Journal of Ocean, Mechanical and Aerospace
-Science and Engineering-, V0l.42

April 30,2017

New Engine Simulation Structure M odel Applied to SI Engine

Mohammad Javad Nekodeand J.Kotd "

¥Faculty of Mechanical Engineering, Universiti Telogi Malaysia, Malaysia.

b)Ocean & Aerospace Research Institute, Indonesia

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

Paper History

Received: 1-March-2017
Received in revised form: 28-April- 2017
Accepted: 30-April- 2017

ABSTRACT

High ratio emissions that outcome from incompletenbustion
cause air contamination, poorer the performancehef spark
ignition (SI) engine and raise fuel consumption.cbimpleted
combustion emitted a high ratio of CO, HC, Neivd PM harmful
emissions such as come into atmosphere. This $taslyeviewed
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 wemgared
with the new engine simulation structure model Wwhiwas
proposed by the authors, using Hybrid Fuzzy Logiontl
(HFLC) method in term of AFR. The simulation erggimodel 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) mettzo8|iding
Mode Control (SMC) method, a Proportional-Integi@l)
control method, Model Predictive Control (MPC) rmahand
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,

Pl 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, improvas@ 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
developing countries [Koto, et.al, 2002].

An internal combustion (IC) engine in a vehicle adedo
operate smoothly, from idle to high speeds, andeunarying
inertial loads, disturbances and throttle settingsaddition, the
industry is faced with meeting stringent fuel camgtion and
emissions regulations [Pieper, et.al, 1999]. Takpemissions
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reductions using a three-way catalytic converter lsa done by
controlling the ratio of air-to-fuel (AFR) with werprecisely in
the steady state operation and transient engineanM&FR
variation: £0.2% [Benninger, et.al, 1991].

Figure 1 shows an engine management systems typical

consist of an engine control unit and a common odreensors
and actuators. The principal engine sensors incloogEnk

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 [Bosch, 1994] & [Weg et.al,
2003].

o

Y YAYA

Figure 1: Engine management system [Wagner, et.al, 2003].

Late at 1970's, a model which is produced by [Cysst.al,
1980] has been generally settled as a standout gshtiee most
widely recognized routines for the depiction of ieegsystems
(SYS). Four fundamental segments of the SYS arerfrocated
in this model. They are exhaust gas recirculatiBGR), fuel,
intake and ignition SYSs. Cassidy model give wekaition in
simulating procedure, be that as it may, becauseit®f
inconvenience, it is not proper for development asskessment of
the engine control SYSs. Aftereffects of reenactnaen tests are
the premise of the model and it has a restrictetbriaty.
Linearization is utilized for acquiring a percerda@f the
mathematical statements and parameters of the rsodiblat the
dynamic attributes of engine can't be accurateliected. From
1980s to now, the electronic controlled engineiagd both of
static engine model and the semi static engine hjbtiadricks,
etal, 1991 & 1996], [Nekooei, et.al, 2013, 2014 2915],
[Priyanto, et.al, 2014], [Cassidy, et.al, 1980].

It is conceivable to mirror a few engine presepntaparameters
in the stable conditions because of steady staenieations of
engine are the source of model information. TwodAmental
purposes behind putting these models separatedi@natilizing

them prevalently are:

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 tbaddantages
of the aforementioned engine models and simulatbnthe
qualities of dynamic, a model named the mean vanogine
model (MVEM) was arranged and got extra advancentgnt
distinctive researchers [Balluchi, et.al, 1999].

Finally, Hendricks methodically compressed the mezodel
[Cassidy, et.al, 1980]. For the most part, for akphg the
dynamic procedure of the engine, the mean valugaofbles
included in cycle SYS of the engine is utilizedaapart of this
model. Accordingly, the engine dynamic qualitiesn che
effectively reflected in the transient conditioms. this manner,
researchers and analysts created and upgraded WEMM
overwhelmingly in the oil film are and in additidhe torque
models. Together with the science and innovatiomnge,
numerous researchers improved the MVEM; they hanaected
hybrid models and astute control also. The extéth® MVEM
application has been spread by [Cook, et.al, 1988te he
connected this model to a turbocharged gas endgine.air/fuel
effect and spark angle have been considered byddéek et.al
2013] on the yield torque. Subsequently, by a lowgcision
model mistake of beneath 5%, it is conceivablepipyathe mean
model to the lean burn engine. For displaying cfotjae engine,
a hybrid model was set up by [Alippi, et.al, 1982803].

2.0 EXISTING ENGINE SIMULATION STRUCTURE

A few diverse simulation model structures are exist are
excluded in this writing survey. This is on accoahthey may be
like the examined models or lack adequate pointmtefest. In
1988, Cook and Powel studied non-thermodynamic firaylef

automotive internal combustion engines and show hdequate
linear model can be developed for the analysisaoftrol. The
nonlinear engine simulation model contains repregims of the
throttle body, engine pumping phenomena, inductimocess
dynamics, fuel system, engine torque generation, rmating
inertia. as shown in Figure 2 [Cook, et.al, 1988heTengine
structure consists of throttle body, manifold plenuengine
pump, fuel system and engine power and inertia.
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Figure2: Nonlinear Engine Model [Cook, et.al, 1988]

vomt

The linearized version of the engine model is fHated in
Figure.3. According to the figures, it was foundkdt there is no
thermodynamic model included in their study for Barengines.
Be that as it may, the throttle dynamics, pumpingnéers of
engine, prompting procedure dynamics, SYS of fugbation,
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torque of engine, inertia of rotating and EGR SY&ainics are
being spoken to in this simulation model.

