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i

Despite governmental constraints and legislation, the fuel consumption in traffic and transportation increases persistently. To help diminishing this problem, TUE, Van Doorne’s Transmissie
(VDT) and TNO early 1997 launched the EcoDrive project. They develop a hybrid driveline,
using a high or medium speed flywheel, an internal combustion engine, a continuously variable
transmission and an integral driveline control strategy. This hybrid driveline and the control
strategy decreases the fuel consumption (0-20 %) without detoriating the driveability. To realise
a good control strategy, it is necessary to obtain a relation between the throttle angle valve q5 and
the engine output torque Ma at each realistic engine angular speed w,. Therefore, the Meun Vulue
Engine Model is applied. It describes the transfers between input (e.g. the crankshaft angular
speed w, and the throttle valve angle q5) and the output (e.g. Md and fuel mass flow Qf,).
Starting point of this research are the earlier derived mean value engine models in [9] and [lo].
These can be used to generate the engine maps. Often these engine maps are already generated
by the manufacturer. The current research concentrates itself on the question whether or not
it is possible to go in the opposite direction and to identify the MB A-class spark ignition (si.)
engine. The objective and the available data (only static measurements), supplied by TNO forced
us to manipulate and simplify the earlier mentioned models by [9] and [lo]. An extra difficulty
with the available data is the lack of information about the manifold air pressure p,, which is
the intermediate between the throttle body subsystem and the crank shaft subsystem.
After some elaboration on the given data and after rewriting the model equations for the crank
shaft subsystem it turns out that it is possible to identify this subsystem directly. For the throttle
body subsystem it is necessary to approximate the manifold air pressure pm. The results are
deceptive, caused by the fact that the approximation of an one dimensional flow is very rough.
Reconsideration of the throttle body subsystem model, specially a more physically based approximation of the discharge coefficient c d , and derivation of an accurate model for the manifold air
pressure are suggested.
TNO did supply three datasets, but did measure for all three datasets in different working points
(u,, Ma). For future research it would be advantageous to measure simultaneously the manifold
air pressure p m , the fuel mass flow Q j c and the throttle valve angle q5 in many realistic working
points (wc,Md).
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Meaning

Po
Pm

ambient air pressure
air pressure in intake manifold

TO
Tm

ambient air temperature
air temperature in intake manifold

Unit

induced mechanical torque
torque due to losses in the engine
load torque
Qatr
Qac

Q fc
Topt

rit

a
Qopt

7t

air mass flow through throttle
air mass flow into cylinders
fuel mass flow into the cylinders
optimal thermal efficiency
thermal efficiency

[-I
[-I

spark advance angle
optimal spark advance angle
quotient of the pressure after and before the throttle plate
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[-I
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Symbol

V

Meaning
adiabatic exponent
air/fuel equivalence ratio
pressure ratio of manifold and ambient air pressure
crank shaft angular speed
normalised engine speed
angle of the throttle valve
relative throttle valve angle

Lst

HO
Ra

stoichiometric air/fuel ratio
fuel heating value
specific gas constant of air

Abbreviation Meaning

ECU
AF1
SA1
CVT

engine control unit
air/fuel equivalence influence
spark advance influence
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Chapter P

Introduction
The fuel consumption in traffic and transportation increases persistently regardless of governmental constraints and legislations. Moreover, the exhaust emissions resulting from combustion of
fossil fuels are a severe threat to our environment. To contribute to the solution of this problem,
Van Doorne’s Transmissie (VDT), the Netherlands Organization for Applied Scientific Research
(TNO) and the Eindhoven University of Technology (EUT) started the EcoDrive project. The
objective of this project is to generate technological knowledge to alleviate these problems for
passenger cars without detoriating the driveability.
Shedding new light on the design of drivelines, a perfect match between transmission and
engine is persued. This match is not only achieved by the redesign of driveline hardware, but
also by the development of an optimising driveline control strategy. Extended possibilities are
obtained by applying a high or medium speed flywheel to accumulate kinetic energy. One of the
possible lay-outs of a driveline with a flywheel is given in Figure 1.1.

