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ABSTRACT timation method fusing two engine speed signals with a tor-

In this article, two Kalman filtering techniques, the Un- Sional multi-body model of the crankshaft and one pressure

scented Kalman Filter (UKF) and the Extended Kalman Fil-signal. Therefore, an inversion of the linear time invariant
ter (EKF) are applied for cylinder-wise torque estimation. MIMO system is necessary. _ _
In engine signal processing the problem of engine Sloee;ghe paper is organized as follows: In section 2 the multi-
evaluation is one of the main problems of current researctp0dy model of the crankshaft and its linearization to a lin-
for engine control. In this work, two engine speed signals€ar time invariant MIMO system is explained. In section
recorded at the free end and at the flywheel, together witt3 the system inversion of this MIMO system for cylinder-

a multi-body model of the crankshaft are used to accounViS€ torque estimation is described. A parametric torque
for torsional deflections of the crankshaft. In order to es-model is obtained from the cylinder pressure measurement
timate cylinder-wise torque, additionally one cylinder pres-Which allows input torque modelling of the other cylinders.
sure signal is used to obtain a parametric torque model. Thd he resulting state and parameter estimation problem is used
resulting parameter and state estimation problem allows thdé® compare the Extended Kalman Filter (EKF) and the Un-
comparison of UKF and EKF. The performance of both a|go_sc¢nted Kalman Filter (UKF). The experimental results from
rithms was evaluated using measurements from a four cylirSing & four-cylinder engine test bed are presented in section
der combustion engine. Whilst practical issues still exist, thig- Section 5 covers conclusions and future goals of this work.

off-line study showed the feasibility of the approach.
2. CRANKSHAFT MODELLING

1. INTRODUCTION The relationship between gas torque and engine speed is de-

The requirements for today’s combustion engines are ever ificfibed by the dynamics of the crankshatft. Stiff crankshatft
creasing. Lower emissions and fuel consumption, as well agodelling neglects the fact that torsional vibrations influence
increased driving comfort are demanded and require intelli€ndine speed, especially at higher engine speeds. This work
gent solutions. Advanced control and diagnostic concepts a@ims to show improved torque estimation using a multi-body
being developed in order to reduce fuel consumption and extodel of the crankshaft according fd [7]. The torque balance
haust emissions. These methods need feedback informati§quation is as follows:

from each cylinder. In test beds cylinder pressure sensors in .. _

all cylinders are usually used. Furthermore, there are als® ?+D @ +K ¢ =Ting (¢) + Tmass(@) + Zioad (@) + Zric (@)-
other methods to reconstruct feedback information from the . . 1)
combustion chamber. The matrice®, D, K are symmetric and represent the rotat-
In the literature there are three main indirect signal sourceld moment of inertia, damping and stiffness behavior of the
considered for pressure or gas torque estimation: engirfdankshaft. The crank angle vectprand its derivatives,
speed, structure-born sound and torque. The fluctuationg are found from the torsional movement resulting from the
of engine speed deliver information of cylinder-wise torquesum of indicated torque;,y, mass torque,,,ss 10ad torque
[1], [2]. Alternatively, structure-borne sound, currently usedz,y,q and friction torquer,;c. Indicated torquei,q, of cylin-

for knock detection in spark ignition engines, was appliedder| at crank anglep is caused by the in-cylinder pressure
by Villarino [3] for the purpose of pressure reconstruction.p

Larsson[[4] examined pressure reconstruction considering a b

torque sensor mounted at the crankshaft. Tind1 (@) = (P1(¢) — Po) h(‘P —(-1 7) (2)

To further improve the accuracy of these approaches,

Hamedo\t et al. [5],[6] introduced a pressure sensor in one, ; _ : 2 sing cosp—u cosp

cylinder in addition to the engine speed sensor at the fI;iNIth h(g) =Ar { sing+ V1-22sif p+2A simp—uZ)’ where
wheel. They approximated the relationship between pressum is the ambient pressurethe number of cylinderd, the
and engine speed by a stiff crankshaft model and neglecterylinder index according to the firing ordéthe piston area,
torsional deflections of the crankshaft. This method is sucr the crank radiusi the connecting rod ratio, andthe axial
cessful in certain operating regions with low torsional oscil-offset ratio [6]. In the followingz = 4 is used, since the test
lations. bed is a four-cylinder engine. Furthermore cylinder number-
At higher engine speeds, the influence of torsional fluctuaing is done according to the geometrical order of the cylin-
tions increases and disturbs the engine speed signal. Thigrs (starting with 1 at the free end side of the crankshaft) if
work focuses on developing a new cylinder-wise torque esnot mentioned otherwise.
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The mass torque results from the oscillating parts of théAssuming identical mass torque at each cylinder allows the
crankshaft, such as pistons and rods and increases with éiermulation of the mass torque as an additional input to the
gine speed. The mass torque of cylindlés calculated as system and a linearized approximation can be found:

follows: .
Xx=Ax+b(x u) (6)
N——

u*

do . 1dg(e) .
Tmassl((P):—9|((p)£ -5 (;EP‘P) 2

z_er% . 1de(e) .-
2 do 2 do

®3)