Figure 3: Block diagram of linear Engine Model [Cook, et.al,

1988].

In 1999, Pieper and Mehrotra studied a sliding moatetroller
for the linear and nonlinear models. Fuel injecd¢@ngine model
was developed including intake manifold, fuel wabiting and
crankshaft dynamics as well as load effects andgz® delays
inherent in four-stroke engines. A sliding mode tcolter is
designed and implemented for a linearized modehgustate
estimates [Alippi, et.al, 1988, & 2003]. Priyantd,al 2014 also
designed online artificial gain updating sliding aeoAlgorithm
and has applied to internal combustion engine fpiy, et.al,
2014]

Countless of Sl engines can be simulated by amengiodel
which a nonlinear dynamic model studied by Yooaléh 2000.
He introduced nonlinear dynamic models of engineslaswn
Figure 4, that can be applied to various kinds ggrations of Sl
engines in which the dynamic model using test ftata both the
stable operation and transient and nonlinear estmgechniques
[Wang, et.al, 2006 & 2008]. 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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Figure4: Nonlinear Dynamic Engine Model [Yoon, et.al, 2000]

Diverse variables which are incorporated in the iremg
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 §A ) for torque production,
Disturbance:
- load of torqueT;}) for rotational engine dynamics,
State variables:
- mass of air in throttle f2,.) from throttle body to
intake manifold dynamic,
- mass of air into cylinderrif,,) from intake manifold
to torque production,
- air to fuel ratio 4. from AFR to torque production,
- engine brake torqueTy, ) from torque production to
rotational engine dynamic
- mass of fuel in the fuel film #u.;) from fuel film
dynamic
The output variables (blue break line) are as ¥edlo
- pressure of intake manifold B,,, ) from intake
manifold dynamics,
- speed of enging\)
- 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&i4.a
shows the intake manifold dynamic structure. Atdldast, for
calculating torque of the engine brake, torque g model is
used. The Schematic diagram of torque productiordeindgs
shown in Figure 4.b. Rotational dynamics of theieagintake
manifold and fuel film are incorporated in the mbaé¢ and
transport delays which are common in the four strekgine
cycles [Yoon, et.al, 2000].

OUTPUT

* Mass of air into
cylinder

INPUT

« Mass of air in
throttle

INTEAKE
MANIFOLD
DYNAMICS

« Engine speed

Figure4.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 nnedsdata
during the engine test. Their claimed that the im@alr 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 desigred
developed.
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Figure 4b: Schematic diagram of torque production model
[Yoon, et.al, 2000].

Alippi.et.al, 1998 presented an application of m@éur
techniques in the automotive field the control of Ao keep
minimum value the exhaust car engine emissionghénstudy,
the neural controller had been obtained with arréot! control
scheme, based on a neural model of the processsitdesigned
to optimize performance and limit the necessarytrobractions
[Alippi, et.al, 1988 & 2003].

Figure 5.a outlines the structure of engine sinutestructure
proposed by Alippi.et.al, 1998 which has some @lu@nd
fundamental constituting blocks. The engine stmectonsists of
manifold dynamic, cylinder air intake, fuel film plesition
dynamic (wall wetting) and AFR modules.
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Figure5.a: Engine Simulation Block [Alippi, et.al, 1988 & 28D

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

- Speed of engine N ) 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 manifoldT,;) for manifold
pressure and cylinder air intake,

@
- Time of fuel injection Tf) for fuel injector.

A block description of the training configuratios given in
Figure.5.b, wherAF = 14.64 is the stoichiometric value for AF
[Alippi, et.al, 1988 & 2003]. This control schengequite flexible
and allows the network for subsequent online tragni

Training
Algorithm

oL
Figure 5.b: Training configuration for the neural controller
[Alippi, et.al, 1988 & 2003].

The AFR can be spoken to by the simulation bloctpwiu
Really, by method for gathering the block of malufair intake,
dynamic of manifold pressure and block of cylinderintake, it
is conceivable to perform the estimations of thremass into the
cylinder. Measure of fuel mass into the cylinden ¢ee 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 2003, Alippi.et.al also studied on a neural ldas@ution to
the air-to-fuel ratio control in fuel injection ggsns. They
introduced an indirect control approach which reegi a
preliminary modeling of the engine dynamics. Thgiea model
and the final controller were based on recurrentralenetworks
with external feedbacks. They had integrated reguémts for
feasible control actions and the static precisibreantrol in the
controller design to guide learning toward an effec control
solution.

