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Individual torque estimation utilizing one in-cylinder pressure sensor
and flywheel acceleration

ERIK WILLIAMSSON

UGO MAURIS

Department of Electrical Engineering

Chalmers University of Technology

Abstract

The diesel engine, although studied for years, is still subject to modifications and
improvements to limit its emissions and adapt to new regulations. An important
axis of development consists in estimating the torque contribution for each cylin-
der using a virtual sensor based solely on the pressure data of one cylinder and the
angular acceleration of the crankshaft. Access to such information could improve en-
gine performance by optimizing the amount of diesel injected into each combustion
chamber, leveling out the well-known differences that can occur between cylinders.
To do so, this thesis proposes three methods to estimate combustion torque parame-
ters, one based on estimating the Indicated Mean Effective Pressure (IMEP) giving
some knowledge about mean torque over each cylinder cycle, the other one based on
identifying transfer functions between the flywheel acceleration and torques at stake,
catching the dynamics of the torque curves. The third method employs a discrete
state space system with a Kalman filter. It is demonstrated that the first method,
if well calibrated, can achieve an IMEP accuracy of more than 95 percent with a
low computational load, but lacks in robustness. Whereas the second method, more
robust, can potentially catch peak cylinder torque with a high accuracy but is com-
plex to implement in an EMS and requires more computations. The third method,
utilizing a Kalman filter, can estimate total combustion torque in simulation, but
also, individual torques by employing a separation approach.

Keywords: Combustion torque, IMEP, Fourier series, Transfer functions, Flywheel
acceleration, Torque estimation, ICPS, Individual cylinder torque, In-cylinder pres-
sure, Flywheel position sensor, Separation algorithm, Kalman filter.
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1

Introduction

In this chapter the background of the thesis is presented, as well as the purpose.
Then a brief definition of the problem formulation is given, together with scope of
the work.

1.1 Background

Today’s heavy-duty diesel engines have stringent requirements on emission levels,
such as the most recent regulation, Euro-VI [4]. This creates more restrictive oper-
ating conditions for the combustion process. Therefore, new methods are being de-
veloped to make the combustion process more efficient, with the help of In-Cylinder
Pressure Sensor (ICPS). One way to both reduce energy and emission levels, is to use
precise engine control [5]. Especially, Indicated Mean Effective Pressure (IMEP),
which is proportional to the mean combustion torque, is one way to control the
combustion process. This is realized by installing one or multiple pressure sensors
in the cylinders of the engine. To improve a closed-loop engine control, one would
want to extract precise information about torque and pressure in all the cylinders.
However, the computational load could be high [6], and the cost for the pressure
sensors is high, which makes the task challenging. It is therefore of high interest to
develop a method to extract torque and pressure data in multiple cylinders by only
using the output of one sensor combined with a flywheel position sensor.

1.2 Purpose

The purpose of this thesis work is to estimate the torque contribution of all six
cylinders in a 13 liter, Euro-VI diesel engine, by only utilizing the output of one
in-cylinder pressure sensor and a crankshaft position sensor. This is to potentially
lower the cost by not having to install six pressure sensors in trucks for commercial
use, and also reduce emissions. Both estimation of average combustion torque and
torque dynamics, during the combustion process, are of interest. They could for
future research and work, be converted into pressure curves. Information about
Peak Cylinder Pressure (PCP) and heat release rate could then be extracted to be
able to control the self-ignition process to reduce certain types of emissions [5].
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1.3 Problem formulation

The problem to solve will rely on a two-fold approach. The first one is to make an
estimation of the mean combustion torque using the relation between IMEP for the
cylinder pressures and crankshaft acceleration, mainly inspired by [6]. This, in order
to have a low computational method for an Engine Control Unit (ECU) that is suited
for implementation. The second problem is to use a grey-box model to extract the
torque functions, by using cylinder pressures and crankshaft acceleration, inspired
by the model in [7]. The two approaches complement each other well, since in the
first problem it is only possible to extract mean torque, but in the second, it is only
possible to extract dynamical behaviours. Also, a third method utilizing a Kalman
filter could be investigated by simulation. This could be a suitable case, since the
system and measurements are expected to carry noise.

1.4 Methodology

To solve the problem raised in Section 1.3 the framework in Figure 1.1 is used. First,
a physical model with its assumptions is developed. Secondly, the model is identified
on previous engine data as in [3]. Thirdly, the model is verified and validated
by testing it on different operating points for the same engine and with the same
parameters. Lastly, if simulation results are promising and implementation barriers
reasonable, the method will be tested on a real engine in a test bench. Simulations
are done using Matlab and Simulink. For implementation the software is written
using a library called Targetlink (part of Simulink), that has an embedded coder for
compiling C-code, which can be run on the EMS.
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Methodology

Problem formulation

Project plan

Model creation

Data collection

Verification

Analysis «— &
Validation

Identification

Analysis ¢ Test bench

Experiment:

Figure 1.1: Framework for this thesis work.

1.5 Scope

Only stationary operating points for the engine will be considered. This means that
the average engine velocity and indicated torque are held constant. No estimation
is being considered at transient points, but it is not to be ruled out that the derived
model includes the possibility of working in transient operations as well.



2

System overview

In the following sections the main system overview is explained. A brief explanation
of the four-stroke engine is given together with the two sensors that are being used:
the pressure sensor and the angular sensor. Also, an explanation of how the signals
are processed is given. This is crucial in order to filter out noise, but also convert
from angle to time domain.

2.1 Combustion cycle in a four-stroke engine

A four-stroke diesel engine cycle consists of four different combustion phases, as can
be seen in Figure 2.1 below. At the beginning, the inlet valve opens, which allows air
to flow into the cylinder. The next step compresses the air, which makes the pressure
rise rapidly. At this point, the fuel is being injected into the cylinder. Because of the
increase in pressure, temperature rises rapidly, which self-ignites the gas mixture (a
diesel engine is a compression ignited engine). The total pressure from the ignition
in the gas mixture and the compression push the piston downwards. This generates
the output power from the cylinder and happens right after the lever passes the Top
Dead Center (TDC) position. When the lever has passed the Bottom Dead Center
(BDC) position, the outlet valve opens and the exhaust gas is pushed out of the
cylinder. Lastly, when the lever reaches TDC again, the inlet valve opens and the
process is repeated.

Four-stroke cycle (Diesel)

Injection Fuel injector
~

combustion
AN

Air

Intake Compression Power Exhaust

Figure 2.1: The four different combustion phases in a four-stroke engine [1].

Since every four-stroke cycle takes two engine revolutions, the total crankangle swept
during one cycle is 47 rad = 720°.
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2.2 Pressure sensor for in-cylinder measurements

An ICPS will in this thesis be used to measure the pressure signal in one of the 6
cylinders in a 13 liter diesel engine. To measure the pressure during combustion,
a piezo-electric pressure sensor (Figure 2.2) is used. The sensor generates a charge
from a quartz crystal when exposed to pressure. This sensor can only be used for
measuring dynamic pressures (when the pressure changes), the reason being that the
charge quickly leaks to zero. We are therefore counting this sensor to drift during
longer samples. A way to compensate for this drift is to set the cylinder pressure at
BDC before the compression phase equal to the intake manifold pressure [7].

Figure 2.2: A dynamic pressure sensor capable of doing high precision measure-
ments during a combustion cycle [2].

The output signal from the sensor is sampled, and is hence discrete. To construct
an estimated continuous pressure function p(f) (where 6 = 6(t) is the crank angle),
interpolation is used. In Figure 2.3 below, one can see the pressure during the
combustion phase of one cylinder.

6
18 210 x x x x x

Interpolated pressure signal
.......... TDC, 6 = 720° i

Pressure, P(6) [Pa]

0 1 1 E 1 1 1
600 650 700 750 800 850

Crank angle, 6 in degrees

Figure 2.3: Interpolated pressure signal in the power phase of the combustion.
The dotted line marks where the TDC-angle is.
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2.3 Angular sensor at the flywheel

On the flywheel there are 18 teeth and 2 holes (locations where the teeth are missing)
every 120°. They are separated equidistantly with an angle of 6°. An analog voltage
sensor is measuring the periphery of the flywheel and gives a discrete time signal
sampled every 6°. A 32 values toothtime vector is fed into the ECU every 120 Crank-
angle Degree (CAD). The first values are the latest ones measured by the sensor (as
opposed to the pressure sensor). The missing-teeth time values are computed thanks
to an interpolation.

2.4 Cylinder ID

Another value we have access to is the cylinder ID. It represents the cylinder in
which the combustion TDC is occurring. The whole setup is represented along the
flywheel in the Figure 2.4 below, where n is the number of the teeth, p the pressure
vector coming from the sensor and t;,.s the tooth time vector. The direction of
rotation is anticlockwise.

