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Abstract

The emission legislations and the new On Board Diagnostics (OBD) legis-
lations are becoming more strict and making the demands on control and
fault detection higher. One way to control and diagnose the engine is to use a
control/diagnose strategy based on physical models and therefore better mod-
els are necessary. Also, to be competitive and meet the markets demand of
higher power, longer durability and better fuel economy, the models needs to
be improved continuously. In this thesis a mean value model of the intake
system that predicts the charge air temperature has been developed. Three
models of different complexity for the intercooler heat-exchanger have been
investigated and validated with various results. The suggested intercooler
heat-exchanger model is implemented in the mean value model of the intake
system and the whole model is validated on three different data sets. The
model predicts the intake manifold temperature with a maximum absolute
error of10.12K.

Keywords: mean value engine modelling, intercooler
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Chapter 1

Introduction

This master’s thesis was performed at Scania CV ABide3tlje. The thesis
describes an implementation of a temperature model for the intake system of
a Scania DC16 V8 engine. The implementation is based on measurements
made on board of an R-cab truck under different operating conditions.

1.1 Background

The emission legislations and the new On Board Diagnostics (OBD) legis-
lations are becoming more strict and making the demands on control and
fault detection higher. One way to control and diagnose the engine is to
use a control/diagnose strategy based on physical models and therefore bet-
ter models are necessary. To be competitive and meet the markets demand
of higher power, better durability, better fuel economy and robustness against
false alarms, it is important to have physical correct models, and these models
needs to be improved.

1.2 Problem Formulation

The intake air temperature is the quantity that is to be modeled for diagno-
sis in this thesis. A MATLAB-SIMULINK Mean Value Model (MVM) of

the intake system should be developed and validated. The test vehicle used
for developing and validation of the model is a Scania R-cab truck with a
DC16 V8 engine without Exhaust Gas Return (EGR) or Variable Geometry
Turbo (VGT). The test vehicle is equipped with external sensors needed for
the model development.



2 Introduction

1.3 Objectives

The objectives are to construct an accurate and physically based model of the
intake manifold temperature to be used for diagnosis of the boost temperature
sensor. The model should be validated on a dataset different from the tuning
data. The model objectives are:

e The model is to be developed in MatLab-Simulink

e The model should be based on physical relations as far as
possible

¢ Inputs to the model should be signals available in the control unit

1.4 Target Group

The target group of this thesis is mainly people working at Scania CV, un-
dergraduate and graduate science students. Knowledge in vehicular systems,
fluid mechanics and thermodynamics increase the understanding.



Chapter 2

The Intake System

In this chapter the function of the intake system and its components will be
described. The purpose is to give unfamiliar readers of this thesis a better
understanding of the intake system and its components.

2.1 Components

The intake system includes the following components: Air-filter, compressor,
intercooler and intake-manifold. Each of the components more or less con-
tribute to effects such as: temperature changes, pressure changes and changes
in flow. An illustrative sketch of the main components of the engine is shown

In figure 2.1, where the intake system components are the non greyed. The
sketch gives a picture of how the components interacts with each other. The
components that have the greatest effect on the intake manifold temperature
are the compressor, intercooler and the intake manifold.

Engine

Exhaust
Manifold

Intake

Manifold Turbine Exhaust brak Muffler  ——»

Turbine
Shaft _/,4

Intercooler Compressof Air Filter | ——

Figure 2.1: The main components of the conventional diesel engine.
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2.1.1 Air Filter

A turbocharged engine consumes substantially more air than a normal con-
ventional engine, therefore it is important to minimize intake restrictions. To
ensure a smooth delivery of air to the compressor, the intake system includes
a high-flow air filter with low-restriction tubing to deliver air from the atmo-
sphere to the compressor. In order to keep the charge air temperatures after
the compressor at a level as low as possible, it is also important that the air
intake is placed in a position where the air has not yet been heated by the en-
gine. On the test vehicle, the air-filter is mounted in front of the engine, right
behind the air intake and prevents patrticles to pass and enter the compressor
and other sensitive parts of the engine.

2.1.2 Compressor

The turbocharger used in the test vehicle is manufactured by Garret and is
placed behind the engine centered between the two rows of cylinders. The
compressor increases the density of the air, i.e. oxygen atoms which increases
the power output and efficiency of the engine. A drawback is that it also
increases the temperature of the air.

2.1.3 Intercooler

The purpose of having an intercooler after the compressor is to cool the very
high temperature of the compressed air to ambient temperature and further
increase the air density. Ideally, the temperature out of the intercooler is the
same as the ambient temperature, but this is not the case in reality. The tem-
perature out of the intercooler is a complex function of vehicle speed, fan
speed, air mass-flows and the temperature in to the intercooler. Since this
component directly affects the intake manifold temperature, three different
models of predicting the temperature out of the intercooler have been inves-
tigated within this thesis. Scania uses an air cooled cross-flow intercooler
with both fluids unmixed. It is placed at the front of the truck in a sandwich
configuration with both the radiator and the air conditioning condenser.

2.1.4 Intake Manifold

The intake manifold is connected to the intercooler and is the last part of the
intake system which feeds the cylinders with cold, high density fresh air. The
intake manifold is made of aluminum and some heat transfer occur from the
wall of the intake manifold to the intake air.



Chapter 3

Modelling

This chapter describes the model structure and how the modelling of the in-
take system has been implemented.

To be able to model the intake manifold temperature, the temperature after
each component of the intake system needs to be modeled, since the only
available temperature signal from the engine control unit is "ambient temper-
ature”. This means that a temperature model for each component of the intake
system needs to be developed.