Wang et.al, 2006, the model predictive contMP() based
on a neural network model is attempted for air-faéb, in which
the model is adapted on-line to cope with nonlirdBaramics and
parameter uncertainties. A radial basis functRBF) network as
shown in Figure 6.d, is employed and the recurkast-squares
(RLS) algorithm is used for weight updating. The engitracture
consists of manifold pressure and temperature, fiojeiction,
AFR engine speed and time delay modules. The engine
simulation model used in this study is an exparsledem based
on the generic mean value engine model developédiegricks,
et.al as shown in Figure 6.a [Wang, et.al, 200680&8].
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Figure 6.a: Engine Simulation Model [Wang, et.al, 2006 & 2008, The strategy of MPC for Sl engines is shown in Fégé.d.
Zhai, et.al, 2008, 2009 & 2011] The RBF neural network has three layers: the ifpyer, the

) ) - hidden layer and the output layer. The hidden lapesists of an
Figure 6.2 demonstrates the model of engine sifolat  array of computing units called hidden nodes. Ttratagy of
which is introduced by Wang et.al. The DRNN modgeiniade MPC for S| engines is shown in Figure 6.d. The iotet
adaptive on- line to deal with engine time varythmamics, SO 4qaptive RBF neural network is used to predictethgine output
that the robustness in control performance is breathanced. for N, steps ahead.
There are two input variables for fuel injectiorrusture as
follows: throttle open angleuj and fuel flow raterfi;;), and one

output (AFR) as shown in Figure 6.b. Symbols wiizas a part

Driver

of this model are as per the following: i Eagind 1)

- Pressure of intake manifol®;§ from manifold pressure Pl s ~mpl) | Nonlincar | Mgl | | Simelation b2
to manifold temperature and engine speed. 'y  —— I

- Speed of engine (n) | & ] £‘—

- Flow rate of fuel to the intake valveng) from fuel Filer w
injection to AFR and engine speed. ' ' z f E RBF

- Temperature of intake air T; ) from manifold 1] el T 4
temperature to manifold pressure —';"-_E Model (D

- Air mass flow past throttle platei(,) from manifold — . =
pressure to manifold temperature §IeN ) coe 504 N3) \ \

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

Figure 6.d: The adaptive neural network model-based predictive
control strategy [Wang, et.al, 2006 & 2008]

Using the same engine model as previous work, \\érzd),
2008 introduced an adaptive neural network metloodstimate
OUTPUT two immeasurable physical parameters on-line araiopensate
* Lambda for the model uncertainty and engine time varyinganics.
Using the method the chattering was substantiatlyiced and the
air—fuel ratio is regulated within the desired rangf the
stoichiometric value. In the study, the adaptiwe &f the neural
network was derived using the Lyapunov method &ssare the
stability of the whole system and the convergenéethe
networks. The overall system configuration of tH&@NIC scheme
with RBF network adaptation including the neuraltwark
Figure6.b: Fuel injection structure estimators is shown in Figure 6.f.

INPUT
« Throttle open angle FUEL

« Fuel flow rate INJECTION
MODEL

By executing air mass flow and fuel into the intglat which
is taken structure manifold pressure block and fingbction
block, the AFR is calculated in the AFR block. Fig.c shows
the AFR structure with inputs such as air mass fioto the
intake port f,,) and flow rate of fuel to the intake valvéy).
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Figure 6.e: The RBF neural network structure [Wang, et.al,200

& 2008]

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 antiie
simulation of engine. Model of manifold temperataludes to
the air mass flow into the intake port, intake nfaldi pressure
and air mass flow past throttle plate for procegdime intake
manifold temperature. Dynamics of Fuel film of tiéake ports
can be simulated by the fuel injection model.
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network
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Figure 6.f: The DSMC scheme with on-line parameter adaptation

[Wang, et.al, 2006 & 2008].

Zhai, et.al, 2009 applied the model predictive canMPC)
strategy to engine air/fuel ratio control using raéunetwork
model using the same engine model as Wang, et.2006 &
2008. The neural network model uses informatiomfraulti-
variables and considers engine dynamics to do stdfi ahead
prediction. The model is adapted in on-line modeape with
system uncertainty and time varying effects. Thhsg, control
performance is more accurate and robust comparéu man-
adaptive model based methods. They developed alimear-
model predictive control scheme for AFR based oadial basis
function (RBF) neural network model as shown inuf&?7.a.

In 2010, using the same engine simulation modélvasg,
et.al, Zhai, et.al, 2010 also investigated engioeleling with the
Diagonal Recurrent Neural Network (DRNN) and suamadel-
based predictive control for AFR. In order to obt#he engine
data for DRNN modelling, two sets of random ampléuwsignal
(RAS) were designed for throttle angi#® @nd fuel injection rate
(my;) as shown in Figure 7.b.

mg (k) e D )
iagonal
recurrent
O (k) ——p| f———p afr (k+1)
neural
network
afr (k) m——pp|

Figure7.b: The DRNN model input [Zhai, et.al, 2010].

Zhai, et.al 2011 had development of fast modernpders to
extend model predictive control (MPC) method tooauttive
engine control systems, which is traditionally agglto plants
with dynamics slow enough to allow computationswsen
samples. They attempted MPC based on an adaptivealne
network model for air fuel ratio (AFR), in whichaélmodel was
adapted on-line to cope with nonlinear dynamics padmeter
uncertainties. A radial basis function (RBF) netkvowas
employed and the recursive least squares (RLS}idigois used
for weight updating [Zhai, et.al].

In 2013, Yang Bai, introduced an engine simulastmcture
as shown in Figure 7.a. From Figure 7.a, the engingcture
orderly consists of seventh major modules for thegire
operation as follows:

Throttle body model

Intake manifold dynamic model

Fuel injection dynamic model

Wall wetting dynamic model

Lambda dynamic model

Crank shaft rotational dynamic model
Torque production dynamic model

NogarwhE
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Figure 7.a: Engine simulation system signal flow graph where:

throttle open anglea(), air mass in throttle (mat), air mass into
cylinder (map), AFR /), torque outputT), fuel flow rate fny),
fuel mass injectednf;;), fuel mass into cylindernf;.), engine
speed §) by Yang Bai, 2013 [Bai, 2014].

