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Chapter 1

Introduction

Background

Legislative restrictions are getting more and more strict on manufacturers of
heavy duty trucks. From 2005 all trucks sold in the EU must have an On
Board Diagnostics (OBD) system. The aim of the OBD system is to make
sure emission restrictions are kept, even when the vehicle is on duty. New
methods are needed to meet these requirements and building models is a way
of achieving them. Models can also be used for engine control and also re-
place sensors, and the thereby lower costs.

Objectives

The objective of this thesis is to create a mean value model of a turbo charged
diesel engine which can be simulated with a fixed step size solver. The model
should be accurate and as simple as possible. The main objective when build-
ing the mean value model has been to keep it simple. A model that is to be
used in an on-line automotive application must combine accuracy with sim-
plicity and being reliable without being too complex. Validation is to be made
in a Scania truck.

Methods

The model is built and simulated with Matlab/Simulink from Mathworks.
Data for model building and validation is collected from a Scania R124LB
truck with a 12 liter, 6 cylinder turbo charged diesel engine.
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Target group

The thesis is aimed for engineers and students with basic knowledge in ve-
hicular systems.



Chapter 2

Experimental setup

To validate the model, measuring is carried out in a research vehicle. Sensor
locations are chosen and sensors are installed. The sensor signals are filtered
and amplified and connected to a measuring interface.

2.1 [Experimental setup, introduction

The research vehicle used is a Scania R124LB 6x2 truck with a 12 liter six-
cylinder turbo charged diesel engine, loaded to a total weight of 22700 kg,
see figure

A lot of time has been devoted to choosing sensors and solving technical
problems to make the measurements working, see section [2.5/for technical
problems. A view of the experimental setup is seen in figure [2.2] A view of
where the sensors are placed on the engine is shown in figure [2.3. Measuring
is done with a laptop with Vision software connected to an interface, both
from Accurate Technologies Inc, ATI. The interface can communicate with
the engine control system used in Scania trucks, S6. It has also analog inputs
and inputs for thermoelements, type K. A complete list of the sensors installed
is seen in table[2.1.

2.2 Temperatures

Temperatures are measured by thermoelements, type K. Where the temper-
atures are high, i.e. after combustion, the thermoelements are encapsulated.
This means that the heating and cooling effects in the encapsulation must
be considered when validation is made. The thermoelements are connected
directly to the Vision interface. K-elements are chosen because the ATT inter-
face has K-element inputs and because they are considered accurate enough
for this kind of measurement. The temperature range is —40 to 1200 °C' with
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Figure 2.1: The research vehicle, a Scania R124LB 6x2 420 hp, and the
author.

an accuracy of £2.5°C' when the temperature is between —40 and 333 °C'
and +0.75% of the absolute temperature when the temperature is between
333 and 1200°C.

2.3 Pressures

Pressure is measured by three different types of sensors: Gould-Statham pres-
sure sensors for pressures where the temperatures are lower; Kistler pressure
sensors for pressures where the temperatures are higher and a Dynisco sen-
sor for ambient pressure. The accuracy of the pressure sensors is less than
+0.10% of the calibrated measuring range for the Gould-Statham sensors
and £0.11% for the Dynisco sensor. The accuracy of the Kistler sensors is
+0.3% off the calibrated measuring range. To protect the sensors from the
heat around the engine, thin pipes have been installed between the pressure
sensors and their respective point of measuring. Signals from the Gould-
Statham pressure sensors and the Dynisco sensors are filtered and amplified
by a Scania EMC90 interface which is connected to the Vision interface. The
Kistler sensors are amplified by Kistler amplifiers and connected to the Vision
interface.
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ATI VISION INTERFACE

ATI VISION
CAN MODULE EDAQ 16Al+ CAN NETWORK CAN S6
HUB
CAN usB
Laptop
Thermocouples 16 UNIVERSAL
ELS | cabi
X LP-filter, coaxial cable Dynisco ambient
coaxial cable amplifier pressure sensor
coaxial cable
Breakoutbox EDAQ 16T fonversiont - coaxial cables coaxial cables
requency to
D.C. voltage
coaxial cable
K-element wires
voltage
conversion -
sine to square
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LP-filter Kistler amplifiers amplifiers
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Engine

Kistler pressure
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Gould-Statham

pressure sensors

Holset rev
sensor

Thermoelements ‘

Figure 2.2: The experimental setup.
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2.4 Turbine speed

To measure the turbine speed a Holset induction revolution sensor is used. A
magnetic nut is installed on the turbine shaft and the magnetic field which is
generated when the shaft rotates induces a voltage in the sensor. The signal
from the sensor is very noisy and must be low pass filtered. The filtered signal
is then converted from sine wave to square wave to make it easier to detect the
frequency of the signal. The square wave signal is then converted to a direct
current voltage signal.

e -

;‘_‘I'”- al |

» Intercooler
- A f

g

Figure 2.3: The research engine. Dashed areas show where sensors and
points of measuring are placed.

