine torque.

As shown in figure 8.a, there are five main mathiah
modules for the engine operation as follows:

Model of throttle body

Model of intake manifold dynamic
Model of fuel injection dynamic
Model of crank shaft dynamic
Model of engine air to fuel ratio

agprwdE

40 SUMMARY OF ENGINE SIMULATION
STRUCTURES

Table 1 is summary comparison between new andirgxishgine
MVEM. From Table 1, it shows that some general fest are
described in the simulation models mentioned irtice2.0. It
founded that the models can be separated into thaees as
follows:

1. Compute the mass of air in cylinder,

2. Calculate the mass of fuel in the cylinder

3. Analyze engine speed or torque.
Alternatively, the calculation of AFR model was édson the
outcomes of part 1 and part 2 as mention abovefer®ift
characteristics between the models can be inclugadexample,
exhaust pipe dynamics were considered in Alippifautation
model [11 & 15]. The influence of sparking time atidottle
dynamics were included in Yoon's model [12]. Theake air
temperature was simulated in Wang’s and Zhai modés5 &
12]. Powell's simulation model [10] was the only aebin which
a block for the exhaust gas recirculation systers imaluded. It
clearly shows that all the dynamic parts can beukitad using
Wang's and Zhai's engine simulation model [20] with taking
account throttle body. Nekooei-Koto proposed newgires
simulation by taking account all dynamics variables
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Table 1: Summarizedhe reviewed engine Mean Value Engine Model (MVBWOdel structures.
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Alippi et al. (1998) [11] v v v v v V V
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50MATHEMATICAL MODEL

5.1 Model of Throttle Body

In a gasoline engine, the amount of air entering e¢hgine is

directly controlled by the throttle. The throttl@rameters were
the diameter of throttle bore (D) and the diametethe throttle

lot (d). Figure 9 shows the throttle body from aieot 405 1.8i

engine. Location of the throttle body is normaltleen the air
filter box and the intake manifold. The task ofsthialve is to

indirectly control the chargefgel + air) to be burned in each
cycle. The fuel-air ratio is maintained at a constavel by the

fuel-injector or carburetor. A controlling drives used in a motor
vehicle to regulate power. “Throttle pedal,” an@¢alerator” are

other names for this controlling driver.

£ fory

/ s AR ISR
Figure 9: Throttle body in Peugeot 405 1.8i engine.

Normally, the throttle is a butterfly valve. Thislve is
installed at the entry of the intake manifold irelfinjection
engine. It is sometimes housed in the throttle bodyt can be
found in the carburetor in a carbureted engine.

In the simulation model, the air mass flow rat®itite intake
manifold is calculated by the block of throttle jodStudies

conducted by Scattolini et al. (1997) [25], Yoorakt(2000) [12]
demonstrated that the flow rate equation for thiettle is based
on the throttle angle as well as intake manifoldspure. Baotic,
et.al, 2003 [26] has applied hybrid system thedgy dynamic
programming to obtain a state-feedback optimal robiaw for

an electronic throttle as a piece wise affine (P\&ygtem.

5.1.1 Air Flow

For the internal combustion in gasoline enginesdeur, air is a
vital compound. Engine performance system includamgine
power, torque, speed and emissions, is directlyastgd by air
flow.

5.1.2 Area of Throttle

The filter and intake are separated by the thrpitée, which is a
valve allows for air flow. Air is allowed to flownto the intake
manifold by the throttle provided flow area. Heywitoresearch
(1998) [27] demonstrated that the throttle angle iofluence the
flow area as shown in Equation 5.1.

nD? cos a
Apn(@) = —(1 ——) +
cos a,

D*( K 2 2002,
7{0050((605 a—K*“cos“ay)2

4
_ cosa . _1(KCOS ag ) _K(1- KZ)%
cos aq cosa
+ sin"1K}
(5.1)
Where:
K=d/D

anda , ay, D, d andd,,(a) denoted the throttle angle , angle for
minimum leakage area, Diameter of throttle borearigter of
throttle lot and Area of throttle, respectively.