With U* = [Ting,1 + Tmasst, - - - » Tind, 4 + Tmass4, Tioad)-

The mass torquesnasst t0 Tmasss are 180 crank angle de-
grees (CAD) phase shifted according to the geometrical order
of the cylinders. The matriA depends on the spring, damp-
ing and rotating inertia coefficients. The mass torque can be
calculated from the engine speed measuremerjfjby (3).

The linearized crankshaft model is part of the torque estima-
Ition approach described in the next section.

where6, (¢) stands for the moment of inertia of the oscillat-
ing parts of a cylindet andm for the corresponding mass.
The moment of inertia@ (¢) can be approximated b r?
according to Schagerbeid [8].

Figure[1 shows the multi-body dynamic crankshaft mode
Neighboring rotating moments of inerti@;, 6; of the

dampers, the free end, the four cylinders and th]e flywheel are> SYSTEMINVERSION USING A PARAMETRIC
connected by relative stiffness and damping coefficignts TORQUE MODEL
andd; j. The corresponding stiffness and damping torquesn order to estimate cylinder-wise torque it is necessary to in-
are proportional to the crank angle or, rather, the crank anghgert the system equatior[g (6). Having free end and flywheel
velocity. The absolute damping coefficiedfsntroduced by  engine speed signals, as well as one pressure signal available
[7] reflect the piston friction in the cylinders. In this work transforms this problem into an inversion of a linear time in-
the absolute damping coefficients are included into the totajariant MIMO system with five inputs (indicated torque of
friction torque. For steady state, load and friction torque areylinders 1-4 and load torque) and two outputs (engine speed
assumed to be constant and can be estimated from the megignals).

value of the total indicated torque. The system inversion approach in this work uses a paramet-
ric torque model which is obtained from the pressure mea-
surement in one cylinder. Therefore one input of the MIMO
system is known. Torque estimation is possible via parame-
ter estimation of the cylinder-wise torque model.

Section 3.1 describes the parametric torque model and its
transformation to a design model for a state and parameter
estimator. In section 3.2 implementation issues of the EKF
and the UKF are explained.

3.1 Parametric Torque model

In order to build the parametric torque model the cylinder
pressure needs to be processed. Without loss of generality the
measured cylinder pressure in this work is chosen to be cylin-
der one according to the geometrical order at the crankshatft.
A pressure decomposition according(to [6] is conducted.

This decomposition is based on the fact that measured pres-
sure traces at one operating point are identical for each op-

The multi-body dynamic crankshaft model can then be de€rating cycle in the region before the combustion. This re-

scribed by the following nonlinear differential state spacedion is dominated by the compression in the cylinder. The
equations: compression pressugge) can be described by the follow-

ing adiabatic pressure model:

cylinders

Fig. 1. Crankshaft model foz = 4 cylinders

gi")ﬁb("’@ 0) 9(9)V ()" =C, (7)
N wherex is the adiabatic exponent o) is the stroke volume
with state vectox = [)g XE]T = [@" ¢"]T. The nonlinear andC is a constant. The parametarandC can be estimated

effects are caused by the mass torque. The input vactod using a least square estimation method assuming that cylin-

<1
I

the output vectoy are chosen as follows: der and compression pressure traces are equal in the crank
= angle region of -180 to 0 before injectiori.] [6]. The differ-
T ence between the measured presgfrg) and the compres-

U= [Tind,1, - - - » Tind,4- Tioad

i (5) sion pressurg(¢) is called the combustion pressufey).
1.

In the following, this notation is used for the pressure de-
composition of cylinder 1.

