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1. INTRODUCTION

The internal combustion (IC) engine is designedrtmuce power from the energy that is contained
in its fuel. More specifically, its fuel containeemical energy and together with air, this mixtisreurned to
output mechanical power. There are various typetiels that can be used in IC engines which include
petroleum, bio-fuels, and hydrogen. The output pgweduced by an IC engine results from the fuelf it
uses, and also its mechanical parts. In an intezoalbustion engine, a piston moves up and down in a
cylinder and power is transferred through a coringctod to a crank shaft. The continual motion fod t
piston and rotation of the crank shaft as air ared énter and exit the cylinder through the intakd exhaust
valves is known as an engine cycle. The first amtnsignificant engine among all internal combustio
engines is the Otto engine, which was developedNioplaus A. Otto in 1876 [1-8]. In his engine, Otto
created a unique engine cycle that consisted afgdimtion strokes. These strokes are:
1. Intake stroke
2. Compression stroke
3. Expansion stroke
4. Exhaust stroke

Modeling of an entire IC engine is a very importantd complicated process because engines are
nonlinear, multi inputs-multi outputs and time ‘amt. One purpose of accurate modeling is to save
development costs of real engines and minimiziegitks of damaging an engine when validating cdletr
designs. Nevertheless, developing a small modelsgecific controller design purposes, can be cdamme
then validated on a larger, more complicated modeklytical dynamic nonlinear modeling of internal
combustion engine is carried out using elegant Hidgrange method compromising accuracy and
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complexity. An empirical dynamic nonlinear modeltbé system is then developed on the bases of Ineura
network and/or neuro-fuzzy. The developed modets\arified using several testing approaches such as
overlapping, power spectral density and correlatests [3], [4], [5], [9-16]. The sum of the fudiat is
injected into the cylinder by the port fuel injectand the direct fuel injector is the total fué}.,.,. The
amount of fuel injected by one injector dividedthg sum of the two is the fuel ratio B to DI. The fuel
ratio can be used to determine which fuel systeoulshhave a larger impact on how much fuel is itgdc
into the cylinder. Since a direct fuel injector hasmediate injection of its fuel with significanharge
cooling effect, it can have a quicker responseht desired amount of fuel that is needed by annengi
Although a port fuel injector may have a slowep@sse due to its wall-wetting dynamics, the fusibravill
impact the combustion characteristics of an endgtnel ratio also can be used to regulate or cohtrolfuel
types. For example, an engine may have the alidityun on gasoline and ethanol. The gasoline coeld
injected by a port fuel injector, while the etharemuld be injected by a direct injector. Although,
implementation of this may require to separate firgds and separate fuel tanks, the ratio of gasaio
ethanol, or two other types of fuels, may be oéiiest to future engine control designers. Contrafiea
device which can sense information from linear @nlimear system (e.g., IC engine) to improve th&eys
performance [3]. Baseline partly sliding fuel ined (BPSFM) is an influential nonlinear method optier
to certain and partly uncertain systems which ib&sed on combine baseline and partly sliding mode
method.

This paper is organized as follows. In section aimsubject of dynamic formulation of IC engine
is presented. A methodology of proposed baselimdypsliding fuel methodology is presented in sentB.
In section 4, the baseline method and proposedadethgy are compared and discussed. In sectioheb, t
conclusion is presented.

2. THEOREM: DYNAMIC FORMULATION OF IC ENGINE’S FUEL RA TIO
The dynamic equations of IC engine can be writen a

[PFI] _ [Mairll Mairlz] FR]+ Pmotorl

. N;; N R> M (1)
. p ] [FR 0‘1] + Nll NlZ] x FR] + [Mal]
DI airpq Mairzz Oy motory 21 22 oy ay

There for to calculate the fuel ratio and equiveteratio we can write:

. . . -1 . 92 2
F:'Ra _ Mair11 Mair12 [PFI _ Pmotorl] [FR G ]+ Niq le] x FR, + [Mal] &
Uy Mair21 Mairzz DI motory a N2; Ny aia Maz
To solveM,;, , we can write;
. Mair;; Mai : . ®3)
Mair = [ . a . all’12] WhereMair12 = Mairzl
Mair21 Mair22

WhereM,;, is the ratio of the mass of air.

Mairl1=(Pamb)+(AtoF)+2*(IF1)*cos(FR)*cos(FR)+(IF&in(FR+alfa)*sin(FR+alfa)+(IF3)*sin(FR+alfa)*c
os(FR+alfa)+0.10299*sin(FR)*cos(FR);

Mairl2=(Pamb)*sin(FR)+(AtoF)*cos(FR+alfa)+(IF1)*cd3R)+(IF2)*sin(FR+alfa);
Mair21=Mair12;
Mair22=(1F1)+(IF2)+(IF3)+(2*(Pamb)*sin(alfa))+(IF4gos(FR);

Matrix P ot0r 1S @ 1 X 2 matrix:

P 4
Pmotor = P;] ( )
Where,
P1=- 4*(AtoF)*sin(FR)*cos(FR)+(Pamb)*cos(FR+FR+3HélF1)*sin(FR+alfa)*cos(FR+alfa);
P2=2.821-0.05231*cos(FR+alfa)+0.10299*sin(FR)*cd¥#0.00063*cos(FR)*(FR);
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Matrix engine angular speed mafi¥) isa 2 X 2 matrix

N:[Nn le] (5)
Nz1 Nap

Where,
torque_engine=(IF4)*cos(FR)-(Pamb)*sin(FR+alfa){¢R))*sin(FR);
N11=(IF4)*cos(FR)-(Pamb)*sin(FR+alfa)*J;
N12=2*(torque_engine/J);

N21=2*(Pamb)*cos(FR)*sin(FR);

N22=-N12+N11,

Matrix mass of air in cylinder for combustion mat(M,) is a 1 x 2 matrix.