TDCcyll&6
Outputs from the sensors
p = [p20) -, P1]
trimes = [t1) ) t32]
A
Zs W2
<o
//q;lz
A
TDC¢y 1384 TDC¢y 582

Figure 2.4: Representation of the experimental setup along the flywheel.
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2.5 Signal processing

The angular sensor in Section 2.3 samples in angle domain, with a sample interval of
AP = 6°. Some signals, such as acceleration, that is a time derivative of 6(t), needs
to be expressed in time domain in order to approximate their derivatives [3]. This is
especially crucial in Section 4.1 in order to find the oscillation functions (oscillations
in 0(t)) and acceleration coefficients. It is therefore necessary to interpolate the
angular signal into a time signal. This is done with linear interpolation using the
function INTERP1 in Matlab. The tooth times are then sampled with a constant
sampling interval hy = t; 11 — t;. All raw signals that are to be analyzed in Matlab
(for the most part identification), are then interpolated with the same method. The
number of pulses for the flywheel sensor with 60 teethes is 60% = v per second,
where v is the engine speed in RPM. Hence, the sampling interval becomes

1 27

T 60w/(27) 600’ (2.1)

1
h():j
v

where w is the average engine angular velocity, or more commonly, engine frequency.
In [3], it is concluded that no frequencies higher than 12w (12th engine order) are
analyzed. The engine order is the number of the engine natural frequency’s har-
monics. Therefore, when doing identification of Fourier series in Section 4.1 the
maximum order is N = 24, or 24wy half engine orders, where wg = % is the funda-
mental frequency of oscillations. Above this frequency a lot of noise occurs and the
signal is therefore also low-pass filtered before further analysis. In Figure 2.5 the

flywheel velocity is filtered with a bandwidth of w; = 36wy.

N
.
L1
o

—_
o
=
o
T
I

1000 § EoF % 1
990 | f ] :

980 i ] 3 |

Flywheel velocity, [RPM

Lt
2,

970 L

960 .

950 Il Il Il Il Il Il Il
800 900 1000 1100 1200 1300 1400

Crank angle, 0 [deg]

Figure 2.5: Low-pass filtered flywheel velocity (solid line), with wy = 36wy, and
raw signal (dotted line) versus crank angle. The window is for one full combustion
cycle [720°,1440°].



3

Physical models

In this chapter the three models are presented. The models allow to describe the
relation between different physical quantities. In this thesis, the focus is on the
combustion torque being generated from the cylinders, and its contribution to the
flywheel acceleration. This is a key in order to make an estimator that uses angular
data combined with pressure sensor data for estimation.

3.1 Torque model with crankshaft

The 6 cylinders in the diesel engine are all linked to the crankshaft via a piston
and connecting rods. In each combustion cycle, the force from the cylinder pressure
performs a work on the piston. The pistons push the lever down on the crankshaft
which results in a torque. The main components that are involved are, the combus-
tion torque T,,,p, which is the torque created from the pressure, the mass torque
T, that is generated from the inertia, and finally the friction torque T, which is
all lumped losses from heat between the moving parts. Together, these three torque
contributions creates a resulting torque on the crankshaft [7],

T = Toomp — T — T} (3.1)

At the phase where positive work is done on the crankshaft (Teomp > 0) the mass
torque counteracts the motion in Equation (3.1). The net work is positive for the
combustion torque, but zero for the mass torque. Friction is however breaking the
system at all times, and always generates negative work.

3.1.1 Combustion torque T,

In order to describe the relationship between the force from the piston translates
to crankshaft torque, a geometrical relationship will be derived [8]. The physical
system for one connected piston is shown in Figure 3.1 below. As one can see the
angle ( is seen from the cylinder, and 6 is the crank angle. The model presented
below in Figure 3.1 will be used to characterize the displacement of one piston with
regards to the combustion top dead center position (TDC).
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Figure 3.1: The crankshaft piston model: s is the piston’s displacement from the
TDC, g is the connecting rod angle, [ the connecting rod length, 6 the crank angle
and r is the crankshaft web length.

In this position, the torque given to the crankshaft is equal to zero. The piston
stroke s can be expressed as a function of the two angles § and § as in (3.2). We
can note that 6; = 0, — 4F’“([l, 5,3,6,2,4] — 1) depends on the firing order. The index
i stands for the cylinder number i = {1,2,...,6}. In the following sections, we take
the rotation of one cylinder as a reference (cylinder one for instance: 6,.f =6 = 6;),

s(0;, 8:) = (r +1) — (Icos(B;) + rcos(6;))

= 1(1 — cos(3;)) + (1 — cos(6;)), (32)
an expression that links 6 and § is,
rsin(6;) = lsin(5;) . (3.3)
Therefore,
2
sin(B;)? = l—Qst(QZ)
2 o
cos(f;)° =1— T2sin (0;) (3.4)
r2
cos(B;) =/1 — l—281n2(91),
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which inserted into (3.2) gives,

s(0;)=r [1 — cos(0;) + i (1 — \/1 — isinQ(Hi))] : (3.5)

The power given by the combustion can be expressed as,

Pcomb,i<0i) - Fcomb,i(gi) (Et ) - %Tcomb,i(ei) ) (36)

where F,,,;, stands for the force given by the combustion to the piston mass.
Thanks to this expression,

Tcomb,i(ei) - Fcomb,z(gz) dt @
ds (91
= comb,i(ei) ( )
db (3.7)
ds Ql :
- (pz(6)1> - pO) Apistoncge>
—_——
L(6;)

= (pi(0i) — po) L(0;),
where p; is the pressure in the cylinder chamber i, py the atmospheric pressure (we
approximate the crankcase pressure by the atmospheric pressure [8]), Aiston is the
area of the piston surface in the chamber and L(6;) is called the crank lever function
and is given by differentiation of (3.5)

cos(6;)

L(0:) = Ayigtonr sin(6;) (1 4T 2 ) (3.9)
L1 - rrsin®(6;)
Finally, the total combustion torque is given by
6
Tcomb,tot<9) = Z(pz(ez) - pO)L(ez) (39)
i=1

3.1.2 Mass torque T},

All connecting rods and cylinders in the piston assembly have a mass, which gives
the system inertia, the purpose of the mass torque model is to collect all inertia
contributions into one torque contribution. The mass torque can be calculated as

in [8],

Ty = (oot} + (mz v?(@)) i+ (mz v(@-)d“(@”) # (310)

i=1 i=1 d@
where ng,; = 6, v(0;) = dscgzi), Mo is the total mass from the rotating part (both
piston and crankshaft), m,. is the mass of the oscillating part (piston), defined as
lCO
Mosc = m'rodTg + Mypiston » (311)
lCO
mTOt = 6m7‘od (1 - lg> + mcrank, (312)

10
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where m,,q is the mass of the connecting rod, my;sion the mass of the piston and
Merank 18 the mass of the crankshaft, approximated as a point mass with me.qnr =~
Jerant/7?. For the full derivation of mass torque please see Appendix A. On a
complete combustion cycle [0,720°) the mean value of the mass torque is zero. Hence,
when only considering IMEP and mean torque calculations at steady state operating
conditions, this contribution can be neglected. However, when identifying torque or
pressure functions, this needs to be accounted for.

3.1.3 Friction torque 7%

The friction torque can be modeled with the help of Coulomb’s law as [8],

5. /ds(6,)
Tf,tot = Cy Z ( Sd(e )) -0, (313>
=1

where ¢y is the friction coefficient. A more detailed friction model is given in [3].
Friction is however being neglected when doing model identification with Fourier
series, as it is in [3] for instance. When it comes to the linear IMEP model in
Section 3.3, the friction contribution is included in the load term. This is however
the average friction contribution which is constant for each cylinder for a given
operating point.

3.1.4 Driveline torque Tp

The torque acting after the flywheel is affecting the whole powertrain, since the total
torque balance of the system is,

Tcomb,tot - Tm,tot - Tf,tot _TD - JHF =0 (314)
Ttot
or simply, )
Tyt — T — Jp =0 (3.15)

where J is the lumped inertia from the flywheel together with the connections in
the crankshaft and 0 is the angular acceleration of the flywheel. What the flywheel
experiences in terms of torque is

JOp = Ty — T, (3.16)

hence the driveline torque T'p is acting as a load. In a test-cell environment this can
be a break with a spring-system, whereas in a real powertrain, it is the consequence
of the inertia and torque acting from the input shaft (see Figure 3.2). This load
torque can be modelled as in [3],

Tp = J6; + Ty, (3.17)

where J; is the inertia for the input-shaft and clutch parts, T7 is the input shaft
torque and #; the input shaft angular acceleration.

11
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3.2 Powertrain model

In [3] the following powertrain model is presented

0p = Gp(d)Tp + 26: Gi(d)T;, (3.18)

=1

where GG; and G p are transfer functions in the derivative domain d, Tp the driveline
torque and 7; is the individual cylinder torque in Equation (3.1), but with T = 0.
Each G; is the physical channel between the cylinder torques and their contributions
to the flywheel and Gp is the physical channel from the driveline to the flywheel.
The model is assumed to be linear in the dynamics between each section. However,
in reality there are some non-linearities, but most of the dynamical components are
still captured in the transfer functions. This is a combination of a physical model
which captures the cylinder torques 7;, but with a black-box approach, capturing
dynamics in the transfer functions Gp, which makes it a grey-box model. In
Figure 3.2 the powertrain is shown with the physical channels.