5.1.3 Air Mass Posterior to Throttle
By opening the throttle plate, air trapped befdre throttle can
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move into the intake manifold. Ebrahieti al. (2012) [28] used a
differential equation to calculate the volume afthat moves into
the intake manifold. There are several parameteas must be
determined before the air flow rate can be caledlatThese
parameters are the discharge coefficient, the affi¢he throttle,
pressure and temperature before the throttle, pressf the
intake manifold, gas constant, and the specifict matdo. The
relationship between these parameters is showqution 4.2.

1/2
. CahenPo , 2v N[ pin2 Di vasy
m = — V2 (=Y — (=) v
ath f_RTO (y 1) (po) (Po)

(5.2)

Where;c, , po, Ty R ,y, andp; denoted the Discharge coefficient
(0 « 1), pressure before throttle, temperature befbrettte
(kelvin), Gas constar{0.287 KJ(kg * K)), Specific heat ratio and
Intake manifold pressure (Kpa).

A linear regression was used in this study as stgden a
study conducted by Wdersson (2005) [29] that established the
equation for the dynamic discharge coefficient. Wrd-order
polynomial can describe in equation 5.3.

) = — Diy3 Din2 _ bi
Ca(po.p) = =147 B9* + 1.06 )2 ~ 021 (po) +1.01.
(5.3)

It is worth pointing out that the dynamic behavidrthe air
passing through the throttle is not clearly repmésg in the
current literature. As shown in Equation 5.3, thischarge
coefficient is now explicitly defined by our study.

According to Heywood'’s study (1998) [27], in a featroke
engine, volumetric efficiencyn() is a vital parameter. It can be
described as a ratio between the real flow ofrao the cylinder
and the flow of air used from a theoretical voluB@anam et al.,
2006 [30] stated that preferably, there are somearpeters
involved in the volumetric efficiency. In an idewlorld, n, is
described based on air mass and engine speed.

Ny = (24.5.N — 3.14.109)m2 + (=0.167 .N + 222)m, +
(8.1.107*.N + 0.352).
(5.4)

WhereN and m, denoted the engine speadd mass of aim(,)
can be expresses by Equation 5.5.

m, = Mg piVin
a R.T;

(5.5)
WhereM, ,V,,and T; denoted the air molecular mass kg/kmol,
manifold volume and temperature of intake maniféldlvin).

5.2. Modd of Intake Manifold Dynamic
The intake manifold is the part of an engine thappdies the
fuel/air mixture to the cylinders which has factiom evenly
distribute the combustion mixture to each intaketpo the
cylinder head. The intake manifold can be desigimetieat the
air-fuel mixture to start vaporizing when it hastered the
combustion chamber [31]. Figure 10 provides a secttienview
of an intake manifold.

The studies conducted by Hendricks et al. (1998), [Bieper,
et.al (1999) [2], Yoon et al, (2000) [12], Hashimatt al. (2006)

[33], Wang et al. (2006) [16], Ceviz (2007) [34]ewiz, et.al,
2010 [35] demonstrated that the rate of the aiwftorough the
throttle and into the intake manifold was definetl aelated to
three parameters which is throttle angle, atmosphmessure,
and intake manifold pressure. For the Sl engingianharge per
stroke has more important meanings than the naethliair
charge during the process of the development oétigine model
due to operation is based on the engine events ¥bah(2000)
[12].

—~

—— arcimner |
(] mecesner [3 <t

- Air

—-
B

M_ML_V, -

\_1 Intake }

|“ I\‘/Iani-fold J

RINIRIN

Engine

Figure 10: Intake Manifold Schematic [32]

The amount of air that passes into a cylinder igaicted by
intake manifold density d,;). This parameter is expressed in
Equations 5.6 and 5.7.

Pai = Rp_Tll (5.6)
Where;

. RT; wNVapi

D= Vi Mat — ﬁ (5.7

Equations (5.2), (5.4) and (5.7) demonstrate thatreal amount
of air passing into the cylinden,. can be calculated using
Equation 5.8.