2.5 Technical problems

Some technical problems occurred when working with the experimental setup.
Here is a list of some of the major ones.

Turbine speed sensor signal The signal from the Holset rev sensor is very
noisy, and it was hard finding the right way of converting it to a direct
current signal.
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Pressure sensors Finding suitable pressure sensors and protecting them from
the heat around the engine.

Pressure sensor pipes How to draw the thin pipes between the pressure sen-
sors and their respective point of measuring, without making them too
long, and not too short so the sensors would be damaged by the heat
from the engine.

Exhaust system pressure The exhaust system pressure sensor, measuring
the pressure after the turbine, has occasionally been covered by dirt
and stopped working properly.

Table 2.1: Measured variables.

Temperature  Description Sensor

Tomp Ambient temperature [K] Thermoelement, type K
Tempin Temperature before compressor [K] ~ Thermoelement, type K
Tempous Temperature after compressor [K] Thermoelement, type K
Tintercooler ~ Temperature after intercooler [K] Thermoelement, type K
Tim Inlet manifold temperature [K] Thermoelement, type K
Tem, Exhaust manifold temperature 1 [K]  Thermoelement, type K
Term, Exhaust manifold temperature 2 [K] = Thermoelement, type K
Tes Temperature after turbine [K] Thermoelement, type K
Teng Cooling water temperature [K] Thermoelement, type K
Pressure

Damb Ambient pressure [bar] Dynisco PT310JA-15
Pempin Pressure before compressor [bar] Gould-Statham PG , 3 bar
Dempous Pressure after compressor [bar] Kistler 4045A5, 5 bar

Pintercooler

Pim

Pressure after intercooler [bar]
Inlet manifold pressure [bar]

Gould-Statham PG , 6 bar
Gould-Statham PG , 6 bar

Pem, Exhaust manifold pressure 1 [bar] Kistler 4045A10, 10 bar
Pems Exhaust manifold pressure 2 [bar] Kistler 4045A10, 10 bar
Des Exhaust system pressure [bar] Kistler 4075A10, 10 bar
Other

N¢p Turbine speed [rpm] Holset ind. rev. sensor
Uyehicle Vehicle speed [km/h] From S6

Neng Engine speed [rpm] From S6

§ Injected fuel [mg/stroke] From S6







Chapter 3

Engine modelling

This chapter describes the modelling of the air path of a six cylinder 12 liter
turbo charged diesel engine. The model is a Mean Value Engine Model,
MVEM, which means that variables and signals that are considered are aver-
aged over one or several cycles.

3.1 Engine model

The main objective when building the mean value model has been to keep it
simple. A model that is to be used in an automotive on-line application must
combine accuracy with simplicity, being reliable without being too complex.
The modelling done in this thesis is based on the previous work [1], [2] and
[3], but made in a simpler way. The exhaust temperature model is taken from
[5]. The model has four states: inlet manifold pressure, exhaust manifold
pressure, exhaust system pressure and turbine speed. All control volumes,
i.e. inlet manifold, exhaust manifold and exhaust system are considered ideal
in terms of pressure, temperature and heat transfer. The heat transfer is as-
sumed zero. The inlet manifold temperature is not modelled and considered
as an input, since it is available from Scania’s engine control system, S6. Spe-
cific heat capacity at constant pressure, cp,, and volume, c,,, are modelled as
constants, with one value before the combustion and another one after. See
figures(3.1]and 3.2 for a view of the model.

3.2 Inlet manifold

The inlet manifold is considered ideal in terms of pressure and temperature.
If the inlet manifold is considered as a control volume, the ideal gas law

mRT

v 3.1

p:
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Pamb
Taan
Tim,

neng

model

DPim
Pem
Tem

Pes

Tes

Ntp

Figure 3.1: Variables pamb, Tamss Tim, 6 and nenq are inputs to the model.
Variables p;m, Pem» Des» Lem» Les and ny, are outputs from the model.