Cylinders
Flywheel
Output-

Input- Propeller-

Oscillation- - T, shaft shafl s}?aefl.
damper, (L T T I ]| chassis,
Camshaft.etc Crankshaft Tene Tn wheels, elc
Clutch L E i

Gearbox

3

Figure 3.2: Powertrain with cylinder torques, crankshaft, flywheel and the driveline
torque Tp [3].

3.3 Linear IMEP model

Several values such as CA50, PCP and IMEP can be used to characterize the com-
bustion process of any reciprocating engine. In this section, IMEP is explained.
IMEP is defined by the following equation [8]:

chcle 1%
= — V) —po)dV 3.19
2= ] (V)= p)av, (319

which represents the work done, Weyq., or the integral of the pressure cycle in the
PV diagram, during one combustion cycle divided by the volume swept, V;, by the
piston. Figure 3.3 shows a whole pressure combustion cycle against the volume
of the chamber. One of the advantages of this value is that it does not depend
on the volume of the combustion chamber and therefore the size of the engine [9].
Also, the IMEP represents an average over a whole cycle and is suspected to be less
computationally heavy than working on a curve reconstruction. Another advantage
of IMEP is that it can very easily be calculated from the mean combustion torque

IMEP =

12
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over a cycle Tcomb,cycle- This can be shown by considering the work done during a
cycle,

Pn,
w/2r’
where P stands for the power during a cycle and is linked to the work by Equation
(3.19), n, is the number of revolutions per cylinder (for a four-stroke engine n, = 2)
during a cycle and w is the average engine angular velocity. The following relation
also connects torque to power:

chcle - (320)

P = @Tcomb,cycley (321)

where Tcomb,cycle is computed as follows [2]:

— 1
Tcomb,cycle = M/eTcomb,tot(e)de

o (3.22)

= Z m pi(0:) L(0;)db; — @pO/Lwi)d‘gi
: L_,O_/

Nyl 1

= ; ol /epi(ei)L(ei)dei.

Therefore, combining Equation (3.19), (3.20) and (3.21) yields

o,
IMEP = 2 T eyete - (3.23)
Va

Therefore, IMEP can be computed as,

21,

Va

1
INMEP; = <2 / pi(6,)L(6,)d6; . (3.24)
0

where p; stands for the pressure in cylinder <.

13
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6
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Figure 3.3: PV diagram of a complete combustion cycle for an engine running at
1000 rpm and a nominal torque of 1800 Nm.

As IMEP is proportional to the mean combustion torque, as shown in Equation
(3.23), a simplified, empirical linear model of the overall crankshaft can be expressed
with IMEP [6],

JéF - Tcomb,tot - 71tot,comt (325)
IMEP o J0p + Tiot.cont, (3.26)

where Tyorcont is the total torque counteracting the combustion torque so T, 1ot —
Tt — Tp. In other words, IMEP is an affine function of the acceleration of the
flywheel under the assumption that the load torque variations are negligible.

3.4 Torque model utilizing a Kalman filter

It is possible to model the flywheel acceleration change, coming from combustion
torque, by using the torque balance model in [8], i.e.

J(0)0 = Tooms(0) — f(0) - 6% — Ty5a(0) (3.27)

where Tiomp is the total combustion torque (sum of all 6 cylinders) and T} ,(0) =
T1(0)+T1oaa(8) is the extended load torque, caused by both friction and load coming

14
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from the driveline or the brake. J(0) and f(f) are defined as,

J(0) = Mot + Mose 2—31 (dséée) )2, (3.28)
ﬂm:§j@%fjffd$9b, (3.29)

=1

resulting from a two mass model approach for the crankshaft. The reason why the
inertia is varying is because of the piston’s motion when moving up and down. This
puts the center of gravity closer to the crankshaft, and hence the inertia is changing,
with the other oscillating parts. The second derivative 8 may be formulated as

j_do do_ db
df dt db
Substituting this into Equation (3.27) yields

1
J(9)
By integrating both sides we get an equation that is only dependent on the square
of the crankshaft velocity,

00 = o (Teom(0) = J(6) - 07 = T (6) ) d6 (3:30)

P(n+ 1) = 62(n) = —— /9(”“) (Tooms(0) = £(6) - 62 — Tou(®)) 0. (331)
n n)= J(9> 6(n) comb load : :
During the discrete angular step Af = 6(n+ 1) — 0(n), the integral may be approx-
imated as

200

0%(n +1) — 6*(n) = N0}

(Teoms(m) = FO)F () = Tip(m) . (332)

By regarding the square of the crankshaft rotational velocity 62 as a state, we can
linearize the model. The linear discrete state space model becomes

2A0 2A0
ri(n+1) = (1- T f(n))ai(n) + m@(n) (3.33)
with the state variables,
z1(n) = 62 (3.34)
22(n) = Teomp(n) — Tipaq(n) (3.35)
z3(n) = x2(n+1) (3.36)

The Kalman filter employ a Markovian system model i.e. a first order discrete linear
system excited by white noise. This behavior is not fully representing the oscillations
of combustion and load torque since it is decreasing at higher engine orders [8]. To
model this behavior, the second state is put to be the output of a second order low
pass system H (z) which is excited by white noise U(z),

Xo(2) = H(2)U(2). (3.37)

15
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This output is called colored noise, which decreases in power with increasing engine
order. H(z) has a double pole on the real axis, and is chosen as
(1 — exp(—0A0))?

(z — exp(—dA0))%

where § is a time step. In the discrete time angle domain, the state zo(n) can be
modelled as,

To(n +2) — 2x9(n + 1) - exp(—0A0) + z9(n) - exp(—26A0) = (1 — exp(—3A0))*u(n).
(3.39)

H(2) = (3.38)

The discrete state space representation now becomes
z(n+1) = A(n)x(n) + B(n)u(n)
y(n) = C(n)z(n) + w(n)

where u(n) and w(n) is white noise, and the matrices and states are

2(n) = [02(0) Toomo(n) = Tiroa(n) Teomp(n+1) = Tg(n+ 1) (3.40)

y(n) = 6*(n) (3.41)
_1 _ 2f(n)Ad 2A0 0

am=| o " X (3.42)

0 —exp(—20A0) 2 - exp(—0A0)

0 0 0

B(n) =10 0 0 (3.43)
0 0 (1—exp(—0A0))>

Cn)=1[1 0 0 (3.44)

All dicrete steps are expressed as the angle step Af = %—g, since the crankshaft

position sensor detects 60 teeths. The Kalman filter state updates can be expressed
as [10],

Tns1 = Apin + Ln(yn — Crin) (3.45)
L,=A,P,CY(C,P,CT + R,)™* (3.46)
Py = AP AT + B,Q,.BY — A,P.CFC,P,CT + R,)'C,P,AY (3.47)

with initial conditions Py = cov(zg) and xg = Kp, typically we set xg to the zero
vector and the covariance to 10/, where [ is a 3x3 unit matrix. @, and R, are
positive definite matrices that are chosen (tuned), § is also a parameter that needs
to be chosen (tuned). The Kalman state observer can now estimate the difference
between combustion torque and load x9(n) = Teomp(n) — T} ,4(n) by measuring the
square of the crankshaft velocity y(n) = 62(n). Appropriate tuning for model noise
(errors coming from imperfect model) @,, = 02 and measurement noise (coming from
the crankshaft position sensor) R,, = 0'121}, will ensure that z,,, L,, and P, converges to
the reference model, regardless of combustion model [§]. The power of the Kalman
filter is based on this proposition, since the model doesn’t have to be perfect, but
still very valuable results can be obtained. The simulation results on data for this
model can be found in Section 5.3.
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4

Model identification

In this chapter, the different identification processes are explained: the one for
identifying Fourier series as well as the one for identifying the models derived in
Chapter 3. The data set used is a very large set of data available at Volvo. This
data comes from the engine of interest and the same type that an online estimation
algorithm would operate on, as in Section 6. The data is sampled with a higher
frequency than what is available for this thesis work. A 153 teeth crankshaft sensor
is used and hence the sample step is 360/153 = 2.35 degrees, instead of 6 degrees.
To simulate a 60 teeth crankshaft sensor from this data, linear interpolation was
used to perform down-sampling. In Section 4.3 the data is interpolated every 6
degrees, but in Section 4.1 the maximum sample rate is used (2.35 degrees) when
identifying Fourier series. A typical table of the data can be seen in Appendix A.2
and the data is processed according to Section 2.5 before doing analysis in Matlab.

4.1 Identification of Fourier series

When the engine is at steady state operating conditions, all raw signals can be
approximated by Fourier series [11]. This is possible since each raw signal is periodic
in time. Since this is the case, the engine model presented in (3.2) is also valid when
transformed to Fourier series. Any signal z(t) (pressure, torque and angle) can be
expressed by Fourier series, i.e.