NuNVapai

260) (5.8)

Mge =
Where;V, is displacement volume @n

5.3 Mode of Fud Injection Dynamic
Movement of the fuel is via the solenoid valve miEction. This
valve is electrically controlled by injection sidgnmto an Sl
engine. In this engine, various systems of fuekdtipn and
different positions of inject may lead to varioustapmes [32].
Model of injection dynamic is mainly a system oéffalelivery in
simulating the engine. In this model, by using &iré&uel control
system, it is possible to determine the fuel amowhich is
injected into the intake manifold. This can be demfl as a
function of injection time and diameter of fuel apnozzle [18]
An electrically controlled electromechanical devieged for
activating a solenoid valve is called a fuel injecfThe amount of
fuel injected into the intake manifold is calcuthtgsing Equation
5.9.

Since each cycle is equals to two crankshaft itati 1/2 factor
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was presented in the above equation.

Each dynamic part has one or more mathematicaltiegsa
In many of equations are many parameters which teme to
calculate theoretically or experimentally as exaamphll-wetting
dynamics. In Equation 5.% is the injector parameter that
introduces how much fuel, in milligrams, will bgeanted into the
manifold per millisecond and it should obtain by experiment
for every type of injector. To measure the valué ¢fie injector
nozzle of Peugeot 405 1.8i engine, injector testas been
installed. The injector tester pressure is up 0 Rg,, which the
same pressure for the engine fuel pump has beandedhen the
tester for 40 seconds has been run. The amountebfidjected
into the injector tester glass cylinder has beerasued. The
amount of fuel injected in one millisecond using thormal
calculation has been found. It w@s71 x 1072 grm/ms.

Since the injected timg,;,;)or fuel pulse modulation width
is commanded by the ECU, it is considered a dyngrarameter
in Equation (5.9). According to a study conductgddhang et al.
(1995) [35 & 36], a mechanical delay is represengdthe

solenoid response time,j. This delay has a small constant value

of 0.41 ms. The dynamic process of fueling wasedarght after
the fuel was injected [37].

The simplest fuel-film-flow model is described byuation
5.10.

. 1 . . .
ey = (1= Xp )iy (5.11)

The fuel flow dynamics in a manifold injection engiis
represented in this model. In this model, fuel evafon occurs
in the intake manifold. There are two parametevslired in this
model. One is the constant of time for fuel evaporer; and the
other one is the fuel proportion, which is placedthe intake
manifold or near to the intake valves . They are point
dependent parameters and stated based on diffaeditions of
the model as follows:

7,(p;,N) = 1.35(—0.672N + 1.68) (p; — 0.825)% +
(—0.06N + 0.15) + 0.56 (5.13)

Xr(p; ,N) = —0.277 p; — 0.055 N + 0.68 (5.14)
It should be noted that model for wall wetting (fum
parameter) used in the equations 5.10 to 5.14 witichased on
the engine manifold pressure and engine speed.

Combining Equations 5.10, 5.11 and 5.12 yields:

1+(1-X .
e = (5.15)
5.4 Model of Crank Shaft Dynamic
The system output is the engine torque and it reguhat the
velocity of the crankshaft is calculated. The ofiera of the
crankshaft system is based on the relationshipnengpeed and

pressure [27]. The torque model can be categonies Several
sub-models such as combustion, friction, pumpingl dwad
torques. The velocity of the crankshaft can bewated using an
integral from the consequent torque divided by eadnertia and
total torque can be calculated by multiplying theoeity of the
crankshaft by engine inertia [38] and can be exqagss:

g 1
N = E(TC —Tp—T,—Tp) (5.16)

Teotar = N-]eng

Where
N: Engine speed
T¢: Combustion torque after sparks
T Friction torque while the piston goes up and down
T,,: Pumping torque
T,: Load torque
Jeng: Engine inertia

Using the term of pressure or the term of meanctife
pressure, the velocity of crankshaft can be exptess shown in
Equation 5.17.