6 —» @ Wi >
® turbine
® ~_
Dim Tim o Pem Tsm Des, Tes / N
Inlet o Exhaust Exhaust ot
. Restriction
manifold [ manifold system o
|}
m Ntp
Neng
compressor
-
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Figure 3.2: A view of the model structure.
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can be used to derive the change of pressure in the inlet manifold. By differ-
entiating[3.1]

o AT | AT 62
and assuming that the temperature varies slowly
T=0 (3.3)
we get
Dim = S (W Wi, (34

Vi
where Wy, is the mass flow into the inlet manifold and W;,,,,,, the mass
flow out of the inlet manifold. The mass flow into the inlet manifold is con-
sidered to be the massflow trough the compressor, therefore

Wimln = Wcmp- (35)

The mass flow out of the inlet manifold is considered to be the mass flow into
the cylinders, which is modelled as

Wimout = Wengjn 3.6)
im VaNeyiMer
Wengi, = ool gt 37)

where 1), is the volumetric efficiency, V; the displacement volume, N, the
number of cylinder, n.y4 the engine speed, V,- the number of revolutions per
cycle, R;,, the gas constant and 75, the inlet manifold temperature.

3.3 Volumetric efficiency

The volumetric efficiency is the efficiency of the engine induction process.
It is defined as the actual volume flow rate of air divided by the theoretical
volume flow rate of air displaced by the pistons. It is modelled as

Mol = fryor (neng)a (3.8)

where f,, ., is a look-up table constructed from engine data.

3.4 Exhaust manifold

The exhaust manifold is as the inlet manifold considered ideal in terms of
pressure and temperature, (3.1), (3.2) and (3.3) gives

. ReTem
Pem = ‘/em

(Wemzn - Wemom)' (39)
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The mass flow out of the exhaust manifold is considered to be the mass flow
through the turbine
Wemow = Wip. (3.10)

The mass flow out of the engine is the mass flow into the exhaust manifold
Wemp, = Wengou:- (3.11)

The mass flow out of the engine equals the sum of the mass flow into the
cylinders and the mass flow of injected fuel

WengOM = Wenghl + quela (312)
where 5 N
Nen cyl
Wy = —beng eyl 3.13
fuel GON, (3.13)

where 4 is the amount of injected fuel per stroke.

3.4.1 Exhaust gas temperature

The exhaust temperature is modelled as an ideal Otto cycle and is taken from

(5]

1

Tom :TI<M> g <1+ S — ) : (3.14)

im cyIire™ 1

where 7, is the ratio of heat capacities after the combustion. The specific
energy of the charge per mass is

(1-2,). (3.15)

The residual gas fraction is

1 pem)% Gin e
L= — 1+ ——— 3.16
o Te <pzm * Clerc’Yeil ’ ( )

where 7. is the compression ratio and ¢, the specific heat capacity at constant
volume. The model is complete with

Ty =2z Tem + (1 - x'r)Tim- (3.17)

This model is not really suitable for fixed step solvers because ¢;,, and T} are
obtained by solving a nonlinear equation system at each time step. The equa-
tion system, defined by the equations (3.13), (3.16) and (3.17), is solved by
the fixed step discrete solver available in Matlab/Simulink. The model is cho-
sen because it shows low errors during validation and is not as complicated
as the Seliger cycle model presented in [5].
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3.5 Exhaust system

As above the dynamics is

RETCS
Ves

Pes = (WESM - WeSOut)' (3.18)

The mass flow into the exhaust system equals the flow through the turbine
Wesin = Wy. (3.19)

The exhaust system is modelled as a quadratic restriction

kesReTes
Wgsom = 7(])68 _pamb)a (3.20)

Des

where k.5 is the exhaust system restriction constant. The exhaust system
temperature is modelled as

Tes = nb (321)

out?

where T, is the temperature out from the turbine.

3.6 Turbocharger

The turbocharger is modelled as described in [2]. The turbine and com-
pressor maps described below are extrapolated from data provided by the
turbocharger manufacturer. Newtons second law

Jo=M (3.22)

Gives that the turbine speed is described by

. 1
Wip = T(Mtb - Mcmp)a (323)
tb
where Jy, is the mechanical inertia of the turbocharger, My, is the torque
produced by the turbine and M., is the torque produced by the compressor.