3.1 Model Structure

The model that has been developed and implemented in MatLab-Simulink is
a component based mean-value model including sub-models for each compo-
nent of the intake system. A mean value model describes the average behavior
of the system, which means that no variations within one cycle are covered
by the model. This implies that the model is only valid for time intervals
far greater than one cycle [4]. The dynamic behavior has been implemented
with two control volumes from a toolbox called MVEM-LIBRARY, see [5].
From the MVEM-LIBRARY, one incompressible restriction have also been
implemented to model the restriction introducing a pressure drop over the
intercooler. The the control volumes contain filling and emptying dynamics
while the incompressible restriction determines a mass-flow with a tempera-
ture.

Assumptions have been made that the air-filter does not contribute to any ef-
fects on the either the temperature, pressure or the flow. This assumption have
been verified by measurements with a good accuracy for the specific test ve-
hicle. Figure 3.1 shows how the different components are connected to each
other and where the model dynamics exists.
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3.1. Model Structure 7

3.1.1 MVEM restriction block

The incompressible restriction block from the MVEM-LIBRARY uses the
downstream and upstream pressures as inputs and the mass-flow through the
restriction as the output. The pressure loss over the restriction are described
using only one parametéf,..;, the restriction coefficient, see [9]. The fol-
lowing equations describes the MVEM restriction block.

Ty s W2

Apres = Pus — Pds = Hresires (31)
Pus

whereAp,..s is the pressure loss over the restriction apdandp,, are the
upstream and downstream pressure, respectively.

SolvingW,.., from Eq. 3.1 gives:

Apres
HresTus
Since the derivative of Eq. 3.2 with respectAp,., approaches infinity as
Ap,.s approaches zero, the function is for< Ap,..s < py, linearized in
the MVEM block to the following equation.

Wres - Pus (32)

Pus Apds
Wies = 3.3
HresTds \/Plin ( )

For causality, the simplification that flows only runs in forward direction in
the model has been mad#,.., is set to0 for Ap,.., < 0.

3.1.2 MVEM control volume

The control volume from the MVEM-LIBRARY is a two state control volume
with states for pressugeand temperatur@'. The control volume has a fixed
volume V' and the change of mass within the control volume is determined
by the air mass-flows in and out of the control volume.

dm
Within the control volume the energy is conserved and stored. But energy
can be transferred to or from the control volume through the air mass-flows
in and out or by heat transfép. The first law of energy conservation gives
the rate of change in internal eneré‘ft, see [9].

dU . . )
Y, = Hin - Hou 35
i  +Q (3.5)
where,H,,, and H,,, are the enthalpy flows in and out from the control vol-
ume. .

Hi = inCpTin (36)
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Hout = WoutcpTout (37)

Due to difficulties in measuring quantities like energy and mass it is desirable
to express the states for temperature and pressure as differential equations. To
be able to do that, the following assumptions are made.

e the gas inside the control volume is ideal
e ¢, andc, are constant (i.eR = ¢, — ¢,)
° Tout =T

With these assumptions the pressure can be determined by the ideal gas law

pV =mRT (3.8)
and the temperature can be determined from the internal energy.
U =mu(T) =mec,T (3.9
By differentiating the ideal gas law Eq. 3.8
dp dm dT

and soIving% gives the following expression of the state for pressure in
terms of the state for temperature.

dp _ BT dm _ mPdT

iV a TV @ (3.11)
By using Eqg. 3.4 and 3.8, Eq 3.11 can be rewritten as
dp RT pdT
E - ?(Wzn - Wout) + T% (312)

which is the state for pressure in terms of the state for temperature and other
measurable quantities.

By differentiating Eq. 3.9

du  dm dT
% = ECUT“y‘mCUE (313)
and using Eq. 3.4, 3.5, 3.6 and 3.7, this expression can be rewritten as.
. dTr
Wincpﬂn - WouthTout + Q = Winch - Woutch + WLC”E (314)

Solving % and substituting, = R + ¢, Eq. 3.14 becomes

dT 1 1

= Wzn v T‘zn =T R WznTz - Wou Tou

ar mcv( co ))+mcv( ( tTout))+
1

(Woutcv (T - Tout) + Q) (315)

mcy
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ForT,,. = T, Eq. 3.15 can be rewritten as

ar 1 )
T = e (Wineo(Ton = T) 4 BOWiuTio = WoulT) + Q) (316)

To summarize, the states for temperature and pressure in terms of differential
equations are,

dT 1 :

W e (Wmcv (Tin — T) + RWinTir, — WouwsT) + Q) (3.17)
dp RT p dT
% = 7(WZH - Wout) + T dt (318)

The states, parameters, constants, inputs and outputs to the MVEM control
volume are described in Table 3.1.

Table 3.1: MVEM control volume, signals and descriptions

Name Type Description

D State Pressure

T State Temperature

1% Parameter Volume

R Constant Gas constant

Cy Constant  Specific heat at constant volume
Tus Input Temperature in

Ws Input Mass-flow in

Was Input Mass-flow out

Q Input Heat transfer

% Output Rate of temperature change
d—f Output Rate of pressure change

3.2 Compressor Model

The modelling of the compressor is based on static maps describing the effi-
ciency and mass flow out of the compressor. Inputs to the maps are pressure
ratio over the compressor and turbine speed.

Wcomp = fWComp <p;0mp 9 nturb) (319)

Neomp = Fneomp (p;)mp ) nturb) (3.20)
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The compressor maps are made by the manufacturer of the turbocharger and
are sufficiently accurate to be used for modelling the temperature increase of
the air passing through the compressor. If the inputs to the compressor maps
at some point exceeds the coverage of the maps, the end values of the maps
are used.
The compressor outlet temperature is modeled as Eq. 3.21, described in [8]
and have been used in [1].