1 Vd(imep_tfmep) _
Jeng 41T

T, (5.17)

Wherei,., is the net indicated mean effective pressure (IMEP)
for a four-stroke engine without a supercharger énis a
consequence of subtraction between the gross IMER,Y and

pumping IMEP f.,cp).

imep = 9mep — Pmep (5-18)

Theimep can then be computed using Equation 5.19.

. 1207 pm e Qgymin(d,1)
lmep = s deH,:,/ 5.19)
Where;n is the efficiency of the fuel conversiafyy, is the fuel
low heat value, andi.. is the fuel flow rate. The type of
strongly defines the two first parametet,,, is the friction
MEP and can be calculated by finding the sum ofmieehanical

friction MEP (mf;,.,) and the accessory mean effective pressure

(afmep)- The friction MEP {f;,..,,) is expressed is Equation 5.20.

tfmep = afmep + mfmep (5.20)
The effects and variables used for calculatifyg,, includes
mechanical friction (MEP), which is relative to tlfiéction of
journal-bearing, rings and piston, as well as thetion of the
valve train. Engine oil viscosity and purity carreditly impact
journal-bearing friction. The scratch created bemvehe ring
pack and piston skirt with the inside wall of thdirder caused
the piston and ring friction. Three different paare involved in
creating the friction for the valve train. They anmalve
components, pivot rockers, and overhead camshat vilater and
oil pumps, together with no charging alternatorctfan all
contribute to MEP. When these effects are combintds
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possible to determine MEP friction base on engipeed as
shown in Equation 5.21.

5 (i)

Finally, the air flow rate and the fuel flow rateere
calculated. The equation for engine speed is peaviny Equation
5.22.

N
tmep = 097 + 015 (=) + 0.0 (5.21)

N =[60(f; Nat)]| /2n 29)

5.5 Model of Engine Air to Fuel Ratio

In Sl engines, the AFR is measured by a lambdaocsef$he
sensor is located in the exhaust manifold and utpgse is to
determine how far away from stoichiometry the aieffmixture
is. To simulate the structure of a lambda sensersgdsor) and
its theory of operation, the dynamic lambda blockswused.

Some researchers such as Mijlleendricks and Sorenson, 1991

[39], Wagneret al, 2003 [5], Yoonet al, 2000 [12] have
demonstrated that it is possible to assume thatdyreamic
lambda model is a function of two parameters: niasisflow and
air in the cylinder. It is possible to calculatee ttambda input
using the following equation:

) AJF
t (A/F)stoich

(5.24)

The actual air to fuel ratio within the cylinder ncabe
described using Equation 5.23.

AFR =2

Mmsc

(5.23)

5.6 Time delays
It is important to consider the time delays of aien systems. A

time delays in injection systems typically haveethrcauses.

Firstly, there could be a delay in the engine betwevo fuel
injection cycles and the expulsion of gases frora #xhaust
valves. Secondly, there could be a delay in the tihat it takes
the gases in the exhaust to make contact with theseBsor.
Thirdly, the output from the sensor could be detayEngine
speed significantly causes these delays comparechatioifold

pressure. Manziet al, 2001 [40] stated the delays faced by
injection systems can be represented by EquatZ 5.

1= Aje~tas
m=—
tes+1

(5.24)

Note thats is a complicated variable, which is written in
frequency domain fashiortg is equal to the © sensor time

constant, ant, is the delay between the exhaust gas reaching the

0O, sensor and the injection point as expressed bwtiqu5.25.

_ 120

tg = (5.25)

6.0 SSIMULATION OF ENGINE STRUCTURE

The development and confirmation of the engine Kition
model implemented using Matlab/Simulink. This modelld be
used for designing and optimizing the control systeof the
engine. There are several reasons for developir§jnaulink
engine dynamic simulation model. The engine sinmtamodel
should be compiled according to the results of #mgine
dynamic equation together with the parameter davan fthe
model obtained from the engine testing platforrmahy, the
model must be verified by comparing the simulatéata with
data from the experiments.

