The indicated thermal efficiency (ni_t) is

modeled as a function of the engine speed (N), air
fuel ratio (4/F) and spark advance (5 ) [10].

n;_ = @(N(D),A/F(1),5(t)) |25

By assuming that the air fuel ratio is held -tightly
around stoichiometric, and the spark timing
maintained at MBT value [1], ( Tj—_¢ ) is expressed

as a function of engine speed only [10]:

P(N(1)) =mo +my - N(1) | 26

where (Tlm‘f]]) are  empirical  coefficient

parameters of the function, related to a specific
engine.
Finally, the mechanical losses which are denoted by

(mepmecfl osses)» are described by the following
equation [10]:

MEP e —losses = W(N(t),Pm(t)) 27

canstant hypothetial force acting on piston face

bmep =
piston arca

work produced during one cycle

piston displacement during expansion stroke

piston area

_ (brake torque (Tb))-( angulf:r duration of one cycle)

stroke volume (Vd)

SO Tb'4ﬂ:

) — 30
P =4

By the substitution of equation (30) into (29) and
making the suitable simplifications, an expression
for the break torque is produced as given below:

—mac (NP oON@)
1= ATF(r)-N(r) Ppy~ |31
W), ) 22

7 4n

WN(E),Pm(1)) =Bo + B (N(1)” 77+ (Pa—Pm(t)) |28

where the variables (P, ,P1) are empirical

constants related to a specific engine.

Now, by substituting equations (24), (25) and
(27) in equation (21) the final form of the bmep
expression will be as follows [107:

_ mac(Pm(1),N(1))-p(N(7))
beept) = (A/F)-N@) =
Qy -4 |

—BY Ty (V). P()

To get an expression that comprises only the bmep
and the break torque (Th), the bmep is defined as a
constant hypothetical pressure that is assumed to act
on the piston during expansion stroke and produces
the same amount of work that the real engine does
in two crankshaft revolutions, as expressed
mathematically below [10]:
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2) Process Delays Model
The process of torque production is discrete
depending on the engine speed. The model
described here is continuous, two delays are

included in the model [10, 15]:
a) Intake to torque production delay (Tit ): this

is the delay time between intake stroke to
expansion stroke.

b) Spark to torque production delay (7= ): this
Ry 4

is delay time from sparking to torque

production.
T[ =
TN |38

Incorporating the above delays in equation (31)
gives:

_mac(t =T )-@(N(1)) B
T A/F()-N® Cry

'3_4
WV, Pr(t)) 3
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Abstract

Automatic control of automotive engines
provides benefits in the engines performance like
emission reduction, fuel economy and drivability.
To ensure better achievement of these requirements
the engine is equipped with an electronic control
unit (ECU) that is a microprocessor based system.
This control unit continually monitors the engine
state using several sensors and selects better control
actions to achieve what is demanded from an engine
under different defined operating modes. Modeling
of the engine can greatly simplify the design of the
control and diagnoses systems, as they can be used
to simulate the engine instead of performing
extensive tests in a car.

In this paper, the automotive engine a gasoline
powered, four strokes, Port Fuel Injection (PFI),
Spark Ignition (S1) engine is modeled and simulated
using a class of models called Mean Value Engine
Models (MVEMSs). This model can successfully be
used during the development of control system that
will be implemented later in the ECU of a car. The
model includes air, fuel
and rotational dynamics as well as process delays
inherent in the four stroke cycle engine. The model
is validated for parameters of an engine, to an
accuracy of about (95%).

Keywords: Engine model, spark ignition,
modeling, mean value.

1. Introduction

In this paper, the automotive engine is
modeled using a class of models called Mean Value
Engine Models, MVEMs. These models can
successfully be used during the development of
control system that will be implemented later in the
ECU of a car. MVEM represents a basis for the
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Baghdad-Iraq

development of different engine control strategies
[1]. It is defined as follows:

"MVEMs are models where the signals, parameters
and variables are averaged over one or several
cycles", [2]. MVEMs offer simplified description
for the processes taking place in the engine using
physically based equations, and are acceptable for
the purposes of control synthesis [3]. These models
are continuous time, nonlinear, low frequency,
phenomenological with uniform homogeneous
charge and lumped parameters of breathing and
rotational dynamics [4].