From operation structure, the engine system cadilided
into three parts: air flow system, fuel flow systemnd torque
generation system as shown in Figure 7.b. The engperation is
divided into five major mathematical modules whate: throttle
body model, intake manifold dynamic model, fuel gty
model, torque production model and engine rotatiolyaamics
model. The fuel delivery simulation model has beeparated
into two parts: injection dynamics and wall-wettidgnamics as
shown in Figure 7.c.

. ettt Ko ' throttie angle Accelerator
v

1
1
v

1 I A4
Injector Throttle Body
Control Unit I y l | I
' fud mass flow Alr mass
: from injector through throttie
'
!
' I Wall-Wetting | I Intake Manifo!d]
L

1 I fuel mass flow I.'hl mass flow

: info cylinder into cylinder
'
¥
| Spark Plum | | Cylinders |
combustion
| Torque Generation l I Engine Inertia l I Exhaust I

Torque

| Vehicle |

Figure 7.b: Engine operation structure by Yang Bai, 2014.

INPUT FUEL DELIVERY OUTPUT

« Injection time MODEL * Fuel cylinder
« Injection « Injector dynamics flow rate

voltage « wall-wetting dynamics
« cylinder parameter

Figure7.c: Fuel delivery structure model by Yang Bai, 2013

A fuzzy PID control has used to control air/fuetioain
Spark-ignition engines to maximize the fuel economilile
minimizing exhaust emissions. Inverse control amddistive
control was trained offline as shown in Figure ihdvhich the
control output was modified to compensate controbre[Bai,
2014]. Experiment using 4G64 Mitsubishi engine Haeken
conducted to validate the simulation model.

b

NN

’

Figure 7.d: NN Controller Tuning Schematic by Yang Bai, 2013
[37].

3.0 NEW ENGINE SSMULATION STRUCTURE

This study was continuation from previous studies emgine
structure models and control system. They are dews
designing fuzzy back-stepping adaptive based fueztymator
variable structure control: applied to internal dorstion engine
in 3013 [Nekooei, et.al, 2013], combustion contodl marine
engine by fuzzy logic control concerning the airFwel Ratio in
2014 [Nekooei, et.al], simple fuzzy logic diagnosigstem for
control of internal combustion engines in 2015 [bieki, et.al,
2015], combustion modelling of marine spark-igmtiengines in
2015 [Nekooei, et.al, 2015] and a and a new engimailation
Structure model applied to Sl engine controlling 2015
[Nekooei, et.al, 2015].

In the previous study, firstly, an engine simulat&tructure
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 enginetstre was
utilized entire modules of intake manifold dynamiesher than
manifold pressure and temperature dynamics as shmowigure
8.a [Nekooei, et.al, 2015]. The new engine mode$ waitten
based on the Matlab /Simulink functions rather ttwaniboxes.
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Using the engine structure was previous proposegine
[Nekooei, et.al, 2015] as shown in Figure 8.a,ahthors utilized
by introducing fuel injection dynamics and cranKstiynamics
as shown in Figure 8.b and Figure 11 which callegp&sed New
Engine Structure “Nekooei-Koto”. In other word, th®del was
developed based on Wang's engine simulation model
introducing a throttle body dynamic model and m&t the
manifold pressure and temperature dynamics.

The Nekooei-Koto’s engine model of simulation irpaates
three input variables (red break line) as follows:

1. Throttle angle ¢),

2. Engine speedN),

3. Injection fuel rateifag).

The new engine model has two outputs variables(bfeak line)
as follows:

1. A/Fratio

2. Torque of engine.

The model used an intake manifold dynamics instefd

manifold pressure. This new simulation model ineldidhree
input variables: throttle angler), engine speed\), injection fuel
rate (ny;) based on the injection time and two output vaesb
AFR and engine torque.

As shown in figure 8.a, there are five main moddt@sthe
engine operation as follows:
Model of throttle body
Model of intake manifold dynamic
Model of fuel injection dynamic
Model of crank shaft or torque dynamic
Model of engine air to fuel ratio (AFR)
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Figure 8.a: Development of new engine simulation structure by

Nekooei,et.al, 2015.

Maen Mg,

INTAKE
MANIFOLD
DYNAMIKC

g,

INJECTION
INJECTOR |=*| DYNAMK

il "1

le

Engine Torque
—

Figure 8.b: Proposed new engine simulation structure [Nekooei,

2013].

4.0 REVIEW ENGINE SIMULATION STRUCTURES

Some general features are described in the siroolatiodels
mentioned in section 2.0. It founded that the med=n be
separated into three parts 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 abovefem®ifit

characteristics between the models can be inclUgadexample,
exhaust pipe dynamics were considered in Alippifautation

model [Alippi, et.al, 1988 & 2003]. The intake d@mperature
was simulated in Wang's model [Wang, et.al 200600&. The
influence of sparking time and throttle dynamicseviecluded in

Yoon's model, 2000. Powell’s simulation model [Coait.al,

1988] was the only model in which a block for théhaust gas

recirculation system was included.