Torgue
convertor

Figure 1.1: Schematic view of a hybrid driveline with CVT
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This hybrid driveline uses the engine as the prime mover while the flywheel can be used for
short term energy storage. In hybrid mode, the energy stored in the flywheel is used as the
main power supply for low, constant vehicle speeds. The energy can also be used to accelerate
the vehicle. During braking kinetic energy of the vehicle can be recovered. Because of the use
of a Continuously Variable Transmission (CVT) it is possible to operate the engine in almost
any desired torque-crankshaft speed working point to meet some predefined criteria like minima!
fuel consumption or minimal exhaust emissions. Furthermore, the CVT is used to accelerate or
decelerate the flywheel.
To realise a good control strategy the produced engine torque has to be known. Consequently,
an engine model is required to predict the torque at the crank shaft of the engine. The engine
models presented in literature vary from simple quasi steady state models to very complex models
which involve combustion processes. As the engine model has to run on-line for real-time control
applications, the Mean Value Engine Model [7] is applied. This model is the intermediate between
large cycle simulation models and simple phenomenological transfer function models. It has few
adjustable parameters and can be relatively easily fitted to the given engine. It can be used
for both simulation and control purposes. In earlier research at the EUT ([lo] and [9]) mean
value models were investigated for a diesel truck engine and a LPG truck engine. Starticg points
of these models were thermodynamic equations and a many measurements to identify the model
parameters. This is done by fitting the general mean value engine model on the considered engine.
With this model it is then possible to produce the engine maps'. Often, however, those maps are
already generated by the manufacturer. The question then arises whether or not it is possible to
go in the opposite direction and to use the manufacturers maps to estimate the model parameters
or, at least, reduce the number of experiments that have to be done to get enough information to
estimate these parameters.
This is the objective of this research: is it possible to identify a simplified mean value engine
model, using only the engine maps. If not, is it possible to reduce the number of experiments and
also the number of measurements per experiment without harming the accuracy of the engine
model? For the EcoDrive project it is important to obtain a relation between the throttle valve
angle and the engine output torque at each realistic engine speed.
In Chapter 2 the version of the mean value engine model that will be used in this report is
defined. Chapter 3 will explain how the mean value engine model is fitted to the MB 160 A-class
spark ignition (s.i.) engine and in what way the mean value engine model equations are simplified.
Chapter 4 describes how the original data, supplied by TNO, is manipulated into realistic, useful
data. In Chapter 5 the results are discussed . Chapter 6 presents the conclusions and some
recommandations for future research.

'Tables or graphics with specific fuel consumption as a function of engine angular speed and engine output
torque
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Chapter 2

Mean value modelling of a s i . engine
2.1

Introduction

In this chapter the development of a mean value engine (MVE) model for a small engine, typical
of those used in passengers cars, is described. The presented model is the result of a literature
study on MVE models of spark ignition engines. An important aspect of mean value modelling
is the use of mathematical submodels. As far as possible, the relations in these submodels are
derived from basic physical and thermodynamic principles.
Mean value models aim to predict the mean value of the gross external engine variables' and the
gross internal engine variables2 in steady state and transient situations, with moderate accuracy.
It is generally assumed that high accuracy can only be achieved with complicated models.
The time scale of the model is just adequate to describe accurately the change of the mean value
of the most rapidly changing relevant engine variables. The time scale is of the order of the time
for 3 to 5 revolutions, see [6] for more details.

'for example crank shaft speed and engine output torque
2for example thermal and volumetric efficiency.
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The mean value model

The model in this chapter is based on the MVE model in [3] and on the simplified models
in [9] and [IO]. The time scale of the model is small compared t o the most important ’time
c ~ n s t w t s~f
’ the r e l e ~ ~ m
subsystems.
t
Fer mme qimntities eqiuilibriixn is established in a few crank
shaft revolutions and the relations for these quantities are algebraic equations. Time developing
quantities, on the contrary, reach equilibrium in 20 to 2000 crank shaft revolutions and their
behaviour is expressed by differental equations.

Figure 2.1: Schematic view of a spark ignition engine and the subsystems

The simplified engine is divided into three subsystems (see Figure 2.1), being the manifold
subsystem, the fuel supply subsystem and the crank shaft subsystem [9]. The model has a modular structure and can easily be adapted t o other engines.

Mean value modelling of a s.i. engine
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The intake manifold subsystem

The intake manifold is the part from the air filter to the cylinder inlet valves. In our model the air
filter is not taken into account, so the manifold subsystem consists of the throttle body, plenum
and plenum runners. The function of the plenum is to realise a reasonably constant pressure in
stat ionary situations.
The model of the subsystem relates the pressure pm between the throttle valve and the cylinder
ports to the flow through the throttle and the flow into the cylinders. This pressure and the temperature T, are supposed to be the same everywhere in the manifold. As in [lo], T, is supposed
to be constant. The manifold is modelled as a rigid volume V, with an input air mass flow Qatr
and an output air mass flow Q,,. The gas in the manifold is assumed to behave as a n ideal gas.
Hence, the state equation for the intake manifold can be derived with the law of conservation of
mass and the ideal gas law [9], yielding

Here, $
, is the time derivative of p m and Ra is the specific gas constant of air.
The MB motor has a common rail direct injection system, meaning that the flow through the
intake manifold is an air flow without fuel.