User-defined functions from the Matlab/Simulnikriby have
been selected and then the codes for each engingel mo
subsystem have been entered as shown in FigurEh&lred and
blue break lines are input and output variablespeetively. This
because in Matlab functions (all parameters canekactly
defined without extra calculation but in tool boxeg must
calculate some parameters at first and then itiserh in to the
tool boxes) when there is a nonlinear system ofinendSl
engines) it is not easy and exact way to calcutagny of
parameters theoretically, because of that the Mathal boxes
were not suggested to be modeling of real timergwgiln the
Matlab/Simulink developed using Hybrid Fuzzy Lodiontrol
(HFLC) [41] was used to analyze the new enginectitre. The
simulation model consists of five dynamic model$ciisws:
Model of Throttle Body,

Model of Intake Manifold Dynamics,

Fuel Injection Dynamics Model,

Torque Production Model

Air to Fuel Ratio Dynamic Model with Transport Dgla

agrwbdE
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Figure 11: Simulated Engine Model in Matlab/Simulink.

6.1 Model of Throttle Body

Usually, the throttle body is located between tindiléer and the
intake manifold. The throttle body is the part bEtair intake
system that controls the amount of air flowing ithie engine as
shown in Figure 12. The throttle is typically ateufly valve that
it has directly main function to adjust the amoahtir entering
the engine and has a function indirectly to contia fuel-air
ratio burned on each cycle. The open angle for ttirettle
depends on the driving mode in which the throtiieprotates
within the throttle body, opening the throttle pgs to allow
more air into the intake manifold when the driveegses on the
accelerator pedal input, In other words when theedmpush the
gas pedal from the linkage the throttle, the angik change
causing the throttle air flow rate to increase.

INPUT

* Throttle Angle
* Manifol Pressure

THROTTLE
MODEL

OUTPUT

* Air throttle flow
rate to intake
manifod

* Throttle equation
* Throttle parameters

Figure 12: Throttle model structure

Operationally, the intake manifold is usually at baemt
atmospheric pressure when a throttle is wide opeh the
manifold vacuum develops as the intake drops belowbient
pressure when the throttle is partially closedlrrfuel injected
engines, the air flow rate for the throttle is gerted based on the
function of throttle open angel and manifold pressas shown
from equations 5.1 & 5.2. Using equations 5.1 ~ p&8ameters
of the throttle model are as follows:

1. Throttle area

2. Throttle plate angle

3. Pressure before the throttle

4. Temperature before the throttle

5. Discharge coefficient

6. Constant of Gas (0.287058 kJ/(k¢))
7. Intake manifold pressure

8. Specific heat ratio

9. Diameter of the throttle bore

10. Diameter of the throttle shaft

6.2 Model of Intake Manifold Dynamics

Intake manifold is the part of an engine that sigspthe fuel/air
mixture to the cylinders. The manifold refers te thultiplying of
one (pipe bend) into many. The primary functionttoé intake
manifold is to evenly distribute the combustion tane to each
intake port in the cylinder head to optimize thécafncy and
performance of the engine [42]. When air is dekdefrom the
throttle body to the intake manifold, the flow ratél be affected
by the pipe bend. This will result in pressure gemnon both
sides of the intake manifold. However, the modeths intake
manifold dynamics will only be able to compute gressure and
flow rate at the end of the intake manifold as shawFigure 13.
Equations 5.6 to 5.8 reveal that in the intake Mfathimodel,
engine speed and air mass after the thratieinput factors. The
air flow rate for the throttle was determined byngsthe throttle
body model. Furthermore, the density of the intakanifold,
manifold volume and volumetric efficiency are tha&rameters of
intake manifold that can be calculated.
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INTEAKE
MANIFOLD
DYNAMICS

« Throttle equation
* Throttle parameters

OUTPUT

* Manifold Pressure
« Air Flow Rate Port

INPUT

* Air throttle flow
(Fig.12)