Available measurement signals are the angle velocities at tHeéigure[2 illustrates the decomposition of the measured pres-
free end@se and at the flywheebswn. For the free end, sure into compression and combustion pressure. The com-
an optical sensor is used. Engine speed at the flywheel fgession component depends mainly on the manifold pres-
measured using a toothed gear with 60 teeth. sure and the operating conditions. Since those are widely

Y = [@te, Pfiwh
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constant during one engine cycle the compression compt
nent can be assumed to be identical for all cylinders in thi: 12694

region.
Next, the corresponding combustion and compression torgt Y W S | WS M Compression Torque |
components (@) andtg(¢) can be calculated by:

where pp is the ambient pressure ahdp) the geometrical
factor according td {1).

Pressure [normalized]

Indicated Torque
===~ Combustion Torque

0.7052 1

(¢)=f(e)h(e)

Tt
7(9) = (9(9) — po)h(9). ®)

0.3526 1™

Indicated Torque [normalized]

-0.2821

— Pressure -0.5642

1 1 1 1 1 1 1
+romer: Compression Pressure -100 0 100 200 300 400 500
r -——-Combustion Pressure || Crank Angle [CAD]

0.8696 Fig. 3. Separation of indicated torque into combustion and

compression torque. All components are normalized to the

0745 indicated torque peak of cylinder 1.

0211 The phase constantis added to shift the combustion torque

of cylinder 1 into the corresponding combustion segment of
cylinderl. The parameters of the combustion torque model
are a scaling parameter and a shifting parameté which

can be combined to a parameter vealpr These parameters
allow the adaptation of the combustion torque according to
phase and energy of the combustion.

The unknown load torque of the crankshaft system is as-
sumed to be constant over one engine cycle. It can therefore
be estimated through scaling the mean value of the indicated
torque of cylinder one:

0.4969

0.3727

0.2484

0.1242

Toad = ¥4 X Tind 1 (12)

The mean value of the indicated torque of cylinder 1 needs
to be scaled by the number of cylinders (here 4) to get a good

- 0
Crank Angle [CAD]

Fig. 2. Pressure decomposition into a compression and gitial load torque estimate. The scaling parametehen
combustion component (TDC: top dead center). All com-gcales the initial load torque estimate to get a better estima-
ponents are normalized to the peak pressure.

tion of the real load torque. Thus a load torque scaling pa-
rametery is introduced and can be estimated together with
the parameter vectaf according to the engine speed fluctu-
ations at the free end and at the flywheel.

In order to estimate the cylinder-wise combustion torque of

be integrated into the system equations of the crankshaft

combustion and compression torque. From consideratio . : o o
above the compression torqug{) of cylinder 1 is used to . They are discretized and their inputs are split into known

approximate the compression torques of the other 3 cylin@nd unknown inputs, andu;:
ders. T_he compression torquegmp are then formulated as Xir1 = PX+B1 Uy +Bo Uy (12)
known inputs to the crankshaft systegm (6):

Figure[3 illustrates the separation of the indicated torque inf%“)Ch cylinder, the combustion and load torque models need

with the input vectorsy; (known) andu, (unknown), as well
Teomp= Tg(@ — (I — 1) ) = Teompl ||:2“,374 (9) asthediscretized system matex
) ) . L U, = [Tind,l + Tmasst; Tcomp Tmass2; - - - s Tcomp+ Tmass4]
Considerations of the combustion components in fijire 3al- = _ I« z Tioad]
lows a cylinder-wise segmentation of one operating cycle. —2 — L-comh2;--->tcomb4; foad
This is important for the design of the parameter estimators @ = e\
further explained in sections 3.2. (13)
In order to estimate the combustion components of cylinde+ L . _
| (2-4) in firing order, the combustion torque of cylinder 1 is N sampling timét depends on the mean engine speed
used to build the following combustion torque model: and crank angle resolutidiy:

Teombl (31, @) = o e (@ — (I =) — &) (10) At = (14)

sl
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The fluctuations of the engine speed can be neglected. Thécombustiorj Combustio Combustior} Combustior]
unknown inputsu, described before are substituted by thel cylinder2 | cylinder1 | cylinder 3 | cylinder 4
values obtained from the combustion and load torque models-180 ... 0 0 ... 180 180 ... 360| 360 ... 540
The unknown parameteésare formulated as states: [CAD] [CAD] [CAD] [CAD]
- Estimation | Estimation | Estimation | Estimation
r 0 7 of 062,62 of Y of (X3,53 of 064,54

Teomb2(01k) 01 k
® X+ B1 Uy + B2 | Teomb3(S2,k) 02k
Tcomba(83k) 03K

4 X Tind.1 %

(&)=
Sy

The structure of the new design model can be summariz
using a nonlinear system functiditX) and a new input ma-