The throttle body flow
Normally an engine has two input air mass flows: through the throttle valve and through the bypass throttle valve. It is assumed that the by-pass is open only in the idle speed mode. However,
nearly all available measurements are not for the idling. Moreover, the exact working of the
by-pass valve is not known at this m-onent, so we decided to neglect the by-pass air mass flow
in the identification process. In fact, the by-pass identification is included in the identification of
the flow through the throttle valve.

Figure 2.2: Throttle body flow
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The throttle body consists of a cylindrical bore with a throttle plate to control the airflow to
the engine, see Figure 2.2. The throttle body model is based on the theory for one-dimensional,
steady, isentropic, compressible flow of an ideal gas across an orifice (see [5] and [7] for more
details). Then the air mass flow Qatr through the throttle is described by

where
rt

in which

51

rt and A(4) are defined as
K f l
Ei *)
rt= (
7
A , X = - Pm

4
Po
Here Cd is the discharge coefficient, K is the adiabatic exponent of air ( K N 1.4), +(I is the angular
position of the throttle plate if the throttle is closed, is the rotation of the throttle plate (measured from the position in which the throttle is closed), A(+) is the opened area of the throttle, To
is the air temperature before the throttle, and X is the ratio of the manifold pressure pm (i.e. after
the throttle) and the pressure po before the throttle. Finally, rt is proportional to the pressure
ratio A. The air flow through the throttle is subsonic if rt > 1.
The given relations for the air mass flow Qatr only give a fairly rough description of reality,
mainly because the flow is not isentropic nor one-dimensional. As a consequence, the discharge
coefficient ( c d ) is not a constant, but a function of the throttle angle and the pressure ratio
A. Nevertheless, the given relations for Qatr can be used as a starting point to derive approximative, much simpler models. One of these models, that has proven its usefulness in practice
and that can be used for all realistic values of the pressure ratio X is given by (see for instance, [7]):

+

+

The parameters Ci, C2, C3 and

C4

have to be determined experimentally.

The cylinder flow
The air mass flow
mula [9]:

Qac

from the manifold into the cylinders follows from the speed density for-

1 V -zwc
Pm
Qac = -7
(2.5)
2
'2n RUTm
where V, is the cylinder volume, z is the number of cylinders, w, is the crank shaft angular speed
and qv is the volumetric efficiency. The factor 1/2 shows up, because we are dealing with a four
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stroke engine. According to [3], experimental results show that it is justified to assume that qv
only depends on wc and p, and to use a simple approximation for qv:

with cinstant parameters C:
Cl
The quantity of interest is the air mass flow Q,, and not the volumetric efficiency qv. Substitution
of the approximation for qv in the relation for Q,, results in
i

i

I

i

+ C7Y2+ c 8 X ) . 'L X
(2.7)
where X is the earlier introduced pressure ratio E and v is the scaled, dimensionless angular
Qac = (C5 f cf5v

'

speed, defined by

8 replace the parameters C:, . . . , Cg and have to be determined experiThe parameters C5, . . . ,c
ment ally.

2.2.2

The crank shaft subsystem

The model for the crank shaft subsystem describes the transformation of chemical energy in the
fuel into mechanical energy at the crank shaft. The equation of motion for this subsystem is

where Jtot is the total moment of inertia of the engine flywheel, crankshaft, connecting-rod, piston
and valve train assembly. It is the sum of a constant and a periodical function of the rotation angle
of the crank shaft [li].The periodical contribution is relatively small and is therefore neglected.
Under road conditions, the engine load torque Md is mainly due to rolling resistance, aerodynamic
drag of the vehicle, friction in the driveline, etc. Also torques included by accessoires (generator,
power-steering, fan and air conditioner) driven by the engine contribute to Md. Under testing
conditions, Md equals the brake torque applied by the dynamometer. This load torque is measured and will be used in this report. MlOssis the torque due to friction and pumping losses in
the engine and generator. An approximation for the engine loss torque is given by [3]:
Moss =c
9

+ Gowc + c i i w : + (C12 + C13wc)pm

(2.10)

Mean value modelling of a s.i. engine
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where the parameters Cg, Clo, C11, C12 and C13 have to be determined experimentally. The
so-called induced torque Mind in Equation (2.9) is determined as [3, 41:
(2.11)
Here Ho is the fuel heating value of gasoline (HO= 45.106 [J/kg]). In order to avoid modelling
of the cooiing and exhaust system iosses, the thermai efficiency of the engine is inserted here as
a multiplier of the fuel mass flow. The thermal efficiency can be approximated by [7]:

qt (pc, 4 = q o p t A F l ' ( p c ) S A W

(2.12)

where qopt is the optimal thermal efficiency. An approximation of the Air/Fuel ratio Influence
(AFI) follows from