Table 1 is comparison between new and existing nengi
MVEM. The Table 1 shows that all the dynamic eegiarts can
be simulated using Wang's [Wang, et.al 2006 & 2068H
Zhai's, et.al, 2010 engine simulation models howewé&hout
taking account throttle body. However, Yang Bai dekooei-
Koto engine structure contain all variables of dyiwa engine
structures, but they are different in fundamenéai® as follows:

1. Flow diagram of Nekooei-Koto engine simulation sttuwe
as shown in Figure 8.b is not similar to the Yang's8
engine structure as shown in Figure 7.a.

2. All dynamic equations as shown in section 5.0 dafity
Nekooei-Koto are different compared to Yang Bai elod
p.40 ~ 61 [Bai, 2014].

3.  Wall-wetting dynamics in Nokooei model was defiriatb
the fuel injection dynamics based on the equat@is.9 to
5.15 but in Yang Bai model was based on Equatio2 3
3.30, p.49 ~ 52 [Bai, 2014].

4. Injector parameterk) in Nekooei-Koto engine model was
obtained by experiment, but in Yang Bai model k was
obtained based on Guzella & Onder method (Equaiai
p.51) [Bai, 2014]. This seems not proper way to sneathe
injector parameterk().

5. Nekooei model for fuel film parameter used equatiéri0
to 5.14 was based on the engine manifold presgiyeaid
engine speedN) but Yang Bai engine model was based on
the density of fuel, area of fuel evaporation amdeshsion of
intake port.

6. Nokooei-Koto engine model has value of absorbed las
an extra input which was taken from the experiment.

7. Nekooei-Koto model used Gnanam et al., 2006 method
calculate volumetric efficiency which depends orgira
speed, but Yang Bai used Hendricks et.al 1996 wittaken
into account engine speed.

8. Nokooei-Koto engine model is based on the
Matlab/Simulink functions but Yang Bai model is bdson
the Matlab/Simulink tool boxes. In Matlab functignall
parameters can be defined exactly without extrautaion
but in tool boxes the users must calculate somenpeters at
first and then insert them in to the tool boxesyéfiore when

Published by International Society of Ocean, Meat&lrand Aerospace Scientists and Engineevsy.isomase.org ISSN: 2354-7065 & e-ISSN: 2527-6085

- JOM Ase | Received: xxx | Accepted: xxx | [(42) 1: 1-18]



Jour nal of Ocean, M echanical and Aerospace
-Science and Engineering-, Vol.42

April 30, 2017

the users have a nonlinear system (S| engines)nibt easy
and exact way to calculate many of parameters ¢hieatly,

because of that the Matlab tool boxes are not sigdeto
model of real time engines.

Table 1: Summarizedhe reviewed engine Mean Value Engine Model (MVBWOdel structures.

o
o) g % 2 ‘?i
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Alippi et al. (1998) [2] v v v v v V V
Wang (2008) [35]
Zhai (2010 [40] A R v N I
Yoon et al. (2000) [38] v v v v v v V
Cook and Powell (1988) [13] J d J J N
Yang Bai, (2013) [37] v v v V v v v V V N N
Nekooei-Koto N N N N N N v N N v <

50MATHEMATICAL MODEL

5.1 Mode of Throttle Body

In a gasoline engine, the amount of air entering éhgine is

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

lot (d). Figure 9 shows the throttle body from ai@eot 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 chargef¢el + 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,” and¢elerator” are

other names for this controlling driver.

bR
engine.

» a

Figure 9: Throttle body in Peugeot 405 1.8}

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 odStudies
conducted by Scattolini et al, 1997 and Yoon et 2000
demonstrated that the flow rate equation for thiettle is based
on the throttle angle as well as intake manifolespure.

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 thrpitiée, which is a
valve allows for air flow. Air is allowed to flownto the intake
manifold by the throttle provided flow area. Heywl®research
in 1998 demonstrated that the throttle angle cdluance the
flow area as shown in Equation 5.1.

nD? cosa\ D?( K 5 P
Am(@) = T(l " cos ao) 7{005 a (cos”a = Kcos™ar)2
cosa . Kcos a, 1
- sm‘l( )—K(l—Kz)z
cos ag cosa
+ sin~1K}
(5.1
Where:
K=d/D

anda , ay, D, d andd,,(a) denoted the throttle angle , angle for
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minimum leakage area, Diameter of throttle boregrigter 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
move into the intake manifold. Ebrahimi et al, 204ged 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 aff¢he throttle,
pressure and temperature before the throttle, pressf the
intake manifold, gas constant, and the specifict mago. The
relationship between these parameters is shownmation 5.2.

1/2
0 CaAenbo , 2v = [ v 2 i (y+1)
m = a0 2| (Piyy — (Pi —y
ath JRTy (V—l) (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 stgdein a

study conducted by #dersson2005 that established the equation

for the dynamic discharge coefficient. A third-argmlynomial
can describe in equation 5.3.

Ca(po.pi) = =147 B9* + 1.06 292 — 021 (;L) +1.01.
(5.3)

It is worth pointing out that the dynamic behavafrthe air
passing through the throttle is not clearly repmése 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, in a four-sgangine,

volumetric efficiency §,) is a vital parameter. It can be described

as a ratio between the real flow of air into thénder and the
flow of air used from a theoretical volume. Gnanairal., 2006
stated that preferably, there are some parameteodved in the
volumetric efficiency. In an ideal world,, 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)

Where;N and m, denoted the engine spesad mass of aimf,)
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 thabplies the
fuel/air mixture to the cylinders which has factiom evenly
distribute the combustion mixture to each intaket pgo the
cylinder head. Figure 10 provides a schematic voéwn intake

manifold.