2. Engine Modeling:

It will be assumed that the model simulates
a gasoline powered, four stroke, PFI, Spark Ignition
(S1) engine. The model includes air, fuel and
rotational dynamics as well as process delays
inherent in the four stroke cycle engine. It is found
that when modeling such a complex system, as the
SI engine, it is beneficial to divide it into distinct
subsystems [5].

The basic contiguration of the engine model has
three basic subsystems, describing the main
phenomena take place in SI engine [6, 7]. These
subsystems are shown in fig (1):

a- Intake air path subsystem.

b- Fuel dynamics subsystem.

¢-  Crankshaft dynamics subsystem.

Fig. (1) shows the block diagram of the engine
model.

a- Intake Air Path Dynamics

In this section a Mean Value Model for the
intake air path of SI engine is described. It is
divided into three subsystems that have to be
modeled, these are:
1) Throttle body.
2) Intake manifold.
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3) Cylinder air induction.
[However, Fig. (2) shows the Schematic diagram of
the intake air path.

1) Static Model of the Throttle Body

The air mass flow into the cylinders, and
thereby, the output power of the engine is controlled
by the throttle valve. Its opening dcpunds on the
pedal position [6].

Pa(?)

mat(t) = Cd i

P(Rp())A() | 1

Where:

mat(t): is the air mass flow rate through the

throttle valve.

Cd: is the discharge coefficient which is an
experimentally determined constant and it relates
the effective throat area to the actual throat area. It
is roughly equals to 0.7 [1, 8].

Pa: ambient pressure (N/m?).

R: ideal gas constant (J/kg.K).

Ta: ambient temperature (K)

under chocked flow, ¢(Rp)is constant and is
calculated as follows [8, 9]:

v+l
_ful_2 Y1 ForPm (t) <Pc
O(Rp) V[Y +J

Where:
¥ : denotes the ratio of specific heats of air which
is assumed to be (1.35) [10].
Using this value of J, equation (2) above is
calculated to be equal to (0.6761).
Rp: represents the ratio of the manifold pressure
(Pm) to the ambient pressure (Pa).
Moreover, during sonic flow §(Rp) is a function of

time and is calculated with the following equation
[8,9]:

Intake Air Path Subsystem

1]
1 1
L] 1
'
& ' i Cylinder | . 1
T rheottte || Intake Fm i :
" i | o Manifold "] ‘ i
il i Ml Je A
: :
e R e e e e L 1
mfi — " Fue Dynamics Subsystem AE —
|
|
Crankshaft Dynamics Subsystem
PR A T e e e =
i s h
1 1
] ]
— |
—_— - '
L Bugine | P B I I [ 0l (O SR
Spark ———1» \ b L Ls ! Engine speq
1
'

pesl

1
P(Rp(1)) = (Rp(t) " % 1-Rpy ¥ | |3

For Pm(t) = Pc(t)

Where:

Pe: is the critical pressure where the tlow reaches
sonic condition in the narrowest part and is
calculated as follows:

S
Pc=[ 2 ]Y_I-Pa 4
v +1

Fig. (1): Block diagram of the engine model.

Intake manifold

Throttle = To the engine

/d mat Im e
SEEE .

ma [i

i

The area available for the flow (A(t)) equals the
cross sectional area of the channel less the area
blocked by the throttle plate. The blocked area
depends on the throttle angle ( €& ) measured from
fully closed position in radian as shown in Fig. (3)
[10].

Fig. (2): Schematic diagram of the intake air path

TRy
i~/

Fez

mar }‘-P{ : Tr

i

®(Rp(t)): Function of pressure ratio across the

throttle position, which depends on the flow
conditions, where
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Fig. (3): Air flow past the throttle plate

If the channel and the throttle plate are assumed to
be circular in shape with diameter (Dth), the
available area for the flow can be expressed as [10]:
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A(0) =7 Din?(1—cos@(®)) |5

This equation is modified to the following form to
account for the leakage mass flow rate. Deriving
from the fact that when the engine throttle is fully

through the Exhaust Gas Recycled (EGR) system,
with the same temperature for all the mixture.