N
z(t) = N0} = Aoz + Z A, zcos(nby(t)/2) + By asin(nby(t)/2), (4.1)
n=1

where 0y = K + wt = K + 2wgt is the angular function, w is the average angular
velocity (frequency) of the flywheel, also called "engine order" and K is a constant.
Az and B, , are called Fourier coefficients, and need to be identified for each signal.
The order of the series is in theory N — oo and will, if the series converges, give
an exact solution to z(t). For practical use N is finite, and the number of terms
in the series becomes 2N + 1. Since each combustion cycle consists of two crank
angle cycles, wy = w/2 is the normal engine frequency. To obtain the normal engine
frequency in the engine, each crank angle 6(t) is plotted versus the time stamps ¢;,
j=0,1,2..n,, and fitted with least squares. This can be seen in Figure 4.1.
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Figure 4.1: Fitted least squares 6§y = 2wyt + K with tooth time data 6(¢;) for each
crank angle sample. The engine frequency is the slope in the fit.

Once the engine frequency is determined, it is possible to construct the Fourier series
using this data. For each signal z(t) we calculate the Fourier coefficients A, ,, and
B, ., by solving the least squares problem below (it is also possible to calculate these
with traditional Fourier integrals).

x(tj=1) 1 cos(6p11/2) sin(6p11/2) ... cos(6pin/2) sin(6p1m/2) io
x(t2) 1 cos(bp21/2) sin(6p21/2) ... cos(bp2n/2) sin(6p2n/2) Bl
x(t3) | = |1 cos(bo31/2) sin(6p31/2) ... cos(6p3n/2) sin(6pzn/2) .1
: : . : : : ‘ : A,
x(tn,) 1 cos(bon,1/2) sin(ppn,1/2) ... cos(6pn.,n/2) sin(6pn,n/2) B
b A ——

where n = 1,2,3, ..., N is the order of the Fourier series, and t = 1,2, 3, ..., ng is the
number of time samples. The system of equations gives an over-determined system
Ax = b which can be solved by the regular solution to the least squares problem,

ATAx = ATb (4.2)

where x is the sought solution of the Fourier coefficients.

To identify the engine dynamics, one needs to consider 6y with zero mean, i.e.
deviations from its average value. We define this function as the oscillation function

W(t) = 0(t) — Bo(t) = O() — (2wot — k). (4.3)
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Since 1(t) has zero mean we can express it as

P(t) N0} = ;421—1— Z A, pcos(nby/2) + By ysin(nby/2) = Z Crpe™®/2 (4.4)

-0 n=1
where C,, 4 is the complex Fourier coefficients of ¢(t) given by
On,l/; - (An,w_jBn7¢)/2, Vn= {1,2,3,...,N}, (45)

only expressed in the dynamical coefficients n = 1,2, 3, ..., N. An important property
of 1(t) is that
d? d? .

-0
which means the @ also is zero mean. This lets us relate the Fourier coefficients in

Y(t) directly to acceleration 6 on the flywheel. To see this, we express both signals
in complex Fourier series and compare the coefficients:

d2 N N ]
dt2 Z Cn 6-7”90/2 Z _(nMO)zcn,w e]n90/2.
n=1 ———~——"

n,0

This means that it is possible to retrieve the coefficients of the accelerations signal
by only considering the flywheel angle, tooth time and subtraction of the average.
The relation then becomes

C 5= —(nwo)2Cy, ¥ n={1,2,3,... N} (4.6)

n,

Figure 4.2 below shows the fitted Fourier series to ¢ (t) with N = 6.
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Figure 4.2: Fitted Fourier series of ¥ (¢) in a steady state engine condition.
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The interpolated flywheel acceleration signal 6 is fitted with Fourier series of degree
N =6 and N = 24 in Figure 4.3 and 4.4 below. C, ; was determined by solving
(4.2) and using (4.5). The higher the order of the Fourier series, the better the fit.
This is because the signal consists of higher frequency components that are periodic.
How well a given Fourier series identifies the raw signal is measured in the root mean
square level as an error vector e; = x(t;) — &(t;), where Z(¢;) is the fitted Fourier

signal for time sample j,
1 &
= | = 2 4.7
¢ W o

All the calculated Fourier coefficients C, r, Cn’(; and C, p are identified and saved

for a given N. These are used in Section 4.2 to identify the grey box model between
the flywheel and torque contribution.

1500
1000 [

500 £

o
T
I

soor i3 BE Y7 Y)Y i dF i ¥ i A
B - - By -, e e w . =

L Interpolated 6(t) R
---------- Fourier series with N =6

Flywheel acceleration 6(t), [rad/s?]

02 022 024 026 028 03 032 034 036 038 04
Tooth times ¢, [s]

Figure 4.3: Fitted Fourier series with N = 6 to the acceleration signal f(t). The
root mean square €rror is €,,s = 262.52 rad/s%.
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Figure 4.4: Fitted Fourier series with N = 24 to the acceleration signal é(t). The
root mean square error is €,.,,; = 97.35 rad/ s2.

In the same way it is possible to determine the torque signal 7T; for each individual
cylinder i, and extract the set of coeflicients C,, o, i = {1,2,..,6}. Since friction is
not identified, the torque signal is T' = T, + T)n, for each piston assembly. The
fit for N =6 and N = 24 can be seen in Figure 4.5 and 4.6 below.

5000 Interpolated T'(6)
---------- Fourier series with N =6

4000
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2000

1000 [
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-1000

-2000 =

800 900 1000 1100 1200 1300 1400
Crank angle 0, [deg]

Figure 4.5: Fitted Fourier series with N = 6 of T" = T,,,,,,+ 1T, for the first cylinder
(cylinder 1). The crank angle range is [720°,1440°], one full combustion cycle. Root
mean square error €,,s = 530.68 Nm.
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Figure 4.6: Fitted Fourier series with N = 24 of T' = T,,, + 1), for the first
cylinder (cylinder 1). The crank angle range is [720°,1440°], one full combustion
cycle. Root mean square error e,,,; = 33.36 Nm.

In Figure 4.7 and 4.8 below, the fitted Fourier series is plotted versus the driveline
torque model Tp, from Equation (3.17). The coefficients C,, p are identified in the

same way as before.
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Figure 4.7: The driveline torque Tp with its corresponding fitted Fourier series
(dotted line), for N = 6, with an error €,,,; &~ 64 Nm.
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Figure 4.8: The driveline torque Tp with its corresponding fitted Fourier series

(dotted line), for N = 24, with an error e,,,s ~ 41 Nm.

4.2 Powertrain model identification

To identify the model in Section 3.2 we consider the general form of a transfer

function G with input u and output y [12],

N N
3" Gy = 3 G(jnan) Cyue?™".
n=1

n=1

The same equality can be expressed as

Cyn =G(jnwy)Cypn Vn=1,23.. N

Since the real coefficients A, ,, and B, ,, can be expressed as

Ay’n = 2Re<G(jnw0)Cu,n)
By, = —2Im(G(jnwo)Cu.n)

we can find the real and imaginary part of G' by using

G(jnwo)Cun = Re(G(jnwo))Re(Cyp) — Im(G (jnwo) ) Im(Cy )+
J(Im(G(jnwo))Re(Cyn) + Re(G(jnwy))Im(C,, 1))

which can be expressed as

G(jnwo)Cun = 1/2 (Re(G(jnwo)) Aun + Im(G(jnwo) Bun) —

A?Jﬂl

1/25 (—Im(G(jnwo))Aun + Re(G(jnwy))Bun) -

Bi’/,’ﬂ

(4.8)

(4.9)
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This yields the following system of equations

Aynl  |Aun  Bun | [Re(G(jnwy))
Byn|  |Bun —Aun| |Im(G(jnwo))|”
For each torque contribution in Equation (3.18) the coefficients are derived. Super-

position of all contributions then gives the total system of equations (when applied
to the powertrain model)

(4.16)

GD,Re,n_

GD,Im,n
Aé,n _ ATD n BTD’” AThn BTG’n GLRe,n (417)
Bé7n BTD n ATD M BTl,n _ATG,TL .