Ya—1

Ya  —]

Tcomp = Taf 1+ 7:707”‘1) (321)
comp

Where[],,,,, is the pressure ratio over the compresserthe ratio of the
specific heats,, andc,. The constant,inputs and output signals for the com-
pressor outlet temperature model are described in Table 3.2.

Table 3.2: Compressor outlet temperature model, signals and descriptions

Name Type Description

Ya Constant Ratio of specific heé%

Neomp Input, map output  Compressor efficiency

[leomp Input Pressure ratig;2»

Ntwrb Input Turbine speed

Weomp  Map output Air mass-flow after compressor
Teomp  Output Temperature after compressor

A control volume from the MVEM-LIBRARY is placed between the com-
pressor and intercooler representing the volume of the pipe connecting the
compressor with the intercooler. This control volume puts dynamics into the
system, with states for pressure and temperature. An assumption have been
made that there is no heat transfer to the volume and theréfdseset to

Zero.

3.3 Intercooler Model

The Intercooler is a cross-flow intercooler with both of the fluids unmixed.
It it modeled as an incompressible restriction and a heat exchanger. The in-
tercooler also have a volume, but this volume is modeled together with the
volume of the intake manifold.

3.3.1 Intercooler restriction model

The intercooler restriction model are as described earlier modeled as an in-
compressible restriction from MVEM-LIBRARY. The pressure after the com-
pressor and the pressure after the intercooler are inputs to the restriction
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model and the mass-flow through the intercooler is the output. Equations
for the intercooler restriction model follows:

TeompW?
Apic = Pcomp — Pic = icw (322)
Pcomp

Apic
Wie = \| Peomp 7 3.23
P b HicTcomp ( )

The function is linearized fab < Ap;. < pyin, to:

Pcomp Apic
Wi, = | Leomp 3.24
HicTcomp v/ Plin ( )

For causality}V;. is set to0 for Ap;. < 0. H;. is determined by the method

of least squares on measured datagndis set tol00 Pa. The parameters,
input and output signals for the intercooler restriction model are described in
Table 3.3.

Table 3.3: Intercooler restriction model, signals and descriptions

Name Type Description

H; Parameter Restriction coefficient

Plin Parameter Linearization pressure
Teomp Input Temperature after compressor
Peomp  INput Pressure after compressor

T; Input Temperature after intercooler
Pic Input Pressure after intercooler

W; Output Air mass-flow after intercooler

3.3.2 Intercooler heat exchanger model

The main problem of modelling of the intake system is to model the inter-
cooler heat exchanger. Three different models of the heat exchanger have
been investigated.

e NTU model
e Linear Regression model
e Use of map data from manufacturer

Both the NTU model and the linear regression model use the standard heat
exchanger expression for the efficiency of the intercooler described in [9].

Tcomp - Tz

- 3.25
Tcomp - Tcool ( )

Nic =
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Rearranging this expression gives the intercooler outlet temperature in terms
of intercooler efficiency and temperature.

Ec = Lcomp + nic(Tcomp - Tcool) (326)

The difference between the NTU model and the linear regression model is the
way of modelling the intercooler efficienay..

The intercooler heat exchanger acts as a first order low-pass filter with a time
constantr of 15s. This means that when the operation conditions for the
intercooler are changed with a step, the response have reét¥ieaf its end
value afterl5s. This have been verified by measurements and a low-pass
filter have been implemented after the control volume to model this behavior.
For modelling purposes a start value for the intercooler outlet temperature
have been set 203 K.

NTU Model

The NTU model is a model that utilizes the NTU method based on the effec-
tiveness of the heat exchanger in transferring a given amount of heat and are
thoroughly described in [7]. The NTU model of a cross-flow heat exchanger
with both fluids unmixed consists of the following equations described in [9].

n - comp + nic(Tcomp - Tcool) (327)
—CNOT8
Nie=1—e¢ on—o22 (3.28)
A K
N — U _ W;O.Zui—o.5 (3_29)

Cp,airWic Cp,air

T T 0.7617
u; =2.3937-107 (W} (3.30)
Wic
C = e (3.31)

The variableN is called the number of transfer units (NTU). The parameter
K is determined from a least square fit to measured data and should be a con-
stant. The data used for determiniAgis a mapped set of measured data at
static conditions. Since the data is measured onboard of a truck it was hard to
find static conditions and the constdiitdid not remain constantk” varied
betweerD.007 and0.020 and a mean value ©012 was used.

The parameter, inputs and output signals for the NTU heat exchanger model
are described in Table 3.4.
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Table 3.4: NTU model, signals and descriptions

Name  Type Description

K Parameter -

Teomp Input Temperature after compressor

Teool Input Temperature of cooling air

W; Input Air Mass-flow after intercooler

Weoor  Input Cooling Air Mass-flow through the intercooler
Tic Output Temperature after intercooler

Linear Regression Model

In the linear regression model the regressors are inspired by the NTU model.
It has been shown in [9] that this model performs well for modelling the

intercooler heat exchanger, and therefore this modelling approach has been
investigated.

The following equations are used for modelling the intercooler outlet tem-
perature with the linear regression model.

n = dcomp + nic(Tcomp - Tcool) (332)
Tcom +Tcoo Wic

Nie = ao + ay (”fl) + axWie + as (3.33)
cool

The parametersy-a3 is determined by a least square fit to a mapped set of
measured data in static conditions. Like the NTU model, problems occur

when applying the least square fit to on board measured data where the data
is not from completely static conditions.

The parameters, inputs and output signals for the Linear regression heat ex-
changer model are described in Table 3.5.