Mal] (6)

Mo =y

az

Where,
Mal=IF1*cos(FR)+IF2*sin(FR+alfa)+IF3*sin(FR)+IF4*s@FR+alfa)+Pamb*sin(FR+alfa);
Ma2=Pamb*sin(FR+alfa);

The above target equivalence ratio calculation mélicombined with fuel ratio calculation that vii# used
for controller design purpose.

3. METHODOLOGY: BASELINE PARTLY SLIDING MODE FUEL OPTI MIZATION FOR IC
ENGINE

Baseline Controller Design:The design of a baseline controller to control filel ratio was very
straight forward. Since there was an output from firel ratio model, this means that there wouldvie
inputs into the baseline controller. Similarly, thatput of the controller result from the two catinputs of
the port fuel injector signal and direct injectigrel. In a typical PID controller, the controlleorrects the
error between the desired output value and the unedwalue. Since the equivalence ratio and fue eaxe
the two measured signals, two controllers wereaidest together to control the PFI and DI inputs. fitts¢
was a PID controller that corrected the error betw¢he desired equivalence ratio and the measured
equivalence ratio; while the second was only a prignal integral (PI) controller that correctece tfuel
ratio error. Figure 1 shows the two cascaded cthetso

e1(t) = Ararger(t) — ay(t) )
e,(t) = Fuel ratio,(t) — Fuel Ratio,(t) (8)
PFl, =K, e1 + Ky, €1 + K,az e, 9)
DI, = K, e + Ky,€; + K,bz eq (10)
PFI; = (K, e, + K,CZ e,) X PFI, (11)
DI; = DI, (12)
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Figure 1. Block diagram of BASELINE controller

Partly Sliding Mode Fuel MethodologiBased on variable structure discussion, the sugp@anvioptimizer for
an IC engine is written as [18-24]:

U= UNonlinear + Ulinear based (13)

Where, the model-based componBRt uiinear 1S COMpensated the nominal dynamics of systemstefdre

Unonlinear C@N calculate as follows:

- ([Pmotor1] ;e .1 . [N11 Niz| _ [FR]® , [M (14)
U”""""e‘":[M 1“”<[Pmo g 1L R i B A I

motor

+ s] M,

A simple solution to get the variable structurediton when the dynamic parameters have uncertastye

switching control law:
Ugis = K, t) - sgn(s) (15)

where the switching functiosgn(S) is defined as

1 s>0 (16)
sgn(s) =1-1 s<0
0 s=0

and theK (%, t) is the positive constant.

the lyapunov formulation can be written as follows,

1 . (7)
V= EsT. My,.S
the derivation o/ can be determined as,
. 1 . * . .
V=_8" My S+ ST Moip$ (18)

Figure 2 is shown pure variable structure contrpieplied to IC engine.
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Figure 2.Block diagram of a sliding mode method: appliedGaengine

According to the linear system theory, convergenfethe tracking error to zero is guaranteed [6].
Supervisory gains adjusted by partly sliding modghad. The result scheme is shown in Figure 3.

Ugis =K(X,t).sgn(s)
S=1e+e

——— To optimize the baseline Coefficient
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Figure 3. Block diagram of a partly sliding moddinyzer baseline method: applied to IC engine

4. RESULTS

This part is focused on compare between baselinkad€BM) and baseline partly sliding
mode fuel method (BPSFM). These two methods wested by step fuel ratio and equivalence
ratio. The simulation was implemented in MATLAB/SIMINK environment.

Close loop response of fuel ratio without any distbbance: Figure 3 is shown the
methodology of fuel ratio based on two methods: BR&nd BM.
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Figure 4 BM Vs. BPSFM without disturbance

Based on Figure 4; by comparing fuel ratio responghout disturbance in BM and BPSFM, BPSFM'’s
overshoot abou0.0%) is lower than BC’¢18%).

Close loop response of fuel ratio in presence ofrtpue load disturbance: Figure 5 shows the power
disturbance elimination in BPSFM and BM with torgloaad disturbance for fuel ratio. The disturbance
rejection is used to test the robustness compariebthese two methodologies for fuel ratio. Itrdufairly
fluctuations in BM responses.
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Figure 5 BM Vs. BPSFM with torque load disturbanc

Based on Figure 5; by comparing fuel ratio respanspresence of torque load disturbance in BM and
BPSFM, BPSFM’s overshoot about (0%) is lower thauf88(23%). Based on Figure 5, BM has moderately
oscillation in fuel ratio response with regard aoque load disturbance but BPSFM has stabilityajettory
responses.
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5. CONCLUSION

This paper reveals a new method for supervisoryrobof IC engine to reduce the fuel and fix the
fuel ratio. This method is used to simultaneouslgtml the mass flow rate of both port fuel injecti(PFI)
and direct injection (DI) systems to regulate thel fratio of PFI to DI to desired levels. The resbhaesults
explain the supervisory performance of IC engirme.tHis context, this research proposes a new linear
baseline methodologies for IC engine to reach dtkewing target, such as:1) improvement the fudiora
performance, by online tuning the baseline optimedevelopment of system’s supervisory methoaéy
linear method 3) develop the business by designadl &nd cheaper controller.
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