L GG,Im,n i

where the parameters Gge,, = Re(G(jnwy)) and G, = Im(G(jnwy)) is a represen-
tation with a shorter notation. This system is under-determined, and needs to have
at least 7 operating points for a constant engine frequency wy. However, in [12] it
is concluded that this is not a sufficient condition. In order to identify the transfer
function, a parameterization on the following form is suggested instead

Gp(jw) = x(w)dpRe + JX (W) DD 1m, (4.18)
G2<jw) = X(w)¢i,Re + jX(w)(bi,Ima L= 17 v 76 (4'19>
where ¢p re, @D.im, @i re and @; 1, are parameter vectors of length np + 1, which are

the coefficients in the polynomial
X(w) = [1 w o w? o w”P} . (4.20)

Expressing Equation (4.17) with the help of this parameterization now provides the

vector

(GpRen | X (nwo)dp Re | X (nwo) 0 0 0 [ Op Re |
GD,Im,n X(nwo)¢D,1m 0 X(leo) 0 0 CbD,Im
GiRen | = | X(nWo)P1 Re 0 0 X (nwo) 0 ?1 Re

| Gommn| [ X(nwo)dem | | O 0 0 0 x(nwo)| | P6m |

(4.21)

Note that the zeros in this matrix represents the zero vector. For np = 0 the matrix
X(nwp)I becomes the identity matrix I and creates 14 unknowns with 2 equations,
therefore it can be solved uniquely with n = 7 at a single operating point. With
np = 1 there are 28 unknowns and can be solved with n = 7 for two operating
points, or n = 14 for one operating point. As an example we set up the equation
systems for np = 1 using (4.21)

[¢D,Req |

9D, Regy

1 nwo O 0 0 0 0 0 P D, Imq

0 0 1 nwg O 0 0 0 @D, Imgy

Ajn| _ |Arpm  Brpa  Aryn Brg,n o o0 0o 0 1 nwo 0 o0 #1,Req

Bj Brp,n  —ATpa Bryn —ATg.n . . . . . ?1,Reqy
0 0 0 0 0 0 0 1 nwo :

?6,1m 1

L 6,1m5 ]

(4.22)
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4. Model identification

where e.g. Im; and Im, denotes the vector elements and n = 1,2,3,..., N. The
system is solved using least squares, just as (4.2). Then for each n the imaginary
and real part of G(jnwy) is extracted. This yields a transfer function G that is a
matrix of 7 rows and N columns, when converted to complex Fourier coefficients.
It is now possible to describe the powertrain model (3.18) with the use of Fourier
coefficients,

6
Chi, = Gp(jnwe)Cnp + > Gi(jnwe)Cry, ¥Yn=1,2,3,... N, (4.23)

n,
i=1

In Figure 4.9 below, the calculated C,, 5, converted to time domain, compared to
the filtered acceleration signal in the engine is displayed. This confirms that the
model has been identified correctly in a certain operating region. The conversion
from coefficients to time domain, is done by converting C,, ;. to real coefficients and
then multiply A in (4.2) by this vector. The model was identified on operating point
7 and 8 (see Appendix A).
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Figure 4.9: The fitted acceleration output from the powertrain model and the
measured acceleration, for order N = 14.

25
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4.3 Linear IMEP model identification

To identify the model in Equation (3.25), the first step is to extend it for all the
individual cylinders. Indeed, each cylinder stroke brings a specific contribution to
the crankshaft rotational speed that can be seen in Figure 4.10. Therefore, it is
possible to compute the flywheel acceleration provided by each cylinder and link
it to the corresponding average combustion torque. This is necessary in order to

identify each individual cylinder contribution.
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Figure 4.10: Flywheel velocity and torque produced before the flywheel on the
same window. Cylinder 1 is indicated with a cross at its maximum torque, firing

order follows.

One can note that the minimum angular speed occurs just after the TDC (6 degrees
after TDC to be precise) due to the contributions of the other torques at stake
during the process. To identify the linear IMEP model, a small window of several
degrees (defined by the positions x and y after TDC) where the flywheel angular
velocity is almost linear is chosen in order to compute the flywheel acceleration. On
the other hand, average torque (or IMEP) is computed for a specific cylinder. The

overall equation system for identification is,
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4. Model identification

_comb,l = CconvIMEpl = Jlé[Gmﬁy],l + 7jtot,comf,l

comb,2 — OconvIMEPQ = J2é[01,6y],2 + Eot,cont,Q
(4.24)

Tcomb,(ﬁ = CconvIMEP6 = J6é[91,0y],6 + 7jtot,comf,6

where T, comb,i 18 the average combustion torque provided by the cylinder i = {1, 2,

3,...,6} during an entire cycle (720 degrees), Ceony = X—jr is the proportionality
coefficient between average torque and IMEP, IMEP; is the IMEP computed for
cylinder 7, J; and Tyt cont,i the coefficients to determine, assumed to be constant, re-
spectively representing the total inertia and torques - other than combustion torque
- linked to cylinder . é[gz,gy]ﬂ- is the acceleration during a windows where cylinder
i is contributing on the overall acceleration. The window (noted (y,x)) is defined
by two different positions on the velocity curve located after TDC as illustrated in

Figure 4.11. For this plot, the window is (8, 1).

117 .
-2
B a b
165F % e a % g
— & -6 degrees sampled angular velocity 2

116 - 0 TDC location / 1
z ——TDC+1 o
'g 1155 + ——TDC+8 / 7
—~ I
o \ |
@ 115f " , .
) !
B2 1145 q | 1
g - \
< o \ !
—— L \ o i
PSS 114 b h
< \ /
B
£, 113.5 - \ / B
E‘ \ /

t{ /
113 + o J
\ /
\ /
1125+ 0\ /Lj 4
W
1124 I I I I I I
660 680 700 720 740 760 780 800

Flywheel angle 6(¢), [deg]

Figure 4.11: The flywheel velocity during a smaller range, sampled as in the real
engine (every 6 degrees). The window here is (8,1).

To compute the acceleration, the velocity difference between the two points is com-
puted and divided by the amount of time between them (since the curve is almost
linear after TDC). The acceleration 0(t) is computed as follows
» 0, —0
0(t) = 2—=, 4.25
) = "R (4:25)

where 6, (respectively Hy) is the velocity at point = (respectively y) and At,, the
amount of time between the two points.
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4. Model identification

Then, IMEP is plotted against the flywheel acceleration (both averaged after a 15
second run, or half the entire run). An approximately linear relationship is then
obtained (Figure 4.12) and a least squares method is used to determine the one

degree polynomial for optimal fit.
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Figure 4.12: IMEP for four operating points at the same engine speed (1000
RPM) but different nominal torques. The x-axis is expressed in velocity change
(velocity difference between 2 points) and not acceleration, time difference being

almost constant.
The least squares method has been iterated for 11 window configurations and a

correlation coefficient has been computed for each. The results are displayed in
Figure 4.13.

28



4. Model identification

N
El
0.995 - - 4 B
_ ’
g 1!
v
YA
v
0991 ’ 1
13} ’
k) o
EEO ’ “\\
3 ’ W
’
= 0985+ » y ne Y
S ‘ v "
5] o V) ‘u\\
= \ Al
) "
S o8t f Ik
'm
— —-0P9 to 12 \
———-0P13 to 16 !
0.975 L OPI17 to 20 !
— ——-0P21 to 24
— — ~0P25 to 28
- B - Average
/

.97 L L L L L L L L L |
(6,00 (70) (7)) (7.2) (80) (81 (82 (9.0) (91 (92) (93)
Range of values (of 6 degrees) after TDC to compute the slopes

Figure 4.13: Correlation coefficient along the different operating points for each
configuration. Matlab correlation function was used for this curve.

The black dashed line represents the average over all the different OPs. As shown,
the two best correlation coefficients stand for configurations (8,1) and (9,2). The
spread of the correlation coefficients is also small for those configurations. With
the current experimental setup, the latest tooth-time value available in every cy-
cle is TDC+9, therefore, the latest velocity that can be computed is for TDC+S8.
Hence, for implementation, the only possible configuration is (8,1). The calculated
correlation coefficients for this window are given in Table A in Appendix. All are
calculated with Pearson’s correlation coefficient,

Py = Coz()i, Y) _E[(X — ﬁxl(Y — )l (4.26)

where px or py is the mean value and ox or oy the standard deviation for each
random variable X or Y. The coefficient is a ratio pxy € [—1, 1].

After choosing the window with the best fit, the coefficients a2 ¢ and 712, ¢ are
used in the following equation system:

Teomb,1 = 010go uge)1 + M1

Tcomb,z = a2§[6°,48°],2 + V2

Tcomb,ﬁ = 0469[60,480],6 + Y6,

where the coefficients are determined by a linear least squares fit to the points in
Figure 4.12.
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Torque estimation

In this chapter both the estimation from Fourier series and the IMEP model is
explained, as well as torque estimation from the Kalman filter. When using IMEP
the average combustion torque is related by a constant as shown in Section 3.3,
however the estimations are displayed in this unit. All estimations in this chapter
are simulated in Matlab on operating points (see Appendix A.2), coming from engine
data by Volvo.

