2008-01-0290

Estimation of Cylinder-Wise Combustion Features from
Engine Speed and Cylinder Pressure

Christoph Kallenberger, Haris Hamedovi¢, Franz Raichle, J6rg Breuninger,

Copyright © 2008 SAE International

ABSTRACT

Advanced engine control and diagnosis strategies for
internal combustion engines need accurate feedback
information from the combustion engine. The feed-
back information can be utilized to control combustion
features which allow the improvement of engine’s effi-
ciency through real-time control and diagnosis of the
combustion process.

This article describes a new method for combus-
tion phase and IMEP estimation using one in-cylinder
pressure and engine speed. In order to take tor-
sional deflections of the crankshaft into account a
gray-box model of the crankshaft is identified by sub-
space identification. The modeling accuracy is com-
pared to a stiff physical crankshaft model. For com-
bustion feature estimation, the identified MISO (mul-
tiple input single output) system is inverted. Experi-
ments for a four-cylinder spark-ignition engine show
the superior performance of the new method for com-
bustion feature estimation compared to a stiff model
approach.

INTRODUCTION

The necessity to reduce greenhouse gas emissions
in order to combat climate change has lead to higher
demands being made of today’s combustion engines.
In order to reduce CO, emissions, the efficiency of
today’s combustion engines needs to be significantly
improved. As part of this process, new homogenous
combustion processes are being investigated in or-
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der to reduce fuel consumption in spark-ignition en-
gine. In this particular combustion mode, the fuel is
auto-ignited by compression of the air-fuel mix. This
mode is also referred to as controlled auto ignition
(CAl). A higher feedback rate of exhaust gas allows
a more homogenous and, therefore, more thermody-
namically efficient combustion. Furthermore, dethrot-
tling reduces gas exchange losses. One challenge
is the stability of the combustion process wherefore
closed-loop control strategies are being investigated.
A closed-loop control approach needs highly-
accurate feedback information from the combustion
process. Cylinder pressure sensors provide the in-
formation required for accurate determination of nec-
essary combustion features for control and diagnosis
strategies

However, considering the costs of a fully equipped
engine, alternative sensor types and configurations
must be evaluated for combustion feature reconstruc-
tion.

Since the engine speed sensor at the flywheel is part
of the standard sensor configuration of today’s com-
bustion engines and since the engine speed fluctu-
ations contain important information about the com-
bustion in each cylinder, this signal is prominent in the
literature for pressure or torque reconstruction [1] [2]
[3] [4]. Alternatively, a torque sensor mounted on the
crankshaft is used by Larsson et al. [5] for pressure
reconstruction. Wagner and Villarino [6] [7] exam-
ined structure-born sound, currently used for knock
detection in spark ignition engines, for pressure re-
construction. In order to further improve the accu-
racy of combustion feature estimation Hamedovic et

al. [8] [9] introduced the key-cylinﬂwmeltmuﬂ-s
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uating one cylinder pressure signal in combination
with the engine speed signal at the flywheel. They
used a stiff crankshaft model to describe the rela-
tionship between engine speed and pressure neglect-
ing torsional deflections of the crankshaft. At higher
engine speeds the influence of torsional deflections
increases and degrades combustion feature estima-
tion. Consequently, this work investigates how tor-
sional deflections can be compensated for, in order to
improve key-cylinder based combustion feature esti-
mation.

Earlier work already described a physical multi-body
model of the crankshaft in order to take torsional de-
flections into account [10]. One difficulty of this mod-
eling approach is that knowledge of the parameters
of the physical model is critical to its accuracy. Iden-
tification of these parameters does not always lead
to well-conditioned optimization problems and param-
eters may also vary between operating points. Fur-
thermore, the physical modeling structure requires a
high system order.

A subspace identification approach for gray-box mod-
eling of the crankshaft promises a lower system di-
mension through higher flexibility in the system de-
scription and a more user-friendly identification pro-
cedure through better conditioned optimization crite-
ria.

Additionally, in this article a different inversion strategy
for the reconstruction of the combustion features is
considered. In contrast to [10] which uses a paramet-
ric torque model, this strategy is not limited by torque
modeling inaccuracies.

This article is structured as follows. First, the equa-
tions for physical torsional crankshaft modeling are
summarized and the assumptions and ideas of the
gray-box modeling approach are described. Then, it
is shown how to invert the identified linear time in-
variant MISO system using the separation algorithm.
Through this, the key-cylinder pressure measurement
is used to estimate the compression torque. The pro-
cedure for combustion feature estimation is illustrated
next. In the following, the spark-ignition engine test
bed is described including an improved tooth wheel
with a better resolution for engine speed measure-
ments at the flywheel. Finally, the results of the model
identification, system inversion and combustion fea-
ture estimation are presented. A conclusion is given
in the last section.

GRAY-BOX MODEL OF THE CRANKSHAFT

In earlier work [10], a white-box model of the
crankshaft describing torsional effects was described
and evaluated through experiments. A white-box
model uses purely physical information in contrast to
a black-box model which is purely data based.
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This work aims to show higher accuracy in crankshaft
modeling, using a gray-box model approach. It is
referred to as gray-box model because input and
structural information comes from physical insight,
whereas the identification is driven by measurement
data.

Before discussing the gray-box model approach in
detail, the physical equations of the stiff and torsional
crankshaft model are illustrated. A linearization leads
to the subspace identification approach which will be
the basis of the inversion algorithm described in the
next section.