A F I ( p c )= 1

+ asp: + aqp;;

p c = (1- X u f )L,t
(2.13)
1 XufLt
where Xuf is the air/fuel equivalence ratio and L,t is the stoichiometric air/fuel ratio for gasoline
(L,t = 14.7). An approximation of the Spark Advance Influence (SAI) is given by

+

S A l ( a ) = 1 + S ~ ( CY Qopt)2

(2.14)

where Q is the spark advance angle. The parameters qopt,us, u4, s3 and sopt have to be determined
experimentally. The following constraints have to be satisfied:
(2.15)
(2.16)
(2.17)

2.2.3

The fuel supply subsystem

The fuel supply subsystem describes the fuel flow from the point of injection to its arrival at the
intake valves of the cylinders. The model applied in [9] is a simplified version of the model used in
[3, lo], but is sufficiently accurate in our situation. The fuel supply model used in [3, 101 accounts
for condensation and evaporation of the fuel. However, we are dealing with direct injection above
the inlet port. This means that condensation and evaporation in the manifold are not likely to
occur and we assume that all injected fuel directly flows into the cylinder.
The injection always begins after the inlet port is opened and is always finished before the intake
valve closes. The fuel dynamics can be neglegted and the fuel supply model becomes:
(2.18)
where XECU is the air/fuel equivalence ratio determined by the Electronic Control Unit.

9

Chapter 3

Reworking the MVE model
3.1

Introduction

In the MVE model, presented in Chapter 2, there are two types of relations between engine variables: instantaneous and time developing. The difference between these types is related to the
time scales on which the variables change. For estimating the parameters in the model, we only
have steady state measurements, provided by TNO, at our disposal. In steady state all derivatives
with respect to time are equal to zero. We assume that during the tests the engine operates in
stoichiometric mode and that the spark advance angle Q equals the optimal angle sopt. Then
Xf, = XECU = 1, AFI=l, a = sopt, SAI=1 and therefore qt = qopt. Hence, according to Equation (2.18), the air mass flow Q,, is equal to L,t. Qfc.
In the next section it will be explained how the relevant parameters in the model can be estimated,
using steady state measurements. The emphasis will be on the rearrangement and the further simplification of the model equations for estimating the parameters, using the supplied measurements.

Reworking the MVE model
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Symplification of the model equations

For steady states, the manifold pressure is constant, so Equation (2.18) reduces to Qac = Qatr =
L,t. Q f , and Equation (2.4) for the air mass flow through the throttle results in :
Qfc =

+ + t ) 3 4 2 + QiA4) 4 . Ji-x

(81 624

(3.1)

where the parameters Si (i=1,2,3) and 02 replace the earlier introduced parameters Ci = L,t . 0,.
The reason why the suffix * is add to the parameter 04 will be explained later in this chapter in
Section 3.3.
A second relation for Q f cfollows from Equation (2.7) for the air mass flow into the cylinders.
With Qac= L,t . Q f c it is seen that
Qfc =

+ 7 2 +~73v2+ 74X) . v . A

(71

(3.2)

where the parameters
(i=1,2,3,4) replace the earlier introduced parameters ci+4 = L,t . "/i.
A third equation for Q f c follows from the equation of motion for the crank shaft subsystem.
Using AFI=SAI=I and bear in mind that only steady states are considered (so wc= O) it is easily
shown that Equation (2.9) can be rewritten as:
Qfc =

[Pi + p2v -tp3v2 (p4

P5v)

. A + p 6 M d I .v

(3.3)

where the parameters ,LI2 replace the earlier introduced parameters C, (i=9,. . .,14) and Vopt.
The parameters = [ei,.. . ,
y = [TI, . . . ,74IT and ,O = [Pi, . . . , &IT
have to be determined
experimentally. For this estimation problem it is desirable to measure the throttle valve position
q&, the fuel mass flow Qfc,, and the pressure ratio A, (more precisely: the manifold pressure
pm,, = po . A,) in a large number of operating points (v,Md)? of the engine. However, this is
not the situation in our case. The data set, supplied by TNO, consists of three subsets. The
first subset gives Qfc,, for a large number of operating points (.,Add),,
but does not contain
measured values for 4 nor for A. The second subset gives the engine output torque h!íd,k for a
large number of operating points (v,4 ) k , but does not contain measured values for & f c nor for A
in these points. Finally, the third subset gives p,,~ for a fairly small number of operating points
(v,Md)l but does not contain measured values for 4 nor for Q f c . An extra complication is that
these subsets do not have the same gridding: the dimensionless angular velocities in the first
subset differ from those in the second subset and also from those in the third subset. The same
remarks holds true for the engine output torque in the different subsets. Perhaps it is possible
to synchronize the first and second subset, for instance by generating "measurement data", using
linear interpolation. In fact this was our first choice to tackle the estimate problem. However, the
results were very disappointing. Perhaps the reason is that, even if it is possible to combine the
first and second data subset into one new dataset with reasonable accurate data, also this new