5.1 Torque estimation using Powertrain model

In Section 4.2 the representation of the powertrain model was done in terms of
complex Fourier coefficients. Equation (4.23) is the key to make an estimation of
the cylinder torques. The goal is to make an estimation of five cylinder torques
using one pressure sensor, not having the information of all six. This lets us only
know the torque contribution of one torque function, which in this case is T;. The
Equation (4.23) now becomes a multiple input and single output system (MISO)
and hence it has no unique solution. The new equation becomes

6
C bp — Gn,DCn,D + Gn,lgn,l + Z Gn,ic;;i, Vn= {1, 2, Cey N}, (51)

n,
=2

where the coefficients C,...C} ¢ denotes the unknown coefficients for cylinder
torques T5 ... Ts. The idea is now, based on inspiration of a separation algorithm
in [13], to separate each cylinder torque contribution from the flywheel acceleration
based on an initial estimate. This is however not done in time or angle domain, as
in [13], but in frequency domain. It is possible to know the phase-shift in the coef-

ficients, since each cylinder stroke is shifted with 120° in crank angle, or %” radians.
The firing order (FO) is also known:
FO=|1 5 3 6 2 4], (5.2)

and indicates which cylinder-ID is fired. This means that cylinder 1 is phase-shifted
%’r w.r.t cylinder 5, and cylinder 3 is phase-shifted 2%” w.r.t cylinder 1, and so on.
One cylinder is also at TDC in the combustion phase, when 0 = ndn, n € Z, which
in this case is the first cylinder (cylinder 1). This lets us relate the crankshaft angle

0; for each cylinder ¢ = 1,2,...,6 , by the equation

0: = 0r — G, (5-3)
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5. Torque estimation

where ( is given by
2
g:§[0425 13, (5.4)

and ¢ is the index for the elements in (.
The phase-shift (; is approximately equal to a constant shift in time 7; (if angle is
interpolated into time), which is

T R & (5.5)
Wo
In frequency domain, such a time delay corresponds to a phase-shift, since for the

general case

N N
T(t — 7') = Z Cfnejnwo(tiT)/2 = Z eijnwOT/QCneijOt/Q- (56>
n=1

n=1

The phase shift for each cylinder torque coefficient C,, ; is thus
Chg, = e7ImM0Ti/2 g =62 Y = {1,2,...,N}, (5.7)

where i = {1,2,...,6}. Now it is possible to make an initial estimation C,,;, i =
{2,3,...,6}, based on C,, 1, by using this phase-shift,

>

_ _in 2T _in4r
n,2 — Cn,le in6a/2 — Cn,le nZga2 = Cn 1€ O

)

>

2w

—i —in2m _in2m
n,3 — Cn,le ints/2 — Cn,le T2 = On,le I

i _in2m _in 5T
n,4d — Cn,le inta/2 — Cn,le n%s/2 = Cn 1€ I3

)

>

™

. . 2 .
s = Cope /"9 = Cpye "5V = O pes

)

»

A

Crg = Cpie™m6/2 = C\ 17532 = O, o7,

By inserting these initial estimates into Equation (5.1), it is possible to estimate each
torque contribution CA’;’;Q, A;73,. . ,CA’;G for all n = {1,2,3,..., N}. In Figure 5.1 it
is shown how the separation is done for retrieving the complex Fourier coefficients
for the second cylinder. It is only necessary to switch the index in order to solve
this for cylinders 3 to 6.
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Figure 5.1: Schematic overview on how the separation strategy is made. This
example is estimating the coefficients in the second cylinder, Cy, ,.

The results from the separation strategy can be seen in Figure 5.2 below, where
one full combustion cycle, 720° is plotted. Each individual torque got reconstructed
with its corresponding dynamics and phase-shift. Cylinder 1 is always the reference
torque (which is known) and therefore has no estimate.
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Figure 5.2: Cylinder separated torques, with no faults, in firing order 77 (green),
Ty, T3, Ty, T and T. The dotted lines are the estimated torques from the separation
algorithm. This estimate has an error of e,,,; ~ 138 Nm.

Since the model was identified on two operating points, one with faults and one
without faults, it is of interest to see how the separation strategy can catch faults.
The results from this can be seen in Figure 5.3 below.
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Figure 5.3: Cylinder separated torques, with —10% fuel in cylinder 3, in firing
order T (green), Ts, T3, Tg, Ty and Ty. The dotted lines are the estimated torques
from the separation algorithm. As one can see, cylinder 3 has less peak torque that
the estimator catches. This estimate has an error of €,,,s ~ 131 Nm.

It is clear that the separation catches cylinder 3 with —10% less fuel injection.
What is important to notice is that this comes from the changes in dynamics at
the flywheel C, ;. and driveline torque C), p as a consequence of this dynamical
change. In general, most of the correction comes from the flywheel, since it is more
sensitive than the driveline torque, Tpp. To see this we make the driveline C,, p fix to
the identified value at operating point 7 and then switch to estimate on the faulty
operating point 8. This means that the new faulty driveline signal torque 7T is not
in use and Equation (5.1) becomes

6
C o — Gn,DOn,fi:L‘ + Gn,lcn,l + Z Gn,iCZd, Vn = {1, 2, Cey N}, (58)

n,
1=2

where C,, i, are the coefficients of the driveline from operating point 7. The estima-
tion results for the faulty operating point 8, with a constant driveline torque C,, iy
can be seen in Figure 5.4 below. The error has gone up to €,,s ~ 139 Nm from
previously e,,s &~ 131 Nm, by only calculating the fault with the flywheel and not
the driveline.
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Figure 5.4: Cylinder separated torques, with —10% fuel in cylinder 3, in firing
order Ty (green), Ts, T3, Ts, Ty and Ty. The dotted lines are the estimated torques
from the separation algorithm. As one can see, cylinder 3 has less peak torque that
the estimator catches. This estimate has an error of e,.,,; ~ 139 Nm.

5.1.1 Sensitivity analysis

By changing the input torque 7 with corresponding coefficients (), ; by an offset
in gain, it is possible to see how sensitive the estimator is to errors in torques. In
Figure 5.5 below the offset is between 0.8C}, ; and 1.2C,, ; for the coefficients.
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Figure 5.5: Sensitivity to offsets in gain.

Offsets in incorrect phase in the coefficients are plotted in Figure 5.6 below. As one
can see the model is quite sensitive to imperfections in phase.
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Figure 5.6: Sensitivity to offsets in phase.

5.2 Estimation using Linear IMEP model

The estimation of the IMEP in each cylinder is based on the four following steps:

1.

4.

As explained in Section 4.3, the calibration of the engine that consists of
the calculation of mean IMEP and mean (crankshaft velocity) amplitudes, or
acceleration, during a run of several seconds for as many operating points as
required at the same angular speed for all six cylinders. Then, a basic fitting
between amplitudes and IMEP with a degree one polynomial function using
least squares method is made for every cylinder. The 12 coefficients (two
coefficients per cylinder) need to be saved in the truck ECU.

. While the engine is running at a steady state operating point at the desired

speed, the ECU computes the amplitude of the crankshaft velocity every 120
degrees for all the cylinders.

Thanks to the linear fitting, the ECU can estimate the corresponding IMEP
to the amplitudes made during step 2.

An Exponential Moving Average (EMA) with parameter o = 0.4 is applied to
filter the IMEP values.

It is worth noting that the calibration, or identification process, requires to have a
pressure sensor in all six cylinders.

The EMA is defined as

y(t) = Yeare(t) + (1 — a)y(t = 1), (5.9)

where y(t) is the averaged value at time ¢, y.q.(t) is the calculated value at time
t and o is the EMA coefficient that determines the contribution of the calculated
values to the average.
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Figure 5.7: Real and estimated averaged IMEP for cylinder 2 during a simulated
run at OP 9 to 12.

Table 5.1: Average relative error [%] between real and estimated averaged IMEP
EMA-averaged for a 4 seconds simulation time.

Average relative error [%]

OP || Cylinder 1 | Cylinder 2 | Cylinder 3 | Cylinder 4 | Cylinder 5 | Cylinder 6
9 0.2066 0.0110 0.8162 0.0208 0.3982 0.3510
10 0.7757 0.5679 0.1727 1.1289 0.4996 0.1233
11 0.6471 0.1438 0.0274 0.2745 0.0845 0.2509
12 4.4062 6.9195 2.6772 3.7561 6.8469 2.4450
13 1.9033 1.5011 1.3460 0.7669 2.4705 1.1012
14 1.5719 2.9090 2.1576 0.8912 2.6017 1.1181
15 0.7892 0.5089 0.5231 0.7704 0.1932 0.3310
16 0.2737 0.3862 1.1064 0.0527 0.3879 0.4008

As shown in Table 5.1, one can estimate IMEP with an error below 3% for each
cylinder taking an average of the amplitudes over ten values for operating points
9 to 11. For operating point 12, the error is greater and reaches more than 6%
for some cylinders. This is because the relation between IMEP and amplitudes is
not linear anymore for these OPs when reaching high torques (2650 Nm), and the
estimator therefore has a tendency to overestimate IMEP. As stated in Section 3.3,
the main goal of this work is to be able to determine if a cylinder is weaker or acting
differently from the others during a certain period of time (more than 20 seconds
for instance). As a consequence, we want our system to catch a trend and correct
it rather than being able to control every combustion cycle.

Figure 5.8 is a flowchart showing how the IMEP estimator works on a real engine.
Note that the computation of T799 from Proy is achieved thanks to the Riemann
sum of Equation (3.22) [2]:
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_ 1 n—1
T720 = Tcomb,cycle = ncylﬁ Z L(G’L(k))p(el(k)) ) (510)
k=0

where n is the number of samples during a full cycle of 720 degrees, that is to say
720/6 = 120.