3.6.1 Compressor model

The compressor is described by two different maps, the flow map, fw.,,,,and
the efficiency map, f;.,, . The mass flow and efficiency of the compressor is

modelled as

Dim Dim
Wemp = , 3.24
omne ch'rn,p <pamb ntb) \/m ( )

Nemp = Fnemp (}fﬂ, ntb)- (3.25)

amb
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The torque produced by the compressor is

Yi—1
W('m vTam im Vi
My = —omplpi”amb (( P ) - 1), (3.26)

ncmpwtb Pamb

where ¢, is the specific heat capacity at constant pressure before combustion
and +y; the ratio of heat capacities before the combustion.

3.6.2 Turbine model

As for the compressor, the turbine is described by two maps, fw,, and fy,,.
The mass flow and the efficiency of the turbine is modelled as

Wi, = fw,, (Z—m ntb) \f% (3.27)
_ Pem

Neb = fre <—u ntb) . (3.28)
pes

The temperature out from the turbine is modelled as

1—ve
Tibg, = (1 + b ( (Z) em) - 1) > Ty, - (3.29)
es

The torque produced by the compressor is

Wancp. Tom om)
My, = 2 tCpetemlitt (1— <p> ) (3.30)

Wtp

where ¢, is the specific heat capacity at constant pressure after combustion.

3.7 Summary, engine model

The engine model, which will be referred to as the four state model, has four
state equations

Dim = v (Wimm - Wim()u,t) (3.31)
. R.Tem
Pem = (Wemjn - Wemout) (332)
Vem
. R.Tes
Pes = % Wesrn, = Wesour) (3.33)
. 1
Wtp = _(Mtb - Mcmp) (334)
Jp

The variables pamp, Tamb, Tim, 0 and neyq are inputs to the model.



Chapter 4

Static models

To have non complex static models that are easy to calculate would be very
useful if they are accurate enough. Two different static models, which are
derived from simplifications made in the engine model, are discussed in this
chapter. The static models are not validated in this thesis because more work
has to be done before a proper validation could be useful. They are presented
here as an example of how static models can be achieved. The basic principle
is to neglect dynamics. It is seen that situations occur where the desired pres-
sure is an input to a look-up table. It is then necessary to invert the look-up
table to get a static relationship for the desired pressure. An example: As-
sume that x and y are known variables and p is the pressure. After neglecting
pressure dynamics, p = 0, we have

T = fmap (pa Z/) :

Inverting the map yields ~
p= fmap(xay)»
and a static expression describing the pressure is achieved.

4.1 Static model, inlet manifold

If the inlet manifold dynamics is neglected, i.e. p;,,, = 0, (3.4) becomes

Wimz, = Wimou:- (4.1)
With (3.5), (3.6), (3.7) and (3.24), expression (4.1) becomes
= ol =™ Ntp | - “4.2)
Pamb Nvol Vchyl vV Tambneng fW P Pamb b

Let

-1
21=< 60N, Ri  Tym ) | “3)

nvolVchyl V Tambneng

15
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then (4.1) becomes

2= fwon, <5””, mb> Pamb (4.4)

;
amb DPim

which can be simplified as

z21 = fwmp (;%m ,ntb), 4.5)

amb

due to the fact that Zf’i—"‘b is included in the look-up table. It can be rewritten
as

Pim = f(zlyntb>pamb7 (46)

with a new map f. An example plot of the static model for p;,, compared
to the four state engine model p;,,, described in section3.7, is seen in figure
[4.1. Note that there are not as much oscillations in the static model for p;,,
compared to the four state model p;,, .

T T
—— static model p,
im

o6k four state model P U
241 q
22r B

P,y (BaD)

20 40 60 80 100 120 140 160 180 200
time (s)

Figure 4.1: An example plot of p;,, from the four state engine model and the
static model p;,.
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4.2 Static model, exhaust manifold

Neglecting the exhaust manifold dynamics yields a similar case to the one
above. No dynamics, pe,,, = 0 and (3.9) gives

Wemm = Wemout . (47)

With (3.10), (3.11) and (3.27) it yields

pem pe’m
Wengo. t wl — 1 . 4.8
gou fW b < Pes tb) /—Tem (4.8)
Let
2y = Wengo,ut V Tem ’ (49)
Pes
then (4.7) becomes
pem pem
zy = thb (p—a ntb) ) (410)

which can be simplified as

R2 = thb (1;—m7ntb)> “4.11)

es

due to the fact that 1; em ig included in the look-up table. It can be written as

Pem = ¢ (227 ntb)pesa (4.12)

with a new map g.