The mass flow rate of the homogeneous
mixture of air and exhaust gas is calculated using
this concept where its mathematical expression is as
follows:

closed, itholds ct =0t __ [10. 11, 12]. mac=mac(Pm(t),N(t))
s oo OC 2 cosolt) =
A®=Zpm2a-=Xy A, B -
4 cosa i 6 . =
Jeak = mac(t) = Pm(t) N(©) vd-n |10
RTm 27 v

where A]eak i1s the flow area when the throttle

angle equals Olje,p .

2) Dynamic Model of the Intake
Manifold

The intake manifold dynamics can be described
by a first order differential equation that is based on
the mass conservation equation as given below [6,
10, 11]:

Phq(t)zR{;r—mm a() |7

Where

Ma (1) = Ma () —ma(t) |8

Tm : Manifold air temperature (K)
Vm : Manifold volume (m”)

Mac(t): Mass flow rate of the homogeneous
mixture of air and exhaust gas.

ﬁ‘lm (t) : Air mass flow through the throttle valve.

ﬁla (t) : Intake manifold mass of air.

The dynamic pressure obtained by this model is not
instantaneous value of the manifold pressure, but an
averaged representation of the intake manifold
filling dynamics [4].

3) Model for Cylinder Air Induction

The gas in the intake port is assumed to be
a homogeneous mixture of air, residual gases are
left in the cylinder after the exhaust phase has taken
place and the exhaust gas recycled to the intake port

NUCEIVol15No.t

where (N) is the rotational speed of the engine in
radian per second (r/s) and Vd is the displacement
volume of the engine cylinder in (m®) .

In this paper, the fraction of EGR is assumed to be
0.1 of the air induced to the cylinder. The effect of
engine speed and the manifold pressure on the
volumetric efficiency is modeled separately in an
individualistic manner as follows [10]:

N (ND)=7o +7, N +7, N©)2 |12

1 F
_Ve+Vd Ve ( Pex )7 1
"Pm =T Vd  Vd “Pm(ty |

Where :
Y ,yl,yzz are empirical constants related to
(]

specific engine.
Ve: clearance volume of the cylinder (m?).
Pex : the exhaust gas pressure (N/m°).

b. Fuel Path Dynamics

Fueling dynamics are important for the in
cylinder air-fuel ratio calculation. The fuel injector
injects fuel as pulses when the intake valve is not
open [10]. Fuel dynamics can be described by the
following set of equations [4, 11, 14]:

m fF(t) = x - m fi(t) - Ti mff(t)
£

mfv(t) = (1 - x)mfi(t)
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me(t)=mfv(t)+——mfE()
i

where:

mfi: is the mass flow rate of the injected fuel

(kg/sec).

mff & mff: mass flow rate (kg/sec) and mass of the
fuel film (kg) respectively.

mfv : mass flow rate of the fuel vapor (kg/sec)

mf : mass flow rate of fuel that enters the cylinder
{(kg/sec)

x: fraction of the injected fuel which is deposited on
the manifold or intake port as fuel film, and is
calculated using the following equation [4]:

0.7
T R (R W AL
x=0.3+ 5 o(t)

4 f: fuel evaporation time constant which is

calculated as [14]:

T =O.05+gé

S N(7)

Ideal fuel delivery is assumed, i.e., the air fuel ratio
is assumed to be kept at the stoichiometric value

(14.67) [1]. The fuel injection m fiis set according
to the evolution of the air charge. The air charged to
the cylinder is divided by stoichiometric A/F which
dented by ( “in the Simulink model to provide
the feed-forward fuel flow command.

c. Crankshaft Dynamics
The crankshaft variable of interest is the

revolution speed expressed in revolution per minute
(RPM) or rad. per second (1/s), which depends on
the torque produced by cylinder during expansion
stroke. Three important models must be explained
clearly in the crankshaft dynamics model. These
are:

1) Torque production.

2) Process delays.

3) Rotational dynamics of the engine.