The studies conducted by Hendricks et al, 1996)d®jeet.al,
1999, Yoon et al, 2000, Hashimoto et al. 2006, Wath@l, 2006,
Ceviz, et.al, 2007, Ceviz, et.al, 2010 demonstrétatthe rate of
the air flow through the throttle and into the kegananifold was
defined and related to three parameters. Theyhaodtle angle,
atmospheric pressure, and intake manifold presstoe.the Sl
engine, an air charge per stroke has more importe#nings
than the normalized air charge during the procebsthe
development of the engine model due to operatitrased on the
engine events Yoon, et.&000.

PR

7  RRoTieay -
s e Air
—-
G o S
N SRR
N Intake 1‘
| Manifold
-1 1NN COe
‘(;" LA
Engine

Figure 10: Intake Manifold Schematic [Hendricks et al, 1996]

The amount of air that passes into a cylinder igacted by
intake manifold densityp 5. This parameter is expressed in
Equations 5.6 and 5.7.

Pai = Rp_Tll (5.6)

Where;

. _ RT; . Ny NVap;
D=7 Mgt — ———
Vin 120V,

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

— NuNVapai

2(60) (5.8)

mac
Where;V, is displacement volume @n

5.3 Mode of Fud Injection Dynamic

Movement of the fuel is via the solenoid valve mttion. This
valve is electrically controlled by injection signamto an Sl

engine. In this engine, various systems of fuekdtipn and
different positions of inject may lead to varioustapmes [18].
Model of injection dynamic is mainly a system oéffalelivery in

simulating the engine. In this model, by using &iréuel control

system, it is possible to determine the fuel amowhich is

injected into the intake manifold. This can be desll as a
function of injection time and diameter of fuel apmozzle [Suh,
et.al, 2009]

An electrically controlled electromechanical devieged for
activating a solenoid valve is called a fuel ingeciThe amount of
fuel injected into the intake manifold is calcubatgsing Equation
5.9.
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Mg = %k(tinj —to) (5.9)
Since each cycle is equals to two crankshaft tati1/2 factor
was presented in the above equation.

Each dynamic part has one or more mathematicaltiegsa
In many of equations are many parameters which tee 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 valug dffie injector
nozzle of Peugeot 405 1.8i engine, injector testas been
installed. The injector tester pressure is up 18, 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 wa@s71 x 10~3 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 conductgdGhang, et
al, 1993 & 1995, a mechanical delay is represerigdthe
solenoid response time,§. This delay has a small constant value
of 0.41 ms. The dynamic process of fueling wadedtarght after
the fuel was injected [Chang, et al, 1995].

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

. 1 . . .
ey = (1 — Xp)mhy (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)

X;(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 pressung) and engine speed’}.

Combining Equations 5.10, 5.11 and 5.12 yields:

_ 1+(1—Xf)s‘rf .
fe = 1+stf fi

(5.15)

5.4 Model of Crank Shaft Dynamic

The system output is the engine torque and it requihat the
velocity of the crankshaft is calculated. The ofieraof the

crankshaft system is based on the relationshipnengpeed and
pressure [19]. The velocity of the crankshaft canchlculated
using an integral from the consequent torque didie engine
inertia and total torque can be calculated by mplyithg the

velocity of the crankshaft by engine inertia [Ahmedtial, 2011]

and can be expressed as:

1
Jeng

(Te-T -Tp-T) (5.16)

Trotar = N-]eng

Where
N: Engine speed
T ¢ Combustion torque after sparks
T: Friction torque while the piston goes up and down
T p: 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 exprkas 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 @nis a
consequence of subtraction between the gross IMER,Y and
pumping IMEP p.,cp,).

imep = 9mep — Pmep (5-18)

Theimep can then be computed using Equation 5.19.

) _ 120mmypQuymin(4,1)
lmep = VaN 5-19)

Where;ny is the efficiency of the fuel conversia@yy 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 tfep is expressed is Equation 5.20.

tfmep = afmep + mfmep (5.20)
The effects and variables used for calculatifig,, 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 paatre involved in
creating the friction for the valve train. They anralve
components, pivot rockers, and overhead camshaét vilater and
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oil pumps, together with no charging alternatorctfon all
contribute to MEP. When these effects are combirieds
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; Ndt)| /2n 23)

5.5 Model of Engine Air to Fuel Ratio

In Sl engines, the AFR is measured by a lambdaosei$ie
sensor is located in the exhaust manifold and uggse is to
determine how far away from stoichiometry the aelfmixture
is. To simulate the structure of a lambda sensers@dsor) and
its theory of operation, the dynamic lambda blockswused.
Some researchers such as Hendricks and Sorensgih\\i&gner
et al, 2003, Yoonet al, 2000 have demonstrated that it is
possible to assume that the dynamic lambda modelfisiction
of two parameters: mass fuel flow and air in thénder. It is
possible to calculate the lambda input using théowdng
equation:

= AF
t (A/F)Stoich (524)

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

AFR =

e (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 betwévo fuel
injection cycles and the expulsion of gases frora &xhaust
valves. Secondly, there could be a delay in the tilhat it takes

the gases in the exhaust to make contact with theseBsor.
Thirdly, the output from the sensor could be delayEngine
speed significantly effects these delays compacednéanifold
pressure. Manzie et al., 2001 stated the delay=ifhg injection
systems can be represented by Equation 5.25

= 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
O, sensor and the injection point as expressed btitqus.25.