4.3 Summary, static models

The static models could be a way to achieve models that are accurate and
relatively non complex. More work has to be done before a proper validation
could be useful.
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Chapter 5

Simulation

When simulating a model, it is preferable to use a variable step solver. The
progression of a simulation often changes between fast and slow variations
and therefore it is inefficient to use a fixed step solver. Also, if simulation is
done with a too large fixed step size, the simulation gets unstable. But if the
model is to be used in an on-line automotive application it must, as said in
chapter 1} be simulated with a fixed step solver. The reason to this is that it
is important to know exactly how much computing power a function needs.
How the simulation is done and difficulties with fixed step size simulation is
described in this chapter.

5.1 Fixed step simulation

Matlab Simulink from Mathworks is used for simulations. If the model is to
be used in an on-line automotive application it must be easy to calculate as
the computing power in the vehicle is limited. Therefore it is necessary that
the model can be run with a fixed step solver with a fairly long fixed step
size. To auto-generate code from the Simulink model it is also necessary to
have a discrete model, i.e. no continuous states. The maximum step size,
where a model becomes unstable, is determined by its structure. There is
no theoretical method how to calculate the maximum fixed step size for non
linear models. Testing and simulating is the only way of finding the maximum
fixed step size.

5.2 Choosing discrete time integrators
Choosing the right type of discrete time integrators is very crucial for the

performance of the model. By changing the discrete-time integration methods
the structure of the discrete model description changes. The default integrator

19
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method in Simulink is Forward Euler, where 1/s is approximated by

5.1
— 5.1)
where h is the fixed step size. Another method is Backwards Euler, where
1/s is approximated by
hz
z—1

(5.2)

For stiff problems the Trapezoidal method is useful, 1/s is approximated by

hz+1
571 5.3)
The state equations of the model are
1 Rzﬂm
Pim = S Wimz, — Wimouw,) (5.4)
1 RTem,
Pem = ; ‘Z:L (Wemm - Wemom) (5.5)
1 ReTes
Pes = ; ‘/es (Wcszn - Weso“,t) (56)
L L (M= Meny) 57)
W = —— — Mem, .
tb s th tb cmp

The problem with the Backward Euler and the Trapezoidal method is that they
create algebraic loops which require a lot of computing power. An example:
Assume that u is the input and z is the state of the Backward Euler integration,
ie.

hz

T=_——qu (5-8)

This can be rewritten as
x(t+1) = z(t) + hu(t + 1), (5.9

where ¢ is the discrete time. This means that u(¢ + 1) is needed to calculate
x(t+1). If u(t+1) is a function of 2 (¢ + 1), Backward Euler integration will
cause algebraic loops. With the same assumptions as above and integrating
with the Trapezoidal method we get

hz+1
T == U
2z—1

(5.10)
This can be rewritten as

o(t+1) =2(t) + g(u(t +1) + u(t)) (5.11)
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Again, u(t + 1) is needed to calculate x(¢ + 1). Testing is done with different
configurations of discrete-time integrators. It is seen that the p;,,-state is the
only state that can be integrated with the Trapezoidal or Backwards Euler
method without causing algebraic loops. Using the Trapezoidal method to
integrate the p;,,-state noticeably increases the longest possible fixed step
size. Therefore the chosen integration methods are the Trapezoidal method
for the p;,,,-state and the Forward Euler method for the other states, peym, Pes
and wyy,.

5.3 Simulation performance

The computing power in the vehicle is limited. Therefore it is important
that the model can be run with a fairly large fixed step size. To determine the
maximum fixed step size of the model, the solution when using a variable step
solver is compared to fixed step solver solutions. With a larger step size the
mean relative errors become larger because of oscillations in the simulation,
see figure 5.1. The figure describes the mean relative error of the exhaust
manifold pressure when simulating 100 seconds of city driving. It is seen
that the four state model can be simulated with step sizes up to 8 ms. With a
larger step size the simulation becomes oscillative and at 15 ms unstable. For
an example of oscillations see figure[5.2.
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Figure 5.1: The mean relative error when comparing variable and fixed step
solutions increases when the step size increases. When the step size ~ 15 ms
the simulation becomes unstable.
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Chapter 6

Tuning

To get the best performance out of the model it has been tuned against mea-
sured data. See table[6.1 for a list of the tuned constants and maps.