1) Torque Production Model

The torque produced by the cylinder during
expansion stroke depends in a nonlinear fashion on
the mass of air loaded to the cylinder, air fuel ratio
taken during the earlier intake stroke, spark timing

and mass of residual gases left after the earlier
exhaust stroke [4]. This can be expressed using the
mean effective pressure (mep) notation as follows:

imep

it “imepr

bmep =1mep —Mmep, ., _losses

bmep =mepe, M;_ ~MEP 0 fosses

Where (mepfe) is the (bmep) that will be produced

if the engine is fully efficient, as expressed
mathematically in the following equations:

const.hyp. force on piston if engine 100% efficient

mep

Je pistonarea

work producedin one cycle with 100% effeciency

piston displacement during expansin stroke

piston area
(fuel mass inducted in cycle (Mf))x (fuel heating value (QHV)J

stroke volume (Vd)

50, mepg, =

The mass of fuel inducted during one cycle (Mg ) is
calculated as follows [4]:

mac : mac
A/F=— =5 f=

ml=——
i A/F

and for one cycle:

M. = mac (for one cycle)
f A/F

_ mac(t) 4r
I~ AIF({) N(@)

Using equations (22) and (23), the final form of the
me is found:
(mep fe) is fou

_maC(t)-Qm' A
mep 1 )= 2TF0yvd NQ)




3) Rotational Dynamics Model

The rotational dynamics of the engine
crankshaft is obtained by applying Newton’s second
law for rotational motion [4].

35

Tnet=IN

where:

Tnet: is the net torque used for vehicle
acceleration (N.m).
J: the total inertia of the engine (Kg.m?).

and (N) (rad/sec’) represents the angular
acceleration of the engine which will be integrated

later to get angular speed of the engine. Tnet is
calculated from the difference between the torque
produced by the cylinders during combustion
process and the sum of all the load torques placed
on the engine.

3. Simulation of the Mean Value Engine
Model

The model is simulated using
Matlab/Simulink software environment. Equations
of every subsystem are implemented as sub-blocks
in Simulink and the sub blocks are then connected
to obtain a complete simulation model. This
simplifies changing, correcting or developing the
model.

3.1 Simulation of Intake Air Path Dynamics

The intake air path dynamics block
simulates equations from (1) through (13). The
intake air path dynamics consists of three
subsystems: throttle body subsystem, intake
manifold subsystem and cylinder air induction
subsystem. The top level view of the intake air path
simulation is shown in Fig. (4):
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Fig. (4): Simulation of Intake air path dynamics,
: (equations (1) through (6)).
%; |
ﬂpia_b.!k -

Aity_dot

Fig. (5): Simulation of the area available for the flow
equation (6).

eq (3)

Fig. (6): Simulation of the pressure ratio across the
throttle, (equations (2), (3) and (4)).

The simulation of the mass conservation equation
described as shown in the following figure:
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Fig. (7): Simulation of intake manifold block,
(equation (7)).

)
Y
|

‘ =t [pmy

Cylinder air induction block simulates equations (9)
through (13). This includes simulation of volumetric
efficiency equations and simulation of the Cylinder
air induction main equation as shown in the
following figures:

Fig. (10): Simulation of volumetric efﬁmency asa

equation (13)).

function of manifold pressure

:.‘\‘11.%£$

)

o

i
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~ Fig. (8): Simulation of air mass flow rate in the
_ intake manifold, (equation (8)).
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Fig. (9): Simulation of volumetric efficiency,

d

ELU:
Ly
TEE ;{

EGR percent of the
cylinder induced air

_dynamics, (equation (10)).

Fig. (11): Simulation of cylinder air mductmn

3.2 Simulation of Fuel Path Dynamics

The top level view of the fuel path dynamics and
the details of'its blocks is shown in figures below:

7
T
jﬁ%

il

#(19)

(equation (11)).
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(equatlons 14 through 16)
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Fig. (13): Simulation of the fuel film part of the
injected fuel (equation (14)).

(c)
Fig (17): =
) Slmulatxon of the full efﬁclr:nt engme
~ bmep (equation (24)).
rh_dot b) Simulation of the mechanical losses
= 3 = — (equation (28)).
Fig. (14): Simulation of the evaporated part ¢) Simulation of indicated thermal fficiency
euaton (15)): (equation (26)). =
-,
! g
Degey =
t=au_f m?; fm . @ &9 (24)
Fig. (15): Simulation of the total fuel which enters = - —Lr:w 3 b
the cylinder (equation (16)). & ) = ;:.. s
] Bt
eq (24
f—Y"_ ‘ g
o © ': / :a b

(@

Fig. (16):

Simulation of fuel film fraction
(equation (17)).

b)Simulation of the fuel evaporation time
constant (equation (18)).