Table 3.5: Lin.Reg model, signals and descriptions

Name  Type Description

ap-a3  Parameters -

Teomp Input Temperature after compressor

Teool Input Temperature of cooling air

Wie Input Air Mass-flow after intercooler

Weoot  Input Cooling Air Mass-flow through the intercooler

Tic Output Temperature after intercooler
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Map Data Model

The map data model is based on mapped data from the manufacturer of the
intercooler. This map originally consists of a 4 by 4 matrix presenting re-
moved energy from the fluid with respect to the mass-flow of the fluid and the
mass-flow of the cooling air at constant entrance temperatures. This map has
been modified and extrapolated since the original map doesn’t cover all oper-
ating air mass-flows. The modification is that instead of removed energy the
map contains removed energy &', whereAT is the difference between
entrance temperaturés,,,,, and1...;. The extrapolation of the original map
have been done using a MATLAB script developed by an engineer at Scania.
The script utilizes the NTU method and optimizes the parameters within this
method to fit the original map. After the parameters have been determined,
the script extrapolates this map to cover the desired operating air mass-flows.
Equations for modelling the intercooler outlet temperature with the mapped
data model are:

Q[W/K] = fmap,ic(Wim Wcool) = Wiccp,air(Tcomp - T‘z )(Tcomp - Tcool)
(3.34)

fmap,ic(Wicv Wcool)(Tcomp - Tcool)
Wiccp,air

(3.35)

Tic = Lcomp —

The inputs and output signals for the Map Data heat exchanger model are
described in Table 3.6.

Table 3.6: Map Data model, signals and descriptions
Name  Type Description
Teomp Input Temperature after compressor

Teool Input Temperature of cooling air

Wi Input Air Mass-flow after intercooler

Weoot  Input Cooling Air Mass-flow through the intercooler
T; Output  Temperature after intercooler

3.4 Cooling air mass-flow model

Since all described heat exchanger models rely on the cooling air mass-flow
to predict a correct outlet temperature from the intercooler, a model of the
cooling air mass-flow becomes crucial. Signals from the control unit that can
be used as input to the cooling air mass-flow model are the velocity of the
truck and the speed of the cooling fan. Four different static and linear mod-
elling approaches of the cooling air velocity have been investigated.
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Cooling air velocity model 1:

Vair,cool = A0 + ap Nfan + a2Vtruck (336)

Cooling air velocity model 2:

Utruck
Vair,cool = G0 + 1N fan + a2Vtruck + a3i (337)
fan
Cooling air velocity model 3:
Vair,cool = A1M fan + a2Vtryck (338)
Cooling air velocity model 4:
Vtruck
Vair,cool = A1M fan + a2Vtruck + a3£ (339)
Nfan

The parameters, - a3 has been determined using the method of least squares
on a mapped data set in static conditions. Since the 1‘-%@5? will approach
infinity whenn;,,, approaches zera,,, is set to 100-pm for fan speeds
lower than 100-pm. In practice, the fan speed will not be lower than 150

rpm. Together with the intercooler surface area the cooling air mass-flow
becomes:

Wcool = Vair,cool * Aic * Pair (340)

The parameters,inputs and output signals for the cooling air mass-flow model
are described in table 3.7.

Table 3.7: Cooling air mass-flow model, signals and descriptions

Name  Type Description

ap-az  Parameters -

Aje Parameter  Intercooler surface area

Pair Parameter  Air density

Vgruck  INpUt Truck speed

Nfan Input Fan speed

Weoor  Output Cooling air mass-flow through intercooler

3.5 Intake Manifold

The intake manifold is modeled with a second control volume from the
MVEM-LIBRARY. This control volume is representing the combined vol-
ume for the intercooler and the intake manifold, introducing states for pres-
sure and temperature. The paraméfen this control volume is the physical
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correct volume of the intercooler and intake manifold together. Assumptions
have been made that there is no heat transfer from the intake manifold walls
to the gas inside this volume and theref¢}és set to zero here as well. The
upstream air mass-flow input to this model is the air mass-flow out from the
intercoolerV,., downstream air mass-flow is the engine cylinder air mass-
flow We,,4.:» and the upstream temperature is the intercooler outlet tempera-
tureT;...

The engine cylinder air mass-flow depends on the engine speed, intake mani-
fold pressure, intake manifold temperature and the volumetric efficigngy

of the enginen,; is the efficiency of the engine to induct air and is defined
as the ratio between the actual volume of inducted air divided by the theoret-
ical volume of inducted air into the engine [4]. The modelling is based on a
map describing the volumetric efficiency of the engine. Inputs to the map are
engine speed and the intake manifold temperature.

Nvol = f’rzvoz (neng; T’zm) (341)

The following equations have been used for modelling of the air mass flow
into the engine

Wim = Weng,in (342)
VdnengpimNcyl

ng,in — E— 3.43

We o ool 60NrRzm711m ( )

and are also described in [4].

The parameters, inputs and output signals for the intake manifold model are
described in Table 3.8.

Table 3.8: Intake manifold model, signals and descriptions

Name Type Description

N, Parameter Number of revolutions
Neyi Parameter Number of cylinders

Vi Parameter Displacement volume

Rim Constant Gas constant

Neng Input Engine speed

T; Input Intake manifold temperature
P Input Intake manifold pressure
Mol Input, map output  Volumetric efficiency

Weng,in  Output Engine cylinder air mass-flow




Chapter 4

Measurement Setup

Measurements have been carried out to get data both to tune and validate the
models. The measurements have been done on board on the test vehicle under
different on road operating conditions. One of the objectives of this thesis is

to build a model with available input signals from the control unit. As there
are few sensor available, some external sensors had to be installed in purpose
to be modeled and/or to verify the model with. Both signals from the control
unit and signals from the external sensors were sampled and recorded with
the measuring system Vision from ATI. All measured signals are presented in
table 4.1 and the measurement setup can be seen in Figure 4.1.