6.1 Constants

No explicit method has been used when tuning the constants. At first the
constants where set to an estimation of their physical value. They were then
changed one by one until the best observed model performance was observed.
This is not really a good method when tuning, since it is very hard to find the
best configuration of constants and hard to know if it is the optimum config-
uration. Implementation of a script that tunes the model constants automati-
cally against measured data would be preferable. The model has three control
volumes Vi, Ve, and Ves. When tuning the model it has been seen that the
physically correct size of the volumes does not give the most correct model.
E.g., the tuned value of the exhaust system volume is 7000 liters, see table
[6.1, which is far greater than the expected size. The reason for this could be
that the model is too simple and that too much dynamics is neglected. It could
also be that the size of the volumes compensates for other errors in the model.
It is hard to know the physically correct values of the moment of inertia of the
turbine shaft, Jy;, and the exhaust system restriction constant, k.s. Therefore
it is hard to know if the tuned values are close to the physically correct values.

6.2 Flow and efficiency maps
The original turbine and compressor flow and efficiency maps have been com-
pared with static measurements done in an engine test cell. The outputs from

the original efficiency maps are in general too low, and they are compensated.
The flow maps have also been compensated, but without really improving the
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validating results. A script that tunes the maps automatically against mea-
sured data would probably be helpful.

Table 6.1: Tuned variables.

Tuned variable Description Value

Vim Intake manifold volume [dm?] 1.7

Ve Exhaust manifold volume [dm?] 5.0

Vs Exhaust system volume [dm?] 7000

Jiw Moment of inertia of the turbine shaft [[Nms] 6.5-10"4

kes Exhaust system restriction constant [kg?/s?Pa] 50300

IWemp Compressor flow map [kg/s] 60 x 60 look-up table
Nemp Compressor efficiency map [—] 60 x 60 look-up table

fwa Turbine flow map [kg/s] 60 x 60 look-up table

fmb

Turbine efficiency map [—]

60 x 60 look-up table



Chapter 7

Validation

To validate the model the simulated and the measured quantities are com-
pared. The errors are presented and possible sources of them are discussed in
this chapter.

7.1 Validation method

The model data used for validation is simulated with a fixed step size of 5 ms.
Since no heating or cooling effects are considered in the model all validation
is made with measured data where the engine is warm, which in this case
means 7,4 > 80°C. Validation is done using three different types of driving:

City driving includes many stops and accelerations with speeds ranging up
to 60 km/h.

Highway driving is done on highway with speeds between 75 and 90 km/h
and not much acceleration.

Mixed driving is done on smaller roads and with speeds ranging between 30
and 80 km/h including uphill driving.

Four types of errors are considered:

1K 2(t) — z(t;
mean relative error = — [2(t:) — 2 (t:)| (7.1)
n2e et
L ti - tz
maximum relative error =  max w (7.2)
22 2o
1 n
bsolut = — t(t;) — x(t; 7.3
mean absolute error n;u( ) — x(t;)] (7.3)
maximum absolute error = max |Z(t;) — x(t;)] 7.4
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Where 2(t;) is the measured quantity, Z(¢;) is the simulated quantity and n
is the number of samples. A plot of simulated and measured state variables
together with 4, neng and vyepicre is shown in figure(7.1.

7.2 Inlet manifold pressure validation

The validation data with the largest errors is presented in figure [7.2l The
data is taken from the validation file for city driving. It is seen that there is
a correlation between the p;,, absolute error and the pressure ratio over the
compressor, - Pim_ “and the pressure ratio over the turbine, ’; e High pressure
ratios mean hlgh turbme speeds, nsp. In figure[7.1) when the time is around
110 seconds and 275 seconds, there are particularly large errors. At the same
time the turbine speed is too high. It seems like the turbine and compressor
flow and efficiency maps are less accurate for high turbine speeds and high
pressure ratios. It is also probable that the volumetric efficiency model affects
the inlet manifold errors. The turbine flow and efficiency maps are defined for
turbine speeds up to 75000 rpm, and for higher speeds extrapolation is made.
Therefore, good results can not be expected for high turbine speeds. The
inlet manifold mean pressure error is reasonably low, especially for highway
driving. See table[7.1]for validation results.