Fig. (18): Simulation of the (bmep) produced by the
engine, (equation (29))

3.3 Crank Shaft Dynamics Simulation

The crankshaft dynamics block simulates
equations from (19) through (34), this includes
mep  which is the (bmep) produced with full
efficient engine, indicting thermal efficiency (13 3

and mechanical losses as shown in the following

tigures:
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 Fig. (19) Simulation of break torque developed by
the engine, (equation (34))

Fig. (21) Top level vncw ofthe sunuhnk =
model :

(33}

Fig. (20) Simulation of the net torque produced by
the engine and used to accelerate the engine
(equation (35))

4. Simulation Results:

The model parameters have to be listed
before the simulation could be run and the results
could be obtained. These parameters represent the
model inputs, which are held constant during
simulation running. These parameters include
physical constants, engine geometry parameters and
model equations coefficients which have to be
calculated by curve fitting for a specific engine.

In this paper, the simulation is done using
the parameters listed below, which are related to a
gasoline powered, four stroke, single cylinder, PFI,
SI engine prototype with idle speed equal to 955
RPM [16]. All the physical parameters used in the
model are listed in Table (1) as shown below:

~Table (1): Physical constants of the MVEM [10]

The top level view of the completed
simulink model is shown in Fig. (20) below.

NUCEJ Vol.15 No.1

Parameter Value

R 287 J/Kg.K

Ta 298 K

Pa 0.98*10° N/m’

4 135

Tm 340K

Cd 0.7

Pex 1.08*10° N/m?
L

On the other hand, engine geometry parameters
needed in the model are listed in Table (2) below:
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Table (2): Engine geometry parameters [10] =

Parameter Value

0‘0 0.1379 radians
Dth 58.7%10° m
Ajeai 5.3%10° m°
Vm 5.8%10° m’
Vd 2.77*10° m’°
Ve 0.277%10~ m’
] 0.2 Kg.m”

The coefficients of the curve fitting equations used
in the model are listed in Table (3) below [10]:

Table (3): Model's eguations coefficients Earameters

Parameter Value

Yo
/1

0.45

3.42*%107 sec

712 27.7%10° sec?
No 0.16 J/kg
. 2.21*10°
i
I 15.6 N.m
(o]
0.175%107

The open loop dynamics for the nonlinear engine
model are obtained for step change in the throttle
angle with and without applying

variable value of the load torque (Td) as explained
below: ,

1) Step Change in the Throttle Angle

with no Load Torque:

A step change in the throttle angle is
applied to the model from 0.1589 radian to 0.1605
radian at 10 seconds [10] the result was a step
change in the engine rotational speed as shown in
Fig. (21).
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2) Step Change in the Throttle angle

with Load Torque:

The engine load during idling is of variable
nature and this could be the source of sudden drop
or rise in engine speed [10], where the nonlinear
model is loaded with variable value of load torque.
The load torque was applied first as a step change
form to represent the loads that affect suddenly [17],
then a trapezoidal signal used to represent the loads
that increased gradually [12, 18], and finally a sine
wave signal were also applied to represent the load
torque [15]. The loads were applied in the presence
of the same step change in the throttle angle that
was used before and the open loop responses are
shown in Fig. (22). The engine rotational speed was
dropped at the moment of applying the load torque.
This action accompanicd with increasing in the
intake manifold pressure. When the load torque is
removed the engine rotational speed returns to its
original value.
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4. Conclusions
The following points can be concluded
from this work:

e A MVEM is used in the engine modeling
phase. The MVEM is control oriented,
continuous time, nonlinear and physically
based model. This model describes the
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dynamic engine variables like engine speed or
intake manifold pressure as mean value rather
than instantaneous values on a long time scale.

e The model is validated, by comparing it with
the results of open loop dynamics obtained
referring to [10] for the same engine
parameters, to an accuracy about (95%).

e The open loop dynamics of the engine shows
that the dropping in the engine rotational speed
is nearly equal to (99%) when (20 N.m) of
load torque is applied and this is very large
value and will, surly, cause engine stalling.

Finally, it can be concluded that the MVEM
can be used in simulating four strokes, PFI, SI,
single piston engine. It's only required to provide the
model with the values of some physical parameters
and engine geometry parameters as well as make
curve fitting to torque production subsystem and the
volumetric efficiency equation.
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