PHYSICAL TORSIONAL CRANKSHAFT MODEL
A physical model of the crankshaft neglecting tor-
sional effects can be described by the following torque
balance equation:

S} SO = Tind(p) + Tmass (@7 Sby QO) + Tioad (SO) + Ttric (9(01))

where © is the rotating moment of inertia of the
crankshaft, ¢ is the crank angle acceleration and the
driving torques are the indicated torque T, of all
cylinders, the mass torque 7,455, the friction torque
T¢ric @nd the load torque 7;,44. Indicated torque 7,4,
of cylinder [ at crank angle ¢ is caused by the in-
cylinder pressure p;

inat (9) = (o) ~ ) (o — (1= 1) 7))

z

; : A sin ¢ cos p—p cos

with h(p) = Ar <sm<p+ i SiiQ W:;/\’L sini—u2>1
where p, is the ambient pressure, z the number of
cylinders, [ the cylinder index according to the firing
order, A the piston area, r the crank radius, A\ the
connecting rod ratio, and u the axial offset ratio. In
the following, z = 4 is used, since the test bed is a
four-cylinder spark-ignition engine.

The mass torque results from the oscillating parts
of the crankshaft, such as pistons and rods and in-
creases with engine speed ¢. The mass torque of
cylinder [ is calculated as follows:

o do 1 doi(e) .5
Tmass,l (907 Ps <P) 91( ) dy ¢ 2 dy (3)
mp o d(p 1 9 ( )
_—r —(p = 90
2 dyp 2 dy

where 0;(p) stands for the moment of inertia of the
oscillating parts of a cylinder | and m, for the corre-
sponding mass. The moment of inertia 6,(¢) can be
approximated by “tr? according to Schagerberg [11].
For the stiff crankshaft model, the mass torques of

each cylinder 7,,,55s,; are summed yr to the total m
torque 7,455 in equation (7). ﬂChﬁérQnEﬁgrﬁis
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are assumed to be constant and can be estimated
from the mean value of the indicated torque.

Introducing spring and damping elements, as well as
splitting up the total moment of inertia in more de-
tailed parts according to figure 1 allows the modeling
of torsional effects on the crankshaft [11]. The spring,

dampers  free end flywheel
d

cylinders

Figure 1: Crankshaft model for z = 4

damping and inertia elements can be summarized in
damping and stiff matrices D and K and leads to the
following differential equations:

Os+Dp+ Ky

= Tind (f) + Tinass (f’ fv f) + Tioad (f) + Ifm'c (f)
(4)

The rotating moment of inertia matrix ® represents
the dampers at the beginning of the crankshaft, the
main bearing journal at the free end, the connecting
rod journals and counterweigths at the cylinders, as
well as the flywheel which is the connection to the
drive train. These rotating moments of inertia are
summarized in the diagonal matrix ® as follows:

0, 0 0 0
0 0, 0 0
0= : 0 0 ®)
0 0 0; 0
0 0 0 O

The engine speed sensor is mounted in front of the
flywheel. Therefore, the flywheel inertia is chosen as
the model output for engine speed simulation.

The matrices for the damping and stiffness elements
have the following symmetric structure:

dy 2 —di,2 0 0 0
—di,2 di2+d2,3 —d23 0 0
0  —dss dostdsa - 0 0
D= 2,3 2,3+d3,4
: : . . —de 0
0 0 —dg,7 de,7+d7,8+ds —dr s
0 0 0 —d7.8 dr s

(6)
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k1,2 —k1,2 0 0 0
—ki1,2 k12+k23 —ko3 0 0
0 —kos kostksa - 0 0
K= 2,3 2,31tk3 4
. . - - —k617 0
0 0 —ke,7 ke, 7+k7s —k78
0 0 0 —k7.8 k7’g

(7)
These spring and damping elements are responsi-
ble for torque transmission related to torsion in the
crankshaft.
The second order ordinary differential equations in (4)
can be transformed into first order ordinary differential
equations by a state transformation. The crank angle
and the crank angle speed vectors are combined to a
state vector z:

z=(¢" ") (8)
The multi-body dynamic crankshaft model can then

be described by the following nonlinear differential
state space equations:

A(z)z + bz, u)
Hyx.

8-
I

(9)

I
|

The nonlinear effects are caused by the mass torque.
The input vector u and the output vector y are chosen
as follows:

T
U= [Tindla <oy Tindy 7-load]

10

Yy =[bre orwn]” 1o
Then the crank angle velocities at the free end ¢,
and at the flywheel ¢ 4;,,;, can be simulated. The accu-
racy of this physical model approach depends highly
on the knowledge of the parameters which can be
gained from the manufacturer or by parameter iden-
tification.

GRAY-BOX MODEL OF THE CRANKSHAFT USING
SUBSPACE IDENTIFICATION The main disadvan-
tages of the physical torsional model are the high sys-
tem order (system order for the example in figure 1
is 16) and the reduced flexibility in the nonlinear state
space description through the assumed system struc-
ture using the stiffness and damping matrices D and
K. Furthermore, the parameter identification of a
nonlinear system is computationally expensive. In or-
der to avoid these difficulties and to achieve higher
modeling accuracy, this work focuses on a gray-box
modeling identification approach.

In the first step, the model equations (9) need to be
linearized. To do this, the mass torque of each cylin-

der is assumed to be identical. Toggional differen
represented in the crank ang'e ;@&él‘jﬂiam
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