e
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dataset does not contain any information on the manifold pressures, i.e. on the pressure ratio A.
The idea t o generate values for X by linear interpolation on the data in the third subset turned
out to be unsuitable because the number of measurements in this subset is far too small for a
reliable interpolation. After a lot of work with deceptive results it was decided to reject the idea
to combine the subsets. Instead, a quite different estimation procedure is setup being the subject
of the next section.

3.3

The estimation procedure

In this section the applied estimation procedure is developed. From the data in the third subset
the pressure ratio X can be determined as a function of the engine output torque k í d for a small
number of dimensionless engine speeds v. Plots of X as a function of k i d for different values of
v suggest that X depends linearly on k í d . The plots in Figure 3.1 give the manifold air pressure
and engine output torque for the engine speeds, of 126, 188, 220 and 25i rad/s.
Based on these plots the manifold pressure ratio X is approximated by:

Identification of the parameters ui,. . . ,a4 results in the solid lines in Figure 3.1. Using this relation for the pressure ratio it is possible to manipulate the estimation model into a more suitable
form.
Elimination of Q f c from Equations (3.2) and (3.3) results in a relation between v,
and A:
y4X

2

+ [(Y1 - p4) + ( 7 2

A linear dependency between X and

-

p5)v

+ "/3v2].

= pi

+ p2v + p3.7" + p6Md

(3.5)

is possible only if y4 = O. Hence, based on the earlier
mentioned plots it is assumed in the sequel that y4 = O. Then X can be solved from Equation (3.5)
and substituted in Equation (3.3). After some elaborations this results in:
hfd

(3.7)
The parameters xi (i=1,2,. . .,S) and yo are non-linear combinations of the parameters pi (i=1,2,. . .,6)
and yi (j=1,2,3,4). Explicit relations for xi are given in Appendix A.
The model parameters X I , .. . ,x8 in Equation (3.7) can be estimated from the data in the first
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Figure 3.1: The pressure ratio X as function of the engine output torque Md for the engine speeds
of (from left to right) 126, 188, 220 and 251 rad/s
subset (i.e. the measured values & f c j in many engine operating points ( v , M d ) j ) ,using a nonlinear least squares optimization algorithm. Then, still the relation between A, Y and Md is not
completely known because of the unknown, yet to be estimated parameter 70in Equation (3.6).
However, as soon as XI,.. . ,Xg are determined from the data in the first subset, the relation for
X can be written as

where A = A(Y,Md) is a known function of v and Md. Substitution of this relation in Equation 3.1
results in
Q f c = [ei

+ 024 + &42 + 044A] . 4 . d

m

(3-9)
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with I34 = 70. Si. The parameters 81,. . . ,I34 and 70 have to be determined, using the data in
the second subset, i.e. the measured values Md,k in a large number of operating points (v,$ ) k ) ,
using the non-linear constraint optimization algorithm. Also in this case a non-linear estimation
algorithm has to be used.
The proposed procedure for the estimation of the model parameters 2 1 ,. . . ,Xg,70and 81, . . . ,O4
can be summarized as follows:
1. use the data in the first subset to estimate the parameters

,

21,. . . Z g

in Equation (3.7).

2. as soon as z1,
. . . ,xg are known it is possible to determine Q f c for any given values of v and
Md. The data in the second subset gives Md,k in many operation points (v,$ ) k . Using VI,
and Md,k and the earlier determined parameters q ,. . . , 2 g it is possible to determine Q f c , k
and &(Y, Md) in each operating point (v,$ ) k . Use these data to determine 81,. . . ,O4 and
70in Equation (3.9).

It is obvious that the data in the third subset do not explicity play a role in this procedure. The
data in this subset is used here only to motivate the assumption that X depends linearly on Md.
Of course the data in this subset can be used a posteriori in the validation of the model.
The estimation model is non-linear so it can not be warranted a priori that an eventual solution
of the optimization algorithm corresponds to the global minimum of the least squares criterion.
This strongly depends on the user supplied initial estimate for this algorithm. The determination
of the initial estimate will be discussed in more detail in the next section.