4.1 External Sensors

The following types of external sensors have been mounted: pressure sensors,
temperature sensors, inductive angular velocity sensors and sensors for the
air-velocity of the cooling air passing through the intercooler.

4.1.1 Pressure Sensors

The pressure sensors used for the external pressure signals are manufactured
by Kistler. They are able to measure frequencies up to 30 kHz and can handle
temperatures up to 140C. Two different models of the Kistler pressure
sensor have been used, one with the range 0-5 bar (0-5 V) and one with the
range 0-10 bar (0-5 V).

4.1.2 Temperature Sensors

The temperature sensors that have been used for the external temperature sig-
nals are0.5mm thermocouples of type K. They can handle a temperature
range of 253 td 423 K with a accuracy of .3K up to415K and+0.3% over

17
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Table 4.1: Measured Signals

Pressure Description Sensor

Tomp Ambient temp [K] From control unit
Thoost Boost temp [K] From control unit
Tui Temp at air-intake [K] Thermocouple
Tar Temp after air-filter [K] Thermocouple
Teomp Temp after compressor [K] Thermocouple
T; Temp after intercooler [K] Thermocouple
Totboost Temp at prod. sensor f@h,..s: [K]  Thermocouple
Teooly o Temp of the cooling air [K] Thermocouples
Pamb Ambient pressure [bar] From control unit
Phoost Boost pressure [bar] From control unit
Pai Pressure at air-intake [bar] Kistler

Daf Pressure after air-filter [bar] Kistler

Pcomp Pressure after compressor [bar] Kistler

Dic Pressure after intercooler [bar] Kistler

Neng Engine speed [rpm] From control unit
Nturb Turbine speed [rpm] Inductive sensor
Nfan Speed of the cooling fan [rpm] Inductive sensor
Vair,cool,_o  COOliNg air velocity [m/s] Kurtz

415K [3]. The thermocouples were mounted without encapsulation and with
the tips at the best available spots. The time consta@tefim thermocou-
ples are according to [2].4s and have been verified by measurements.

4.1.3 Angular Velocity Sensors

Two angular velocity sensors have been used to measure the angular velocity
of the turbine/compressor and the cooling fan. The sensor for measuring the
turbine angular velocity is a induction revolution sensor from Micro Epsilon,
custom built for a Garret turbo-charger. When the turbine shaft rotates, the
sensor induces pulses through a coaxial cable connected to a converter in-
cluded by the manufacturer of the sensor. The converter generates a voltage
representing the compressor angular velocitypm. The sensor used for

the measurement of the cooling fan angular velocity was also an inductive
sensor, installed close to the wings of the cooling fan. On one of the wings a
metal plate were mounted so that the inductive sensor detects and generates
one pulse through a coaxial cable for each revolution of the fan. The coaxial
cable were then connected to an external frequency/\Voltage converter and the
voltage representing the cooling fan speed were measured.

The voltage signal from the compressor revolution sensor was good, but the
voltage signal from the cooling fan converter was not. The reason to that
were occasional sensor detection failures and this was taken care of by low-
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Figure 4.1: The measurement setup.

pass filtering the measured voltage.

4.1.4 Cooling Air-Velocity Sensors

The sensors for measuring the air velocity through the intercooler were mounted
on a custom designed construction in front of the intercooler. The sensors are
manufactured by Kurtz and have previously been used in a master thesis [6].
The sensors are calibrated for air velocitie$)ef 15m/s, corresponding an
output of 0 — 5V. To achieve the actual air-velocity, the measured voltages
has to be compensated for the present air density as equation 4.1 shows.

pa’ir cal
Vair,actual = Vair,meas (41)
Pair,actual

where,pqir.cq1 1S the air density present at the time for the sensor calibration.
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A mean value of the sensor signals were taken as the correct velocity of the
cooling air. With knowing the cooling air velocity, temperature, pressure,
density and the surface area of the intercooler, one can determine the cooling
air mass-flow.



Chapter 5

Validation

In this chapter, the validation method is described and results from both the
validation of each component and the validation of the total mean value model
of the intake system are presented. All models are validated using measured
data from different operating conditions. Plots and calculated errors are pre-
sented in terms of the mean relative error and the maximal relative error.
Possible sources to the errors are also discussed in this chapter.

Types of considered errors:

. 1K 2(t) — x(t;
mean relative error = — [2t:) — =)l (5.1)
n e et
1 n
mean absolute error= — t(t;) — x(t; 5.2
n;m ) —at) (62
. . ti) —x(t;
maximum relative error = max M (5.3)
1<i<n |z (t;)]
maximum absolute error= max |2(t;) — x(t;)] (5.4)

wheren is the number of samples;(¢;) and z(¢;) are measured data and
modeled data, respectively.

Each model is validated on three different data sets. The data sets are onboard
measured dynamic data under different driving conditions.

Data sets used for validation:

Mixed driving 1
Mixed driving 2
Heavy driving

Fan speed test

21
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Except for the "fan speed test” validation data set, all data sets for the valida-
tion are separated from the data sets used for determining parameters in the
models for each component. Four static points of data from the "fan speed
test” validation data set are used in the mapped data set for determining the
parameters in the cooling air flow model. The two mixed driving data sets are
measured in areas arounddgrélje under normal driving conditions with
various speeds on the truck and cooling fan. The weather condition was per-
fect at the time with no wind in any direction. The third heavy driving data
set was measured under heavy on road conditions uphill close todyamgk

The weather condition was not as perfect with shifting wind. The fourth data
set "fan speed test” was meant for determining the parameters in the cooling
air mass-flow models, but have also been used for validation. The "fan speed
data set was a measured when the truck where standing still but at different
speeds of the cooling fan.