« Engine speed

Figure 13: Intake manifold structure

6.3 Fuel Injection Dynamics M odel

The throttle plate rotates within the throttle bddy opening the
throttle passage to allow more air into the intakenifold in
which an airflow (Q) sensor usually measures this change and
communicates with the Engine Control Unit (ECU).eFus
injected when the injection system receives thes@uVidth
Modulation (PWM) signal sent by the (ECU). The RuWidth
Modulation (PWM) is based on feedback from thesensor The
ECU increases or decreases the amount of fuel s&ngto the
fuel injectors in order to obtain the desired aielfratio which is
stoichiometry AFR (14.7). The fuel flows under highessure
through a small nozzle, and the fuel will be atadizdy the
injection by forcefully pumping it into the cylindeThe fuel
injection dynamic is analyzed by using equatior®s55.15 with
model structure based on Figure 14. In the modetstre, fuel
delivery can be designed to include the injectionetand fuel
injector time delays as input parameters and thw flate of the
fuel into the cylinder as the output.

OUTPUT
* Fuel Cylinder Flow

INPUT

* Injection Time

FUEL
INJECTION
DYNAMICS

* Cylinder Parameters:
Eqs 5-9~5.15

« Engine speed

Figure 14: Injection dynamic structure

6.4. Torque Production Model

The combustion process in the cylinder producesneniprque,
and the quantity of the torque produced is infleehby the AFR
of the mixture in the cylinder, spark timing, andntbustion
efficiency [12]. The torque is based on the consion of
rotational energy by the crankshaft. Yoon, et.&][dtated most
engine models published were developed under themgstion
that the engine is operated near the stoichiom&#iR only, and
they did not consider the change of the MBT witbpext to the

change of the AFRThe recent advanced engine technologies,
such as lean burn, and gasoline direct injectiaginen motivate
the development of the engine model, which is apple to a
wide range of AFR. The MBT at the stoichiometric RARs
identified under various engine speed and load itiond [12].

As discussed in previous section, the torque model be
categories into several sub-models such as conobydtiction,
pumping and load torques. From the analysis of Eops5.16 ~
5.22, it can be deduced that engine torque is dakggnon the
variation of speed and effective inertia of theieagor by using
the term of pressure or the term of Mean EffectRressure
(MEP) as shown in Equation 5.17. The engine tormqazlule
structure of the engine model is illustrated inuFey15.

INPUT
+ Air Flow Rate

OUTPUT

* Torque

TORQUE
PRODUCTION
MODEL

* Engine speed

Figure 15: Torque production structure

6.5 Air to Fuel Ratio Dynamic Model with Transport Delay

The transport delay with respect to each enginentegéves
dynamic characteristics to the torque productiomeh@l2]. In SI
engines, the AFR is calculated using an oxygén)(sensor
(sometimes known as lambda sensor), which is postl within
the exhaust manifold. This sensor mainly aims &rd@ning the
distance between stoichiometry and the air-fuel tan&x The
distinctive position of oxygen0) sensor contributes to reduction
of the response time between the fuel injectortardsensor. This
time is a significant time delay that is taken intmsideration for
AFR feedback control systems.

A vital part in the development of the AFR and emegtontrol
system was the simulation of the lambda dynamice Th
combustion state and the simulation of exhaust weteeasily
achieved. The amount of air in the cylinder dividgcthe amount
of fuel in the cylinder forms the block of the ladsbdynamic
simulation using parameters of engine speed, AkRI@mbda as
expressed in Equations 5.22 ~ 5.24. The structitteeomodel of
lambda dynamics is illustrated in Figure 16.

To increase the accuracy of simulation, it was ssag/ to
include a reasonable delay in the timing for théaofbda signal
before feeding it into the control model. Figure dhows the
block structure for the simulation
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INPUT

* Air mass into
cylinder (Fig.13

LAMBDA
DYNAMIC
MODEL

* Ideal AFR

OUTPUT

* Lambda

* Fuel mass into
cylinder (Fig.14)

Figure 16: Lambda dynamic structure

INPUT
+ Lambda (Fig.16)

OUTPUT
* Lambda with delay

TRANSPORT
DELAY

* Engine speed

Figure 17: Lambda delagtructure

6.6 Air to Fuel Ratio Comparison

Six different types of control methods for contiredi AFR from
studies conducted by other researchers used fompaison
purposes. They are Neural Networks (NN) method,liding
Mode Control (SMC) method, a PI control method, Mlod
Predictive Control (MPC) method, Diagonal Recurrétgural
Network (DRNN)-based MPC method and Hybrid Fuzzgico
Control (HFLC) method.