_ 120

tg = (5.25)

6.0 SSIMULATION OF ENGINE STRUCTURE

The development and confirmation of the engine HKtian
model implemented using Matlab/Simulink. This modeuld 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 dadan 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 boxe® must
calculate some parameters at first and then itiserh in to the
tool boxes) when there is a nonlinear system ofirendSI
engines) it is not easy and exact way to calcutagny of
parameters theoretically, because of that the Matal boxes
were not suggested to be modeling of real timereysyi
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Figure 11: Simulated Engine Model in Matlab/Simulink.

6.1 Model of Throttle Body

As shown in Figure 14 and according to Equatiod)(and the
equations related to Equation (5.2) the air flote far the throttle
is generated based on the function of throttle opegel and
manifold pressure.

Figure 12 shows the structure of the throttle motiek open
angle for the throttle depends on the driving meddch is
presented at the input subsystem. For instancen e driver
push the gas pedal from the linkage the throttie, dngle will
change causing the throttle air flow rate to inseea

INPUT
« Throttle Angle

THROTTLE

MODEL

* Throttle equations
(5.1~5.3)

* Throttle parameters

OUTPUT

« Air throttle flow rate
* Manifol Pressure
« Engine speed

Figure12: Throttle model structure

Parameters of Equations 5.1 to 5.3 in the throtthelel are:
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

When air is delivered from the throttle body to theake

manifold, the flow rate will be affected by the pipend. This
will result in pressure changes on both sides & thtake

manifold. However, the model of the intake manifdighamics
will only be able to compute the pressure and fitate at the end
of the intake manifold. Equations 5.6 to 5.8 revisdt in the
intake manifold model, engine speed and air massr dahe

throttle are input factors. Figure 15 describes the strectdirthe

intake manifold model [19].

As shown in Figure 13, the air flow rate for theottie can be
found using the throttle body model. Furthermohe, density of
the intake manifold, manifold volume and volumeteiticiency
are theparameters of intake manifold that can be calcdlate

INPUT

« Air throttle flow
(Fig.12)

INTEAKE

MANIFOLD

DYNAMICS

* Intake manifold
pressure

* Intake manifold
equations (5.6 ~ 5.8

OUTPUT

* Manifold Pressure
* Air Flow Rate Port

« Engine speed

Figure 13: Intake manifold structure

6.3 Fuel Injection Dynamics M odel

Fuel is injected when the injection system receitles pulse
width modulation signal sent by the ECU. The pulgielth

modulation (PWM) is based on feedback from thes@€nsor. The
ECU determines how far away the AFR is from staaométry

AFR (14.6). Next, fuel flows under high pressura @ small
nozzle, and the fuel will be atomized by the inmct by

il JOMAse | Received: xxx | Accepted: xxx | [(42) 1: 1-18]
Published by International Society of Ocean, Meat&lrand Aerospace Scientists and Engineevsy.isomase.org ISSN: 2354-7065 & e-ISSN: 2527-6085



Journal of Ocean, Mechanical and Aerospace
-Science and Engineering-, V0l.42

April 30, 2017

forcefully pumping it into the cylinder or intakeop. Thus, as
shown in Figure 14, the structure of the modelfta delivery
can be designed to include the injection time amel fnjector
time delays as input parameters and the flow rateeofuel into
the cylinder as the output.

INPUT
* Injection Time

FUEL
INJECTION
DYNAMICS
« Cylinder
Parameters

OUTPUT
* Fuel Cylinder Flow

* Engine speed

Figure 14: Injection dynamic structure

6.4. Torque Production M odel

The combustion process in the cylinder producesnenmrque,
and the quantity of the torque produced is infleehby the AFR
of the mixture in the cylinder, spark timing, andntbustion
efficiency [38]. The torque model is based on salveunb-models
such as combustion, friction, load and pumpingues] Torque is
based on the conservation of rotational energyhyctankshaft.
From the analysis of Equation (5.16) to (5.22ah be deduced
that engine torque is dependent on the variatiorspafed and
effective inertia of the engine or by using thertesf pressure or
the term of MEP. The engine torque module structfreéhe
engine model is illustrated in Figure 15:

INPUT
* Air Flow Rate

OUTPUT
* Torque

TORQUE
PRODUCTION
MODEL

* Engine speed
» Lambda with delay

Figure 15: Torque production structure

6.5 Air to Fud Ratio Dynamic Model with Transport Delay

In Sl engines, the AFR is calculated using @y sensor
(sometimes known as lambda sensor), which is pogitl within
the exhaust manifold. This sensor mainly aims &rdgning the
distance between stoichiometry and the air-fuel tumex The
distinctive position 00, sensor contributes to reduction of the
response time between the fuel injector and theweithis time

is a significant time delay that is taken into ddegation 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 matseasily
achieved. The amount of air in the cylinder dividgcthe amount
of fuel in the cylinder forms the block of the ladebdynamic
simulation (Equations 5.22 to 5.24). The structfrthe model of
lambda dynamics is illustrated in Figure 16.