Table 1. Combustion segmentation and the resulting order

(15) of parameter estimations

e'&he estimation algorithm starts with the cylinder 2 parame-
ter estimation. In segment 2 only the load torque parameter

; / ; vy is estimated, since the combustion torque of cylinder 1 is
trix B. The parametervecttirk contains the combustion and known. After this segment, the load torque is updated with

load torque parameten, andy. Measurement and mod- ,, anq kept constant for the following three combustion seg-
elling uncertainty are assumed to be white Gaussian ”O'Séents. In segments 3,4 the parameters of cylinders 3,4 are

This leads to the following stochastic design model for a paggtimated. At the beginning of each segment, the error co-

rameter and state estimator: variance matrix of the estimated parameters is reinitialized
Rier1 = (%) + B+ Vi E)op:'ﬁgﬁ:]nggct):/%?gltlons. This procedure is repeated for every

16
Y, =CR+ny (16)

4. EXPERIMENTS USING A FOUR CYLINDER
ENGINE TEST BED

In order to validate the performance of the Extended and the
Unscented Kalman Filter approaches, a four-cylinder engine
test bed was used. The pressure measurements were avail-
able in a resolution of 1 CAD. Engine speed measurements
] ) ) _ were available with 1 CAD resolution at the free end (optical
and white Gaussian process noigend measurement noise sensor) and 6 CAD resolution at the flywheel (60-2 toothed
n,. Process and measurement noise are furthermore mutuafjgar).
independent E{v, DI} =0). EKF and UKF estimates were analyzed for different operat-
o ) ing points. Figure§]4 arl[d 5 show the performance of EKF
3.2 Dual estimation with the Extended and Unscented and UKF at 2000 rpm and 8 bar load for 50 operating cycles.
Kalman Filters Pressure measurements are used to calculate the combustion

For the dual estimation problem of states and parameters fRrque reference. EKF and UKF peak and phase estimates
(I8) the EKF and the UKF are compared. For a detailed deare equally good. The minor difference in EKF and UKF es-
scription of both algorithms the reader is referred o [9]] [10],limates are insignificant with respect to the resolution. One
[11] and [12]. reason _for the equally good resu_lts of EKF and UKF may
The measurement equation [n}(16) is linear. However, due tg_e th(_e linear measurement equation which rgduces the non-
the nonlinearity of the system functidi(%X) a Jacobian ma- linearity of the problem. This result was confirmed by mea-

trix and the unscented transformation i) are necessary SUrements at other operating points.

for the EKF and the UKF respectively. The nonlinear system
function f(X) contains the data-derived combustion torque 5. CONCLUSIONS

from the cylinder 1 pressure. Hence, no analytic descripThis work showed a comparison of UKF and EKF for
tion of_ the system function is known. In order to obt_aln thecylinder-wise torque estimation considering engine speed
Jacobian for the EKF the data-derived system funcfi®®)  fluctuations at both ends of the crankshaft. In order to ac-
is linearly interpolated and then numerically differentiated.count for torsional deflections, a multi-body model of the
The unscented transformation doesn’t need the calculatiogrankshaft was applied. For system inversion, a paramet-
of a Jacobian. Furthermore it delivers a higher accuracy afic torque model was obtained through one cylinder pressure
mean and covariance estimates of the system states under ageasurement. Its parameters were estimated using the EKF
sumptions of white, Gaussian noise (second order compareghd the UKF. They showed equally good performance for
to first order Taylor series approximation of the EKF). peak and phase estimates.

The initialization of both filters is adjusted according to theThis study analyzed the feasibility of the EKF and UKF
cylinder-wise combustion segments. This means that the inapproach without computational considerations related to
tial error covariance matrix, as well as the starting paramea series production. Future work will focus on improved
tersdyp are reset to the conditions of cylinderd £ 0, =1,  crankshaft modelling, as well as on a different inversion strat-
y = 1) after each combustion cycle. Taple 1 illustrates the firegy for torque estimation.

ing of the four cylinders and the resulting segmentation into

four combustion segments of 180 CAD.

with the new state and input vectors:

= [Tind,l ~+ Tmassl; Tcompt Tmass2; - - - » Tcomp™T Tmass4]T
T £TT

=[x,5]

Xy IS

17
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Fig. 4. Extended Kalman Filter, 2000 rpm and 8 bar load,

50

torque. (b) Combustion phase error of the estimated com-
bustion torque

Estimate [normalized]

Fig

Estimate [normalized]

. 5. Unscented Kalman Filter, 2000 rpm and 8 bar load,
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