The air—fuel ratio control result of the MPC cotigp is
shown in the Figure 18 in which the maximum AFR.@20 and
minimum AFR at 14.05 (red break line). The systertpot under
the developed DRNN-based MPC is displayed in Fidi8e It
shows that the maximum AFR at 17.70 and minimum A&R
13.25 (red break line). Zhai et.al in 2010 [20fcakconducted
AFR simulation using traditional PI control as smoiw Figure 20
with maximum AFR at 22.50 and minimum AFR at 12(8ed
break line).

In this study, the experiment was conducted usimgine of
Peugeot 405 1.8i with constant load 40, 50 and 80 Msing the
proposed engine model, simulation was carried sirtguHybrid
Fuzzy Logic Control (HFLC) to calculated the AFRm8lation
result at 60 Nm constant engine load was preseitEgjure 21.

~
S
N,
\
s 4§
7
'I
’/
P

&
o
-

Air-fuel ratio
@

“5*MWW(}VM\W%JL\“V‘MWWN"’WW\Ii FNWWWL&M
\ i “ _

5 I 15 ) 2
Time (sec)
Figure 18: Air—fuel ratio control result of the MPC contralle
(tracking MAE =v0:2566) [16].
ta’ ______ = ~,
S5 S

¥ 17

16

Q
3
14
g 155 |
w
=
<

-
-

e

S

R

~ -

0 100 200 300 400 500 600 700 800 900 1000
sample

Figure 19: Simulation result of DRNN-based MPC on AFR [20].

235 <
/52 5
A2t
20
19
18

17
|
16
el e
\\14 #
\\ U //

RN

~,
9

~
P

Air Fuel Ratio

0 100 200 300 400 500 600 700 800 900 1000
sample
Figure 20: Simulation result of Pl control on AFR [20].

In Table 2, the results of a comparison study betwan AFR
control using Neural Network<NN) method as shown in Figure
18, a sliding mode control (SMC) method, a Pl camnethod as
shown in Figure 19, MPC as shown in Figure 20 agkbbped
HFLC method as shown in Figure 21 are presentethleTé&
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shows Comparison between the AFR results for thesldped
HFLC with NN, SMC, MPC and PI Controller.

Table 2 showed that, the developed HFLC can cottiteoAFR
very good in comparison with other methods as rmardbove.
The average error between the maximum and minim&R #ith
stoichiometric AFR was just approximately 7 % .Toatrol
methods have been reviewed in the Table 6 alsoalted the
AFR but still there is too big deviation betweer thFR and
stoichiometric AFR.

0 s 0 ” 20 p 0 w
Figure 21: Comparing HFLC with the Developed PID AFR
Controller at 60 Nm of constant load.

Table 2: Comparison Between the AFR results for the develope
HFLC with NN, SMC, MPC and PI Controller.

17.64 11.76
16.20 14.05
17.70 13.25
22.50 12.80
16.50 12.50
15.02 14.40

7.0 CONCLUSION

Review on existing engine models has been carng¢dased on
MVEM input parameters as follows: air mass insite ¢ylinder,

fuel mass inside the cylinder, engine speed, engigee, AFR,
throttle dynamic, injection time, throttle angletake manifold
temperature, intake manifold pressure time delafipund that all
existing engine structures do not use all of theMMEinput

parameters dynamic. The new simulation engine maukzd
developed using all MVEM input parameters. This elot

exceptionally competent structure to utilizing inngme
parameters controlling, for example, AFR and torqdée
simulation results were also compared on AFR resuliing

Neural Networks (NN) method, a Sliding Mode Cont{8MC)
method, a PI control method, Model Predictive Cain{MPC)
method and Diagonal Recurrent Neural Network (DRi¥BSed
MPC method. The simulated engine model using HFIC i
Matlab/Simulink showed that AFR using new engimawation
close to the stoichiometric value of 14.7.
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