SENSOR DATA

Cylinder, =i
Pressure sensor
location = j
St o=
 EVERY 120° : 1 EVERY 720° :
Retreive P,,q, Concatenate P, )
Toothtimes,,g, | -----2 to have a full cycle CyITc:jler,D
Cylinder,y and obtain Py, N
Compute the Compute T,y from
velocity difference the P,,, vector of
(from toothtimes) the whole cycle
between 2 points of
the velocity rise \I/
Convert T,,, to
IMEP; (this value is
the real computed
Compute IMEP; from IMEP value)
this value and the
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IMEP >0 END ] and estimated IMEP,
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cylinderi

Figure 5.8: Flowchart showing the estimator principle that will be used for Tar-
getLink implementation.
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5.3 Torque estimation utilizing a Kalman filter

The estimation of xzo(n) (presented in Section 3.4) is displayed Figure 5.9 below.
This simulation is done on data coming from a 13 L 6 cylinder heavy duty engine at
Volvo. The table of data used is operating point 9 in Table A.1, and is interpolated
to be sampled at Af = 6°. The Kalman filter was coded in Matlab and tuned
with the parameters §, R, and @,. The solid line comes from combustion torque
estimation using 6 ICPS’s in each cylinder and subtracting the load torque, which
in this case is the driveline torque Tp. Hence calculated as,

T2, measured = ;pz(Qz(n))L(ﬁz(n)) —Tp(n). (5.11)
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Figure 5.9: The estimated state Z3(n) by the Kalman state observer (dotted) and
the measured state T2 meqsured cOMing from engine data (solid).

By neglecting friction we can make the estimate
Tiaa(n) ~ Tp (5.12)

Hence, we neglect the slowly varying oscillations in the load torque and assume it
is constant during a combustion cycle. Therefore, it is possible to estimate T,,,., by
adding back this value, i.e.

Tromp(n) = 2o(n) + T . (5.13)
We can then use similar methodology as the separation strategy in Section 5.1, but
subtracting the other torque contributions, assuming they have the same pressure
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p2(0) (assuming the ICPS is located in cylinder 2) coming from the ICPS. For an
example, estimating the combustion torque in cylinder 1, yields the equation

Toomp1 (1) = Zo(n) +Tp — Z; p2(0:(n))L(0:(n)), (5.14)

the result of which is displayed in Figure 5.10 below.
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Figure 5.10: The estimated torque by the Kalman state observer (dotted) and the
measured torque coming from the pressure sensor (solid), for combustion torque in
cylinder 1.
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Implementation on engine

In this chapter the implementation part of the thesis work is explained. To validate
the IMEP estimator explained in Section 5.2 an online estimation is performed using
a test bench set-up. The tests were performed on a Volvo 13 L diesel engine.

6.1 Experimental set-up and implementation

There are two layers when running a program in an engine [2]: the platform layer,
which is retrieving the raw data from the sensors and converting them into usable
data (Vector of in-cylinder pressures, angular position or tooth-time vectors for
instance) that is saved during 120 degrees and then, overwritten. The second layer
includes estimators and controllers and is named ’application Layer’. This is the
layer in which the TargetLink estimator is operating, as shown in Figure 5.8.

The engine in which we are performing the validation of our IMEP estimator is
a Euro-VI 13 liter diesel engine, mounted in a test cell with a dynamo (brake) to
simulate the driveline. The ECU in which the TargetLink model is flashed is an
Engine Management System (EMS) v2.3 and the data retrieval is made with Vision
v5.2 software.

The device used to convert piezo-electric charge to measurable voltage is an AVL
amplifier (Microifem). It outputs values from 0 to 10V [2]. Since the EMS needs
a voltage range lying between 0 and 5V, a divider is used with a 2.407 coefficient.
The ADC-converter needs tuning in order for the gain to be calibrated for our set
up. The calibration set-up is shown in Figure 6.1. Since the sensor has a given
conversion from pC to Bar, one can use the emulator in order to tune the conversion
from analog signal to the correct digital output in Vision.
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Calibration set-up

AVL Voltage- EMS
divider
Emulator Vision Computer

Figure 6.1: Calibration set-up for tuning the ADC-gain.

The test bench set-up for testing the IMEP estimator is displayed in Figure 6.2
below. All sensors are connected to the EMS that is sampling the pressure from the
ICPS and crankshaft position at the same rate. The EMS is then connected to the
engine which is running at a specific operating point. Everything is controlled via
the test bench platform, which controls the fuel injection, and produce an indicated
torque (which we use as a reference in Section 6.2). This indicated torque would
simulate what a driver in an actual truck demands as torque when pushing the
pedal.

Test bench set-up

Crankshaft
position
sensor
AVL Voltage- EMS
divider
ICPS Vision Computer

Figure 6.2: Experimental set-up for doing online estimation with the IMEP esti-
mator running on the EMS.
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Only operating points 13 to 16 were studied in the engine and the chosen EMA
coefficient was 0.05.

6.2 Online estimation using the IMEP model

Figure 6.3 displays the estimated global torque by the IMEP-based estimator in a
run ranging from operating point 13 up to operating point 16. To achieve this result,
the estimated T,,,,,, was computed as follows

Toomp = o > IMEP; . (6.1)

2800 | ‘ ‘ ‘ ‘ ]
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1800 -~~~ Bt Ty | |
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Figure 6.3: Reference combustion torque and estimated one thanks to the IMEP
estimator during a run from OP 13 to 16 with an EMA coefficient of 0.05.
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Figure 6.4: Estimated IMEP for all cylinders from OP 13 to 16.

Figure 6.4 shows the estimated IMEP in every cylinder during the run. The spread
between cylinders is around 20%. Since the experimental setup does not include a
pressure sensor in all of the 6 cylinders (except cylinder 2), it is not possible to plot
and compare with the real IMEP values. As shown on Figure 6.3, the estimator
follows the combustion torque trend with an offset for lowest and highest torque
values.
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Discussion

In this chapter the discussion part of the report is presented. The IMEP estimator,
estimation using Fourier series and the torque estimation with a Kalman filter are
discussed in separate sections.

7.1 IMEP estimator

The first thing to underline is that the Ty, estimator (c.f. Figure 6.3) provides
accurate results. The relative error between the reference and the estimation is
always less than 3% and less than 1% for OP 14, 15 and 16. In spite of a very
low EMA coefficient (0.05), the combustion torque value does not have a significant
delay compared to the reference. This is because the cycle is updated at a very high
rate, roughly every 18 milliseconds at this engine speed. One disadvantage of this
filter is that it could smoothen some high-frequency dynamics; but since the aim is
not to develop a cycle to cycle controller, a more responsive system is not needed.

Figure 6.4 represents the contribution of each cylinder individually. One impor-
tant thing to note is that the spread of values is significant between cylinders. This
result is perplexing. The maximum difference in combustion torque between cylin-
ders computed during simulation was not exceeding 5%, whereas this plot shows a
maximum of 20% difference between the cylinders. This leads us to think that a
calibration of the slope coefficients computed in Chapter 4.3 on the specific test-
cell engine would be needed. Additionally, the correction added every 720 degrees
(right-hand part updated every 720 degrees on the Flowchart 5.8) has not been
able to work since the estimator that relies on a former thesis [2] has a tendency to
over-estimate the combustion torque. Therefore, the relative error between the real
and estimated IMEP value was greater than 7%, which terminated this part of the
system, see Figure 5.8.

Considering the data signals used to compute the slope coefficients, one can no-
tice that in cylinder 1 the combustion torque is slightly higher than the average
combustion torque of all the 6 cylinders, whereas cylinder 2 is slightly lower. Figure
6.4 does indeed show cylinder 2’s torque as the lowest one but cylinder one is not
the highest. The only way to know if this is a normal behaviour would be to have
a pressure sensor in each cylinder and compute the IMEP.

Finally, one noteworthy thing is that the system response during transient opera-

44



7. Discussion

tion is very satisfactory. The estimation of the torque remains close to the reference
torque and not as noisy as one could have feared.

7.2 Estimation using Fourier series

Using the powertrain model with Fourier series and the separation algorithm in Sec-
tion 5.1 requires quite a lot of computational heavy steps. In Matlab this method
was suitable to try and simulate on old engine data, but was never implemented
in the actual EMS, since it was suspected to require too long computational time,
and also long time to implement. It was concluded that doing estimation of average
combustion torque using the IMEP-model was more interesting for this thesis time
frame and goal. Also, average combustion torque (or indicated torque) is one of
the most common parameter for controlling the applied torque (requested from the
driver).

The method itself is however interesting if one would like to estimate the individual
torque functions for each cylinder. Interesting values of the combustion process can
be estimated by developing a method to convert the torque into e.g. pressure, in
order to extract estimates of the PCP. However, this needs further investigation
since the crank lever function L(#) has a singularity at TDC. Also, since the model
is relating acceleration of the flywheel (65) to torque, the Fourier series have zero
mean and their index is n > 1. Therefore, it is not possible to retrieve any informa-
tion about the average torque or IMEP.