5.1 Component Validation

in this section, the models of each component are validated separately with
measured input signals. The different models of the intercooler heat ex-
changer and the cooling air mass-flow are validated and evaluated to deter-
mine which models are to be used in the total mean value model of the intake
system.

5.1.1 Compressor outlet temperature model

The model of the compressor outlet temperature have been validated on the
following three validation data sets: mixed driving 1, mixed driving 2 and
heavy driving. Since the compressor compress the air very fast, the compres-
sor outlet temperature from the model increases faster than the thermoele-
ment measuring this quantity. This is due to the time constant of the ther-
moelement earlier described in 4.1.2 causing big errors between measured
and modeled data in transients. Therefore, the model has been implemented
with two outputs for the compressor outlet temperature, one with sensor dy-
namics included and one without sensor dynamics. In Table 5.1 the errors for
both outputs are presented.

It can be seen that the output with sensor dynamics included represents the
measured signal much better than the other output. Validation plots of the
compressor outlet temperature model with sensor dynamics included can be
seen in Figure 5.1. Validation plots of the compressor outlet temperature
without sensor dynamics can be seen in Appendix. What one can see in Fig-
ure 5.1 is that the error is much more noticeable for low boost pressures. A
reason to this might be conductive heat transfer from the hot turbine part of
turbocharger to the compressor housing and convection heat transfer from the
compressor housing to the air passing through the compressor. This phenom-



5.1. Component Validation 23

Table 5.1: Compressor outlet temperature validation
Compressor outlef No sensor dynamic$ Sensor dynamic$

Rel. error (%) mean max mean| max
Mixed driving 1 3.38 11.60 2.74 7.07
Mixed driving 2 2.59 11.31 2.19 6.76
Heavy driving 3.02 15.04 2.32 7.93

Abs. error (K) mean max mean max
Mixed driving 1 11.21 42.05 8.97 23.15
Mixed driving 2 8.51 40.14 7.11 | 21.75
Heavy driving 10.96 59.93 8.36 | 27.00

ena has been described in [8]. Further, the heat transfer theory is supported
by looking at the convection heat transfer equation 5.5.

q = Wcompcp(Tcomp,out - Tcomp,in) = hA(Tcomp,housing,avg - Tcomp,avg)

(5.5)
whereq is the energy per unit time transferred to the air passing through the
compressofiV..m, is the air mass-flow through the compresgog,,.p out is
the compressor outlet temperatufg,,,, i, iS the compressor inlet tempera-
ture, Teomp. housing,avg 1S the compressor housing temperatrg,,p,qvg IS
the average air temperature inside the compressds,the area of the flow
channel in contact with the air artdis the heat transfer coefficient.

At low compressiong remains almost constant, the fld#.,,,, decreases
andZ comp,in, remains constantzo,,, s MUst increase.

According to [8], another explantation to this phenomena might be the fact
that the compressor efficiency and flow maps are not that accurate at these op-
erating conditions with low angular velocity on the compressor shaft and low
pressure ratio over the compressor. A more thoroughly research in this matter
has not been done. The validation results can for worst case scenario be sum-
marized with a maximum relative error 8993% corresponding t@7K and

a mean relative error &.73% corresponding t8.97K . These results are not
perfect, but they are good enough for this application since the efficiency of
the intercooler is very high.
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Figure 5.1: Plots of the compressor outlet temperature at the different driv-
ing conditions with sensor dynamics included, where 5.1(a) represents mixed
driving 1, 5.1(b) represents mixed driving 2 and 5.1(c) represents heavy driv-

ing
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5.1.2 Intercooler heat exchanger model

The three different models of the intercooler heat-exchanger have been val-
idated on three different data sets. The validation data sets used are: mixed
driving 1, mixed driving 2, heavy driving and the errors for the different heat
exchanger models are presented in Table 5.2.

Table 5.2: Intercooler Model Validation
| Intercooler outlet| NTU | Lin.Reg. | MapData |
Rel. error (%) mean| max | mean| max | mean| max
Mixed drivingl | 0.23 | 1.46 | 0.34 | 2.15 | 051 | 4.79
Mixed driving2 | 0.33 | 1.88 | 0.18 | 1.55 | 0.44 | 4.69
Heavy driving 065 | 526 | 056 | 3.94 | 0.71 | 2.69

Abs. error (K) mean| max | mean| max | mean| max
Mixed driving1l | 0.66 | 4.26 | 0.96 | 6.12 | 1.46 | 13.66
Mixed driving2 | 0.94 | 535 | 0.52 | 4.33 | 1.25 | 13.55
Heavy driving 1.85 | 16.11| 1.59 | 12.01| 2.04 | 8.20

In Table 5.2 one can see that for mixed driving conditions, the NTU model
and the linear regression model performs well, while the mapped data model
is not as good. For heavy driving conditions the mapped data model has a
smaller maximum error than the other two models, but the mean error is still
better for the NTU and linear regression model. Overall, the linear regression
model performs slightly better than the NTU model and a lot better than the
map data model and therefore will be used in the MVM model of the intake
system. Figure 5.2 illustrate validation plots of the modeled and measured
data for the suggested linear regression model in the different driving condi-
tions. Validation plots of the NTU model and the map data model can be seen
in Appendix. In these validation plots the settling time of the modeled signal
introduced by the low-pass filter described in 3.3.2 can be seen. The error
calculation is performed after this settling time, betweenslé@d 1400.

What one can see in Figure 5.2 is that for heavy driving, when the com-
pressor outlet temperature is constantly high for a long time, the intercooler
efficiency seems to be lower than any of the heat exchanger models predicts.
An explanation might be that for a constant high intercooler inlet tempera-
ture, the tubes inside the intercooler are heated from the inside by the warm
air from the compressor and that the cooling air can not cool it of in the same
rate as it gets heated. The result of this phenomena would be that the temper-
ature of the tubes are a lot higher than the ideal air temperature.