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

To increase the accuracy of simulation, it was ss&g/ to
include a reasonable delay in the timing for théaafibda signal
before feeding it into the control model. Figure 4ffows the
block structure for the simulation

INPUT
* Lambda (Fig.16)

OUTPUT
e Lambda with delay

TRANSPORT
DELAY

« Engine speed

Figure 17: Lambda delagtructure

6.6 Air to Fud Ratio Comparison

Six different types of control methods for contired AFR from
studies conducted by other researchers used forparison
purposes. They are Neural Networks (NN) method,liding
Mode Control (SMC) method, a PI control method, Miod
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 cotfigp is
shown in the Figure 18 in which the maximum AFR.&120 and
minimum AFR at 14.05 (red break line). The systertpat under
the developed DRNN-based MPC is displayed in Fidi8e It
shows that the maximum AFR at 17.70 and minimum AR
13.25 (red break line). Zhai et.al in 2010, alsodwected AFR
simulation using traditional PI control as showrFigure 19 with
maximum AFR at 22.50 and minimum AFR at 12.80 (oeelak
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Figure 18: Air—fuel ratio control result of the MPC contralle
(tracking MAE =v0:2566) [Wang, et.al, 20086].
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Figure 19: Simulation result of DRNN-based MPC on AFR

[Zhai, et.al, 2010].

23/ - S~

X
/22 oY
21
20
19
18

17

~,
~\
P

Air Fuel Ratio

16

L

|

|
15 \’ ! \
e o

’
!
1
1
1
1
1
1
1
]
1
1
1
1
1
1
\
\
Ay
AY

\\14
N,
Ts ¥
0 100 200 300 400 500 600 700 800 900 1000
sample
Figure 20: Simulation result of Pl control on AFR [Zhai, ét.a
2010].

Yang Bai, 2014 had conducted the test with constagine

load torque which was set at 80 Nm, and the tlraien angle
use small value opening as shown in Figure 21e&ctmtrolled
AFR comparison results are shown in Figure 21.bterAf3

seconds, the system is unstable due to the thiatdage, and it
can be seen that the NN controlled AFR reducedniagimum

error by 50% and 30% from the PID control fuzzy Ridhtrol.

N
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Figure 21.a: Small value throttle open angle input profile
[Bai, 2014
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Figure 21.b: AFR Comparison for the constant engine
load torque at 80 NnBgi, 2014

In this study, the experiment was conducted usingine of
Peugeot 405 1.8i with constant load 40, 50 and 80 Bising the
proposed engine model, simulation was carried surtguHybrid
Fuzzy Logic Control (HFLC), Developed PID and Coctienal
Lookup-Table Controller to calculated the AFR. Slation result
at 60 Nm constant engine load was presented atdsq2? and

23.
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O
17 P [Zhai, et.al, 2010]
/ PID (Figure 21.b)
) /\ Y A 5 | [Bai, 2014] 16.40 13.80
155 "' A \ A Fuzzy PID
| i T 6 (Figure21.t) [Bai, 2014] 15.90 14.10
NN (IP)
AV " | (Figure2L.) [Bai, 2014] 1550 14.30
1 | v I Developed PID
Y i 8 | (Figure 22) 16.50 12.50
af AN Y Nekooei & Koto
125 N i Convectional Look-up
_— e ) 9 | (Figure 23) 16.80 12.40
Figure 22: Comparing HFLC with the Developed PID AFR Nekooei _& Koto
Controller at 60 Nm of constant load. 10 HFLC (Figures 22 &23) .y, 14.40
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Figure 23: Comparing HFLC with Real tested Engine AFR with

Convectional Lookup-Table Controller at 60 Nm CanstLoad

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

Table 2 showed that, the developed HFLC can coritrel
AFR very good in comparison with other methods antion
above. The average error between the maximum andnonn
AFR with stoichiometric AFR was just approximatély .The
control methods have been reviewed in the Tablel® a
controlled the AFR but still there is too big dedida between the
AFR and stoichiometric AFR.

Table 2: Comparison Between the AFR results for the develope

HFLC with NN, SMC, MPC and PI Controller.

SMC

L [Pieper, et. al, 1999] 17.64 11.76
MPC (Figure 18)

2 [Wang, et.al, 2006] 16.20 14.05
DRNN-based MPC

3 | (Figure 19) 17.70 13.25
[Zhai, et. al, 2010]
PI (Figure 20) 22.50 12.80

Nekooei & Koto

7.0 CONCLUSION

Review on existing engine models has been carngedased on
MVEM input parameters as follows: air mass inshue ¢ylinder,
fuel mass inside the cylinder, engine speed, engiqee, 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 except engine proposed by Yang2B14.
The new simulation engine model was developed usilig
MVEM input parameters by combining Wang's [35 & 3#&)d
Zhai's, 2010 engine simulation models. This moda i
exceptionally competent structure to utilizing inngie
parameters controlling, for example, AFR and torqide
simulation results were also compared on AFR resuling
Neural Networks (NN) method, a Sliding Mode Cont{8MC)
method, a Pl control method, Model Predictive CainfMPC)
method and Diagonal Recurrent Neural Network (DRiB$ed
MPC method. The simulated engine model in Matlah{fiink
showed that AFR using new engine simulation closethte
stoichiometric value of 14.7.
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