3.4

Initial estimate method

In this section the way to derive suitable initial values, using the supplied data, is described.
The first data subset gives enough information to estimate the parameters z1,. . . ,Xg in the equation (3.7). The initial values are choosen with the knowledge of earlier mean value model researches. Several different sets of initial values are choosen and the first estimation started with
one of these sets. After every estimation, the resulting parameters XI,.. . ,323 are reused as initial values for the next estimation and so on. This procedure is repeated until two subsequent
estimations of the parameters did not differ significantly. Also, the procedure is repeated for the
different sets of initial values and for all these sets, the optimization algorithm finally returned
the same solution for the parameters.
Since the parameters 54,.. . ,Z g are already known, it enables us to determine R(v,Md). Using
the linear approximation of X (Eq. (3.4)), it is then possible to estimate the parameter 70in Equation (3.8). The approximation of X also enables us to estimate the initial values of ûi,I32, û3 and 19;

Reworking the MVE model
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in Equation (3.1). Again, several different sets of initial values are choosen and the optimization
algorithm returned the same estimation of the parameters.
Now that the initial values of the to be estimated parameters are known, can be made a start
with the estimation procedure, but first we have to take in consideration the supplied data, which
is presented in the next chapter.
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Chapter 4

Rearrangement of the supplied data
In this chapter it will be explained how the original data sets, supplied by TNO, are manipulated
into useful and practical data sets for the estimation process. The first data subset should contain
The
the fuel mass flow Qf,. Instead, TNO measured the specific fuel consumption be in
fuel mass flow is related to the specific fuel by

[hl.

After this modification the data in the first subset can be represented in graphical form. The
results are shown in Figure 4.1, where Qf,is plotted as a function of Md for 17 values of w,.
Figure 4.2, based on the data in the second subset, gives Md as a function of w, for 22 values
where amaz
of the throttle valve angle a. In the figure is defined as the percentage of amax,
is the WOT (wide open throttle). Much of the data presented in both figures is not useful in
practice and has to be skipped. The data in the first data subset that has to be deleted, is the
data for engine speeds lower than about 900 RPM i.e. for w, < 94 rad/s: in normal operation
the idle engine speed is about 94 rad/s. However, it should be noted that there does not exist a
strict boundary between useful and not useful engine speeds. In practice, the boundary is given
by the nvh-line (noise, vibration and harshness line). See the plot in Figure 4.2 where the almost
verticaly line is the nvh-line. If the engine is acting in the area left of the nvh-line, it will act
far from smooth, producing to much noise and vibration. So, this area is avoided in practice and
therefore we are interested only in engine speeds higher than 94 rad/s.
The other data to be skipped from the second data subset is the data for very low output torques
(lower than 20 Nm) and drag torques (negative output torques). Drag torques were not taken
into account in the model and in practice we are not interested in very low output torques.
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Rearrangement of the supplied data
Md=g(omega i PHI)

Qfc=f(Md I omega)

x

w = 649 rads
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Figure 4.2: Md = g(wc, Q )

Figure 4.1: Q j c = f(w,, Md)

The following torque data to be skipped, is the data for very large output torques at low and
high engine speeds. They represent unrealistic "measurements", because the maximum engine
output power can only be obtained at WOT: the maximum output torque of 150 Nm can only be
achieved at a specific engine speed (ca 440 rad/s) and not for very low nor for high engine speeds.
The results after skipping the mentioned data are shown in Figure 4.3.
Md=g(omegalPHI)

Qfc =f(Mdlomega)

in?
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Figure 4.3: Q f c = f ( w c ,A d d )

140

I
160

O

I'

100

200

PHI = 100%

300
400
Engine speed [rads]

500

Figure 4.4: Md = g(wc,@)

600

700

Rearrangement of the supplied data

17

A similar approach is taken for the second data subset. Here, the data for engine speeds lower
than 94 rad/s, for very low output torques (lower than 20 Nm) and for drag torques, are skipped.
Figure 4.4 presents the results, after skipping the data.

.
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Chapter 5

Summary of the results and
SiK?lUlatiOKH
5.1

Introduction

The mean value engine model equations for estimation have been derived and the data supplied
by TNO is modified into useful data. The results of the estimation are presented in this chapter.
The initial estimate results will be discussed in Section 5.2. The following two sections give the
results of the identification of the crank shaft en throttle body subsystems.
The parameters are determined, using the minimization algorithms least squares and constraints
in the Matlab’s Optimization Toolbox. The last one is used for the identification of the throttle
body subsystem for which the model equation includes a square root. Since we are only interested
in the real estimations solutions, the factor ~ o . h ( vA ,d d ) in Equation (3.8) has to be greater than or
equal to zero and in the constraint function is it possible to define this constraint. More detailed
explanation about the used optimization algorithms can be found in [8].