Another explanation to the lowered intercooler efficiency is the so called
"recirculation phenomena”, which means that the cooling air that has been
heated up when passing through the intercooler recirculates and passes through
the intercooler again but with a higher temperature than the ambient tempera-
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ture. The validation results for the linear regression model can be summarized
for worst case scenario with a maximum relative erro8.6f% correspond-
ing to 12.01 K and a mean relative error 6f56% corresponding td.59K.
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Figure 5.2: Plots of the suggested linear regression model for the intercooler
heat exchanger at the different driving conditions, where 5.2(a) represents
mixed driving 1, 5.2(b) represents mixed driving 2 and 5.2(c) represents
heavy driving. The settling time of the modeled signal is introduced by the

first order low-pass filter of the intercooler outlet temperature
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5.1.3 Cooling Air Mass-Flow Model

The four different models of the cooling air velocity have been validated on
the following three validation data sets: fan-speed test, mixed driving 2 and
heavy driving. The results are presented in Tables 5.3 and 5.4, where the
cooling air velocity model$ and4 corresponds to the cooling air velocity
modelsl and2 but without parameteti;. What on can see in these Tables

by looking at the absolute error is that all models perform quite similar. The
suggested model for the MVM model of the intake system is the cooling
air velocity model 2, with parameter, included. Validation plots of the
suggested model can be seen in Figure 5.3, while the validation plots of the
other cooling air velocity models can be seen in Appendix. What one can
see in Figure 5.3 is that the suggested model performs great for the fan-speed
test and mixed driving 2 validation data sets, while it for the heavy driving
validation data set is far from good. A reasonable explanation to the big error
for the heavy driving validation data set is that the weather condition at the
time was not the best and the air velocity sensors was most likely disturbed
by the shifting wind. A more thoroughly research of what reason causing this
error would be preferable. The large relative maximum errors occur at low air
velocities were small absolute errors corresponds to large relative errors and
should be neglected.
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Table 5.3: Cooling Air Mass-Flow Model Validation

| Modeltype | Modell | Model2 |
Rel. error (%) | mean| max | mean| max
Fan Speed Test| 6.331| 43.74 | 2.18 | 28.81
Mixed driving 2 | 15.71 | 106.08| 8.04 | 35.29
Heavy driving | 30.88| 162.3 | 28.98 | 94.57
Abs. error (m/s)] mean| max | mean| max
Fan Speed Test| 0.37 | 1.06 | 0.13 | 0.76
Mixed driving2 | 0.54 | 156 | 0.32 | 1.40
Heavy driving 226 | 7.73 | 2.27 | 7.49

Table 5.4: Cooling Air Mass-Flow Model Validation

| Modeltype | Model3 | Model 4 |
Rel. error (%) | mean| max | mean| max
Fan Speed Test| 6.52 | 47.86 | 6.47 | 51.07
Mixed driving 2 | 16.02 | 119.01| 10.84 | 125.57
Heavy driving | 30.74 | 186.37 | 31.21 | 249.05
Abs. error (m/s)] mean| max | mean| max
Fan Speed Test| 0.34 | 1.15 | 0.29 | 1.24
Mixed driving2 | 0.55 | 155 | 0.35 | 1.34
Heavy driving 223 | 7.70 | 230 | 7.46
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Figure 5.3: Plots of the suggested cooling air velocity model 2 at the different
driving conditions, where 5.3(a) represents fan speed test, 5.3(b) represents
mixed driving 2 and 5.3(c) represents heavy driving
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5.2 Total Mean Value Model Validation

In this section, the total mean value model of the intake system seen in Figure
3.1 is validated on the same following validation data sets: mixed driving
1, mixed driving 2 and heavy driving. Inputs to the mean value model of
the intake system are: ambient temperature, ambient pressure, truck velocity,
speed of the cooling fan, turbine speed and engine speed. Validated quantities
are the states of temperature and pressure of the mean value model of the
intake system. Next follows the validation results for validated quantities.

5.2.1 Compressor

Both, the modeled temperature with sensor dynamics included and the pres-
sure after the compressor have been validated. In Table 5.5 the errors for
the compressor outlet temperature and pressure after the compressor are pre-
sented. Validation plots of the compressor outlet temperature and the pressure
after the compressor can be seen Figure 5.4 and 5.5 respectively.

By comparing the errors of the modeled compressor outlet temperature from
the total mean value model validation of the intake system with the modeled
compressor outlet temperature for the component validation, one can see that
the error is slightly bigger for the total mean value model. The reason to
this is that for the component validation, measured values of the pressure
after the compressor where used and for the total mean value model, modeled
pressures after the compressor where used.

The errors of the modeled pressure after the compressor is very small, with a
worst mean relative error 0£67% for the mixed driving 2 validation data set

and a worst maximum relative error@D7% for the heavy driving validation

data set. These errors corresponds$.5d k Pa and11.27k Pa respectively.