Table 7.1: Inlet manifold pressure validation.

Validation Abs. error (bar) | Rel. error (%)
mean [ max [ mean [ max
City driving 0.077 | 0.64 4.9 30.8

Highway driving | 0.053 | 028 | 34 | 12.8
Mixed driving | 0.095 | 0.52 | 58 | 252

7.3 Exhaust manifold pressure validation

The measured exhaust manifold pressure is very noisy and is low pass fil-
tered off-line with a fourth order Butterworth filter with a cutoff frequency
of 10Hz. The errors are noticeably lower than the inlet manifold pressure
errors. See table[7.2/for validation results.

7.4 Exhaust manifold temperature validation

The exhaust manifold temperature is measured with an encapsulated K-element,
to protect it from the harsh environment. The heating and cooling effects in
the encapsulation mean that the simulated temperature must be low pass fil-
tered to make it comparable to the measured temperature. Filtering is done
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Figure 7.1: An example plot of simulated and measured p;,,, Pem» Pes> Mtb
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Table 7.2: Exhaust manifold pressure validation.

Validation Abs. error (bar) | Rel. error (%)
mean | max [ mean [ max
City driving 0.039 | 0.30 2.7 15.1
Highway driving | 0.052 0.11 3.8 1.5
Mixed driving 0.039 | 0.21 2.8 12.4

with a first order Butterworth filter with a cutoff frequency of 0.035H z. No
validation is made here since the simulated signal must be filtered very hard

and since validation is made in [5]. See plot in figure
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Figure 7.3: A plot of filtered simulated 7,,, measured raw 7,,,, and simu-

lated T,,.

7.5 Exhaust system pressure validation

The exhaust system pressure is measured after the turbine. The errors are
reasonably low and mainly from static conditions. See table[7.3/for validation

results.
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Table 7.3: Exhaust system pressure validation.

Validation Abs. error (bar) | Rel. error (%)
mean | max [ mean [ max
City driving 0.036 | 0.10 5.5 9.1

Highway driving | 0.027 | 0.060 2.5 54
Mixed driving 0.039 | 0.085 3.6 7.9

7.6 Exhaust system temperature validation

As for the exhaust manifold temperature validation, the simulated exhaust
system temperature is low pass filtered. The filter used is the same as for
the exhaust manifold temperature. No validation is made, because of the hard

filtering, but the measured and filtered simulated 7. s seem to correspond. See
plot in figure[7.4,
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Figure 7.4: A plot of filtered simulated 7 s, measured raw T, and simulated
T.,.

7.7 Turbine speed validation

The turbine speed errors are seemingly large. As above, more acceleration,
i.e higher turbine speeds lead to larger errors. See table [7.4] for validation
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results.

Table 7.4: Turbine speed validation.

Validation Abs. error (rpm) | Rel. error (%)
mean | max mean | max
City driving 6558 17811 156 | 782

Highway driving | 4480 | 13200 122 | 45.6
Mixed driving 7488 19017 284 | 755

7.8 Statistical analysis

Histograms of the error and relative error of the inlet manifold are plotted
in figure [7.5/and [7.6. The data comes from 60 minutes of city, mixed and
highway driving. The distribution is not too far from symmetrical in relation
to zero.
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Figure 7.5: A histogram of the error of the inlet manifold pressure.
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Figure 7.6: A histogram of the relative error of the inlet manifold pressure.

7.9 Summary

There is a correlation between the p;,, absolute error and the pressure ratio
over the compressor, pp im_and the pressure ratio over the turbine, ez, High
pressure ratios mean hlgh turbine speeds, ny,. It seems like the turbine and
compressor flow and efficiency maps are less accurate for high turbine speeds
and high pressure ratios.The turbine flow and efficiency maps are defined for
turbine speeds up to 75000 rpm, and for higher speed extrapolation is made.
It is necessary to get maps that are defined over 75000 rpm in order to get
better results. It is also probable that the volumetric efficiency model affects
the inlet manifold errors. The inlet manifold mean errors are low, especially
for highway driving, where the mean error is 3.4 %. The exhaust manifold
pressure shows smaller errors, an explanation could be that the absolute pres-
sures are lower than for the inlet manifold pressure. The exhaust manifold
mean error during city driving is 2.7 %. The exhaust system pressure shows
fairly small errors and the errors are largest for static conditions. The turbine
speed shows larger errors than the other states. In general, for this relatively
simple model, the mean errors must be considered low. The errors are slightly
higher than in [4], but the models are different and the pressures varies over
a wider range in a heavy truck than in a car.