5.2

Identification of the manifold air pressure

In Chapter 3 the idea to estimate the parameters according to the mean value engine model
equations was sketched. The applied non-linear optimization algorithm requires an initial value
of the parameters. From the data in the third subset a relation for the manifold pressure ratio
can be obtained.

Summary of the results and simulations

I parameter

a1

19

I

I

a2

I

a3

a4

Table 5.1: Results of the identification of the manifold air pressure relation

Figure 5.1 shows the relative error of the manifold air pressure, defined as the measured pressure
(map in Figure 5.1) minus the pressure according to the model (pm in Figure 5.1), divided by the
model pressure. It may be concluded that Equation (3.4) gives an accurate description (relative
error less than 4 %) of the measurements for engine speeds between 126 and 377 rad/s.
Relative pressure error
4,
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" 4
x
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Figure 5.1: Relativ error of the manifold air pressure model
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Identification of the crank shaft subsystem

The parameters XI,.. . ,x8 in Equation (3.7) are estimated, using the modified data in the first
subset which contains the fuel mass flow Q f c in different working points (wc,Md). An overview of
+
1i1
h1.Zn IGSu!tS is preserI,ed ir, Apperidix E? a d a siirw!y G f the resi?!t,s fm engine speeds of 105, 21n,
419 and 649 rad/s is presented in the Figures 5.2, 5.3, 5.4 and 5.5.
The model of the crank shaft subsystem turns out to be quite accurate. Hence, it is concluded
2n

" ,n-3

Model and measurements,w = 209 rads

Figure 5.2: Identification results

Figure 5.3: Identification results

Figure 5.4: Identification results

Figure 5.5: Identification results

that the obtained values for the model parameters X I , .. . ,x8 make sense.

Summary of the results and simulations
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Identification of the throttle body subsystem

Using the parameters 2 4 , . . . Z g it is possible to determine the quantity A(v,Md) for all v and Md.
The pressure ratio X equals yo . R(v,Md). In steady state operation of the engine the manifold
pïessüïe p , is never !2rger than the m ~ b i e pressiire
~t
PU, Le. for all relevant values of v and Md
this ratio X = p,/po has to satisfy X 5 1. This means that yo 5 R-'(v, Md) for all realistic v and
Md, i.e.
70

I
m 4 h - 1 ( v , Md))

(54

in the
where mux(A-'(v,Md)) means the maximum of A-'(v,Md) for all values of v and
supplied data.
In Equation (3.9) for the parameters 81,. . . ,O4 and yo of the throttle body subsystem the factor
di - yo . A(v,Md) shows up. Using an unconstrained least squares optimization algorithm on
the data in the second subset it turns out that for at least one (v,Md) combination the condition
yo-A(v,Md) _< 1is violated, resulting in unacceptable complex numbers for the model parameters.
The reason can be that in at least one step of the iterative algorithm the then available estimate
for yo is too large. Of course it is also possible that the model X = 70. A(v,Md) is not accurate
enough.
A possible solution to this problem of complex numbers would be to use a constraint optimization algorithm, with the inequality constraint (Eq.(5.1)). Here, arbitrarily, another solution
is chosen: all measurements in operating points that could result in yo . A(v,Md) > 1 are skipped
from the second data subset. The resulting measurements, represented in Figure 5.6 by 'x',will
be used for the estimation proces. The solid lines in this figure stands for the data in the earMd = g(omega,PHI)
160
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400
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Figure 5.6: Resulting data for the identification of the throttle body subsystem
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lier modified second subset. Now that the final data is defined, we can estimate the parameters
01,. . . , O , and yo in the Equation (3.9). An overview of the results is presented in Appendix C
and a survey of the results for different relative throttle valve angles of 18, 40, 50 and 80 % is
presented in the Figures 5.7, 5.8, 5.9 and 5.10 .
If we take a look at the simulations in the mentioned figures, we can conclude that the results
Model and measurements.PHI = 40%
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Figure 5.7: Md = g(wc,e )

Figure 5.8:

Model and measurements, PHI = 50%
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Figure 5.10: Md = g(+
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are not accurate enough. The reason for this could be that the discharged coefficient Cd can not
be modelled as a constant, but depends on the throttle valve angle q5 and the manifold pressure
ratio A. Therfore, more investigation on the manifold pressure ratio model is required.
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Chapter 6