There are also limitations in the model identification conducted in this thesis, since
it was only identified on a certain region of engine velocity and torque (operating
point 7 and 8). The model is local, which means that it is valid for a certain range
of engine speeds and torque (in a window). In [12] the powertrain model is also
defined by taking the differences in torque and acceleration, with respect to a nomi-
nal torque and acceleration. This gave higher accuracy than achieved in this thesis,
but was never implemented. Since the model is local one needs to save parts of the
model for different operating regions, which is also a limitation.

7.3 Kalman filter approach

The estimations coming from the Kalman filter model looks promising. It is also a
robust model since tuning of R,, @,, and 0 is possible. Since the measured state
y(n) = 62 contains noise, it is of big advantage to tune R,,. The noise is caused by
different vibrations coming from the engine. Also, the model is not expected to be
perfect, since it assumes a stiff crankshaft and an approximated two mass model,
which is why tuning @), is a big advantage. To estimate combustion torque in a
real engine, one would need to measure 7}, ,(n) with high accuracy, which would
improve estimations. In [10] this information was available, and the combustion
torque was estimated with very promising results.
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Conclusion

In this chapter conclusions are made from the outcome of this thesis. Also, some
interesting topics for future work are presented.

8.1 The thesis outcome

Estimating the pressure or equivalent combustion torque in all the cylinders of a
combustion engine is a recurring problem that has been addressed many times. This
thesis presented three different concepts that allow to deduce, from the pressure in
one of the cylinders and the angular position of the inertia wheel, the combustion
torque in the 6 cylinders. The first method, based on transfer function identification
between flywheel acceleration and torque, gave very good results in simulation for
catching dynamics and retrieving the whole torque curve for each cylinder. How-
ever, this method has not been implemented as a TargerLink model and tested on
a real engine due to its complexity and the Master’s Thesis time frame. The sec-
ond method derived a very simplified engine model between load torque, flywheel
acceleration and combustion torque in order to collect average combustion torques
over an important number of cycles. Since the computational cost and complex-
ity of this solution is low and compatible with TargetLink as well as the EMS, an
implementation was possible. Thus, this method was tested on a real engine and
gave good results to determine the average combustion torque coming from the 6
cylinders. The results for the individual torque estimation were not as good as ex-
pected and predicted by the simulation. A better calibration would lead to better
results. A third method has also been analyzed during this thesis: The estimation
of the difference between combustion and load torque curve with a Kalman filter.
It is possible to estimate the combustion torque by approximating the load torque
to be constant. Also, individual torque contributions was possible to estimate in
simulation, by using separation with the help of the ICPS. A more accurate load
torque signal would improve these estimations. However, the observer still gave
some promising results, and may be suitable for this problem since both noise in
model and measurements exists. Due to the time frame of this thesis, it never got
implemented in the real engine, but was tested on engine data.
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8. Conclusion

8.2 Future work

There are some directions and recommendations for future work. It could be in-
teresting to investigate the IMEP method by correctly calibrating the slope values,
checking other operating points and introducing injection faults. To reduce the num-
ber of saved slope values, one possible idea is to fit a polynomial between different
slopes values at different engine speeds for the same cylinder. This would decrease
the number of saved values and potentially allow transient operations in speed. For
the transfer function method, the main development axis would be to directly write
a C code that is compatible with embedded systems instead of using TargetLink.
The Kalman state observer could possibly be implemented by doing approximations
to the model, and simplifying the filter updates. Also, one could try to simplify the
state space model, assuming non-varying inertia such that A, becomes constant.
In a real time EMS one would want to tune (), R and ¢ in real time and have ac-
cess to these parameters. A load torque sensor capable of measuring 7},,(n) would
also be interesting to investigate, since this is needed in order to extract the total
combustion torque.
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A. Appendix 1

A.1 Mass torque derivation

According to [8], mass torque can be computed with the derivative of the kinetic
energy, i.e.

Konass (6) = ;J(H)QQ, (A1)
dK

Tes = mass A2

mass de ( )

Before going any further, it is important to define the considered masses in this
model and their action. The assumption made in [8] is that the connecting rod
can be divided in two parts: An upper part that is oscillating and a lower part
connected to the crankshaft that is in rotation. The center of gravity is the part
where we divide the masses. Let us call the distance between the top of the lever
(connected to the piston) and the center of gravity l.,,. Then, when adding the mass
Mypiston, Of the piston to the oscillating one and the mass of the crankshaft m . qni to
the rotating one,

lcog

Mose = mrodT + Mpiston 5 (A?))
lco
m?”Ot = 6mr0d (1 - lg> + mc’r‘ank; . (A4)

Note that m,. is defined for one cylinder and m,..; is for the whole crankshaft. An
expression of the inertia J is derived in [8], and gives

Neyl

J(O1, . On,,,) = Myt + Mose > v?(6;), (A.5)

=1

where v(6;) = dscggi). Finally, using (A.1), (A.2) and (A.5), Ti4ss can be expressed
as follows:

1 [, dJ(01, .. 00.,,) 62
Tmass(e) = 5 (92 d@ ‘I’ J(017 ceey 0”(‘yl>d0>
- . 1.,dJ (0,0 )
= J(01, e 00,,)0 + 50 -
= (mmtrQ + Mose Z U2(91)> (9 + ;92679 (mrotr2 + Mose Z /02<91>) (A6)
i=1 i=1
. eyt . 1 Moyt 2(0. .
= (mrotTQ)e + | Mose Z U2(9i> 0+ — Mosc Z dv (91) 92
i=1 2 P

= ()i + <m > 02@.)) i+ <m > o8 d"’éj”) i

=1 =1
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A.2 Engine data

Table A.1: Engine data from Lamella 3.

Lamella 3 matrix Data
Operating point || Nominal velocity | Nominal Torque
number [RPM] [Nm]
1 800 1800
2 800 2100
3 800 2350
4 800 2650
) 900 1800
6 900 2100
7 900 2350
8 900 2650
9 1000 1800
10 1000 2100
11 1000 2350
12 1000 2650
13 1100 1800
14 1100 2100
15 1100 2350
16 1100 2650
17 1200 1800
18 1200 2100
19 1200 2350
20 1200 2650
21 1300 1800
22 1300 2100
23 1300 2350
24 1300 2650
25 1400 1800
26 1400 2100
27 1400 2350
28 1400 2650
29 1500 1800
30 1500 2100
31 1500 2350
32 1500 2650
33 1600 1800
34 1600 2100
35 1600 2350
36 1600 2650
37 1700 1800
38 1700 2100
39 1700 2350
40 1700 2650
41 1800 1800
42 1800 2100
43 1800 2350
44 1800 2650
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Table A.2: Engine data from Lamella 3 with faulty injections.

Lamella 3 faulty injection (-10%) Data

Operating point | Nominal veloc- | Nominal Torque | Faulty cylinder
number ity [RPM] [Nm]

1 800 2200

2 800 2200 1
3 850 2200

4 900 2200

D 900 2200 2
6 950 2200

7 1000 2200

8 1000 2200 3
9 1050 2200

10 1100 2200

11 1100 2200 4
12 1150 2200

13 1200 2200

14 1200 2200 5
15 1250 2200

16 1300 2200

17 1300 2200 6
18 1350 2200

19 1400 2200

20 1400 2200 1
21 1450 2200

22 1500 2200

23 1500 2200 2
24 1550 2200

25 1600 2200

26 1600 2200 3
27 1650 2200

28 1700 2200

29 1700 2200 4
30 1750 2200

31 1800 2200

32 1800 2200 5

A.3 Correlation coefficients

Table for the calculated correlation coefficients for the linear IMEP model in Section

3.3.
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Table A.3: Correlation coeflicients to choose the windows for the IMEP model.

Correlation coeflicients

Windows OP9 to | OP13 to | OP17 to | OP21 to | OP25 to | Average
OP12 OP16 OP20 OP25 OP28

TDC+6+0 || 0.9927 0.9683 0.9936 0.9697 0.9925 0.98336
TDC+7+0 || 0.9949 0.9762 0.9956 0.9752 0.9977 0.98792
TDC+7+1 || 0.9963 0.9935 0.9977 0.9974 0.9949 0.99596
TDC+7+2 || 0.9967 0.9941 0.9975 0.9937 0.9921 0.99482
TDC+8+0 || 0.9973 0.988 0.9968 0.9892 0.9986 0.99398
TDC+8+1 || 0.9963 0.9975 0.9974 0.9981 0.9945 0.99676
TDC+8+2 || 0.9964 0.9963 0.9984 0.9964 0.9945 0.9964
TDC+9+0 || 0.9976 0.9847 0.9956 0.9816 0.9978 0.99146
TDC+9+1 || 0.9961 0.9952 0.9965 0.9984 0.9954 0.99632
TDC+9+2 || 0.9963 0.998 0.998 0.9977 0.9962 0.99724
TDC+9+3 || 0.9847 0.9537 0.9972 0.975 0.9825 0.97862
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