Chapter 8

Conclusions and future work

The conclusions made from the model and the simulation performance is dis-
cussed in this chapter. Future work that would extend and could improve the
model is also presented.

8.1 Conclusions

The conclusions made from the performance of the model and the simulation
is presented in this section.

8.1.1 Model performance

An attempt has been made to achieve an engine model that is less compli-
cated than earlier models and is possible to simulate with a fixed step size
solver. The model shows reasonable low errors. The inlet manifold pressure
mean error during highway driving is 3.4 % and the exhaust manifold pres-
sure mean error during city driving is 2.7 %. There is a correlation between
the p;,, absolute error and the pressure ratio over the compressor, z%’ and
the pressure ratio over the turbine, Zz);f' The largest source of error seems to
be the turbo charger’s flow and efficiency maps. It is clear that for high tur-
bine speeds, over 75000 rpm, the inlet and exhaust manifold pressure errors
are considerably larger than for turbine speeds under 75000 rpm. The turbine
flow and efficiency maps are defined for turbine speeds up to 75000 rpm, and
for higher speeds extrapolation is made. To get maps that are defined over
75000 rpm is necessary in order to get better results.

8.1.2 Simulation performance

The model can be simulated with a fixed step size of up to 8 ms without os-
cillations, which is reasonable. It is desirable to get a model that can be sim-
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ulated with a larger fixed step size. The accuracy of the exhaust temperature
model is good, but the exhaust temperature is obtained by solving a nonlin-
ear equation system at each time step which slows down the simulation. The
attempts to create static models in chapter 3 is a way to achieve small and
applicable models that can be simulated with a large fixed step size.

8.2 Future work

A lot of work can be done to improve and expand the model. This is a list of
the major ones.

Flow and efficiency maps The most important issue is getting better flow
and efficiency maps. It is crucial if better model performance is to be
achieved.

Automatic tuning Implementation of a script that tunes the model against
measured data.

Simulation performance Improve the simulation performance, i.e make the
model easier to calculate.

EGR, VGT, Turbo Compound Expanding the model with EGR, Exhaust
Gas Recirculation, VGT, Variable Geometry Turbo charger and Turbo
Compound.

Static models The static models could be useful if more work is done.
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Notation

Table 8.1: Symbols used in the report.

Symbol  Value Description Unit
~y cp/cy Ratio of heat capacities —
1) Var Amount of injected fuel kg/stroke
n Var Efficiency —
Mvol Var Volumetric efficiency -
Cp Con Specific heat capacity
at constant pressure J/(kg- K)
Cy Con Specific heat capacity
at constant volume J/(kg- K)
R ¢p — ¢y  Gas constant J/(kg- K)
M Var Torque Nm
n Var Rotational speed rpm
w Var Rotational speed %
N, 2 Revolutions per cycle —
Neyi 6 Number of cylinders —
P Var Pressure Pa
P Var Change of pressure Pa/s
quv Con Heating value J/kg
Qin Var Specific energy content of
the charge per unit mass J/kg
T Var Temperature K
Vv Var Volume m3
w Var Mass-flow kg/s
m Var Mass-flow kg/s
Ty Var Residual gas fraction —
Te Con Compression ratio —
J Con Moment of inertia Nms
Vi Con Displacement volume (1 cylinder) m3
Veyt Con Cylinder volume (1 cylinder) m3
Ees Con restriction constant kg?/(s*Pa)
Vpehicle  Var Vehicle speed km/h
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Notation

Table 8.2: Abbreviations used in this report.

Abbreviation  Explanation

Con Constant

Var Variable

EGR Exhaust Gas Recirculation
rpm Revolutions Per Minute

VGT Variable Geometry Turbine

IC Intercooler

S6 Scania’s engine control system
OBD On-Board Diagnostics

Table 8.3: Indices used in this report.
Index Explanation

i Before combustion
e After combustion
im Inlet manifold

em Exhaust manifold
es Exhaust system

tb Turbine

cmp  Compressor

eng Engine

meas  Measured

sim simulated

amb Ambient

in Into the component

out Out of the component
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