Conclusions and recornrnandat ions
6.1

Conclusions

The objective of this research was to identify the parameters in a steady state model of the MB
A-class s.i. engine, using the three subsets of data, measurements supplied by TNO. One difficulty
is that the data in these subsets is related to working points. For the identification process it was
necessary to "synchronize" these datasets. Furthermore, some of the supplied data are unrealistic:
data for very low engine speeds (less than 94 rad/s), small engine output torques (less than 20
Nm), drag torques and very high engine output torques at low or high engine speeds had to be
skipped. In chapter 5 it is shown that it is possible to identi@ the crankshaft subsystem, using the
first data subset. For the identification of the throttle body subsystem the manifold air pressure
p,, the throttle valve angle # and the fuel mass flow Qfc in each operating point are required.
Because the datasets contained far too less information about the manifold air pressure p,, it
was necessary for the identification of the throttle body subsystem to approximate this pressure.
Although it was possible to synchronize the data in the subsets and to approximate the manifold
air pressure using the data in the third subset, the results of the estimation are deceptive and a
more accurate model for the throttle body subsytem has to be developed.
Further research is necessary to improve the results. The question remains whether or not it is
possible to describe the behaviour of a s.i. engine with sufficient accuracy using the simplified
mean value engine model described in this report.

Conclusions and recommendations

6.2
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Recommandations

Some recommendations for a future research are:
0 If measurements are performed to characterize the behaviour of a s.i. engine then in
operating point the engine speed ( w c ) , output torque (A&), manifold pressure @
,),
fuei mass flow
( Q f c )and throttle valve angle (4) have to be measured simultaneously. For reasons of completeness it is recommended to measure also the ambient pressure (&), the ambient temperature (T,)
and the air temperature in the manifold (Tm).

The model for the air flow through the throttle body is not accurate enough. The description
of this air flow requires further investigation. Perhaps other models should be taken into consideration [i].
o

For identification of the dynamical model it is necessary to perform dynamical experiments.
Then the assumptions that Xf, = 1 and that Q = sopt are no longer correct and therefore it is
required to measure also the spark advance angle a and the fuel ratio X,f.
o
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Appendix A

The MVE model equations

Throttle body subsystem

(e1+ 626 + e362+

Qfc =

. b . Ji-x

The cylinder flow

Qfc =

(71+ 7

+

2 ~ "/3v2)
.v .

The crank shaft subsystem

Eliminating the fuel mass flow Qfc in Eq. A.2 and A.3 results in:

o = v . (Pi + P 2 v + P3v 2 + P 6 M d ) + v(P4 + P 5 v - Y1 - 7 2 V - 7 3 V 2 ) .
Further simplification and the assumption that

-y4Y4x2 = O

-74x2

(A.4)

yields into

. . ,xg and the equation for the manifold pressure ratio becomes:
Introducing the parameters z4,.

The MVE model equations

Multiplying ( A.3) with
Qfc.

[(TI - P4) + ( 7 2

28

[n+ 72v + y3v2] . and substracting [P4 + P5v] . ( A.2) results in

- P5)

.

Further simplification yiels to:

+ 73 . u21 = [ ~+i7 2 +~Y P ~ ] . [Pi + P2v + P3v2 + PGM~]
. v (A.7)
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Appendix B

Crank shaft subsystem identification
results
I parameter
I value

II
11

I

21

0.0714

x2

I

23

I

I 0.3607 I 0.0954 I

x4

I

x5

10953 I -63.83

Table B.l: Identification results of the crank shaft subsystem
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Crank shaft subsystem identification results
Model and measurements, w = 157 rads

Model and measurements,w = 262 rads
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Figure B.3: Identification results
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Figure B.6: Identification results
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Crank shaft subsystem identification results
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Figure B.7: Identification results
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Appendix C

Throttle body subsystem
indentification results
parameter
value (*lop5)

01
0.9484

02

e3

0.0755

-0.0012

04
0.0097

70

3667

Table C.1: Identification results of the throttle body subsystem
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Throttle body subsystem indentification results
Model and measurements,PHI = 20%

Model and measurements, PHI = 16%

Measurements

lyl:
90

X
3

g

kx

60X

3

50-

X

O

m

X

40c

w

30 20 -

X

\

10-

O

100

200

300
400
Engine speed [rads]

500

600

200

700

300
400
Engine speed [rads]

500

I

Figure C.4: Identification results

Figure C.3: Identification results

Model and measurements, PHI = 24%

Model and measurements, PHI = 22%
100 easurements

90 l
90
o
o
r

.
z

80 -

E

70-

m

g

<

\\
::L
X

9o

X

50

X

6
W

100

w
c

30 X X

"3

300

\ ,
O

1

Engine speed I

20 10-

2

1

5040-

40

10

60-

3

VSl

Figure (3.5: Identification results

100

200

300
400
Engine speed [rads]

500

600

Figure (3.6: Identification results

700

34
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Figure C.11: Identification results
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Throttle body subsystem indentification results
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