Table 5.5: MVM Compressor Validation

| MVEM Compressor| ~ Temperature | Pressure |
Relative error mean(%)| max(%) | mean(%) | max(%)
Mixed driving 1 3.04 7.46 0.51 4.19
Mixed driving 2 3.34 8.00 0.67 451
Heavy driving 2.69 8.51 0.60 6.97
Absolute error mean(K) | max(K) | mean(kpa)| max(kpa)
Mixed driving 1 9.83 25.58 0.87 9.67
Mixed driving 2 10.66 24.71 1.11 11.40
Heavy driving 9.80 29.26 1.44 11.27
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Figure 5.4: Plots of the compressor outlet temperature with sensor dynamics
included at the different driving conditions, where 5.4(a) represents mixed
driving 1, 5.4(b) represents mixed driving 2 and 5.4(c) represents heavy driv-

ing



5.2. Total Mean Value Model Validation 33

x 10

4 :
—— Measured data
--- Modeled data
< 3r J
a
Q.
£
o
a° 2+ il
fOO 200 time (s) 400 500
(@
5
4x 10 ‘
—— Measured data
--- Modeled data
< 3r b
S
o
£
o
a° 2 il
{00 200 time (s) 400 500
(b)
5
4x 10 ‘
—— Measured data

--- Modeled data

400 500

%00 260 time (s)
(©)

Figure 5.5: Plots of the pressure after the compressor at the different driving
conditions, where 5.5(a) represents mixed driving 1, 5.5(b) represents mixed

driving 2 and 5.5(c) represents heavy driving
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5.2.2 Intercooler

In this section, the modeled intercooler outlet temperature and the modeled
pressure after the intercooler have been validated. The errors for the inter-
cooler outlet temperature and pressure after the intercooler are presented In
Table 5.6 and validation plots can be seen Figure 5.6 and 5.7 respectively.
The settling time of the modeled signal of the intercooler outlet temperature
can be seen here as well. The error calculation is performed after this settling
time, between 1090and 1400.

Table 5.6: MVM Intercooler Validation

| MVM Intercooler | Temperature | Pressure |
Relative error mean(%)| max(%) | mean(%) | max(%)
Mixed driving 1 0.37 2.57 1.07 8.57
Mixed driving 2 0.40 2.38 1.10 7.46
Heavy driving 0.68 3.03 1.11 13.52
Absolute error mean(K) | max(K) | mean(kpa)| max(kpa)
Mixed driving 1 1.04 7.35 1.65 18.35
Mixed driving 2 1.14 6.82 1.64 17.68
Heavy driving 1.97 9.22 231 17.14

By comparing the errors of the modeled intercooler outlet temperature from
the total mean value model of the intake system with the modeled intercooler
outlet temperature for the component validation, one can see that the errors,
both relative and absolute errors are slightly larger for the total mean value
model, except for the absolute maximum error at heavy driving, which is
slightly smaller. The reason to these differences is that for the component
validation, the measured temperature after the compressor was used and for
the total mean value model, the modeled temperature after the compressor
was used.
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Figure 5.6: Plots of the intake manifold inlet temperature at the different

driving conditions, where 5.6(a) represents mixed driving 1, 5.6(b) represents
mixed driving 2 and 5.6(c) represents heavy driving. The settling time of the

modeled signal is introduced by the first order low-pass filter of the inter-

cooler outlet temperature
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Figure 5.7: Plots of the Intake manifold pressure at the different driving con-
ditions, where 5.7(a) represents mixed driving 1, 5.7(b) represents mixed driv-
ing 2 and 5.7(c) represents heavy driving
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5.2.3 Intake Manifold

In this section, the modeled intercooler outlet temperature have been validated
on the measured temperature inside the intake manifold. The thermocouple
is placed at the exact same position as the production sensor measuring the
intake air temperature is located. The errors are presented in Table 5.7 and
validation plots can be seen Figure 5.8, were the settling time of the modeled

signal of the intercooler outlet temperature can be seen here as well. The error
calculation is performed after this settling time, betweensldd 1400.

Table 5.7: MVM Intake manifold temperature validation
MVM Intercooler | Intake manifold temperature

Relative error mean(%) max(%)
Mixed driving 1 0.49. 1.23
Mixed driving 2 0.52 1.15
Heavy driving 0.86 3.31
Absolute error mean(K) max(K)
Mixed driving 1 1.40 3.48
Mixed driving 2 1.46 3.25
Heavy driving 2.51 10.12

By comparing the results with the results for the intercooler outlet tempera-
ture validation, one can see that the errors are slightly larger for the intake
manifold temperature validation. And by looking at the validation plots, one
can easily see that there is a constant error between the measured and modeled
signals. Another phenomenon that differs from the intercooler outlet temper-
ature validation plots, is that the measured signal inside the intake manifold
fluctuates a lot more.

Reasons to these observations are most likely non modeled heat transfer ef-
fects from the solid intake manifold causing the constant error and so called
pumping effects from the engine causing the fluctuating signal. Pumping ef-
fects are a phenomena that occur inside the intake manifold and means that
the engine is pumping hot gases from the cylinders back and fourth. These
pumping effects might also contribute to the constant error observed.
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Figure 5.8: Plots of the intake manifold temperature validation at the different
driving conditions, where 5.8(a) represents mixed driving 1, 5.8(b) represents
mixed driving 2 and 5.8(c) represents heavy driving. The settling time of the
modeled signal is introduced by the first order low-pass filter of the inter-
cooler outlet temperature



Chapter 6

Results and Future Work

6.1 Results

A mean value model of the intake system have been developed consisting of
4 states for temperature and pressure after compressor and intercooler. In-
puts to the model are: ambient temperature, ambient pressure, truck velocity,
engine speed, cooling fan speed and turbine speed. The model predicts the
intake manifold temperature with a maximum absolute errarfof2 " and

a maximum mean error &51K. The results are only valid for the specific

test vehicle and configuration.

With a suitable placement of the production boost temperature sensor and a
model of its sensor dynamics, it should be possible this model for diagnoses.
Today, desktop computers have to be used for simulations, but with minor
changes it should be possible to run the model in the Engine Control Unit
(ECU). If this model is to be used in a diagnose application, conditions for
when the diagnose test is allowed to be performed should be introduced. The
reason for these conditions is to make sure that the diagnose test is performed
under suitable operating conditions when the model performance is robust
and accurate. An example of these rules is that the truck velocity should be
higher than 4G:ph. At low truck velocities, the cooling air mass-flow model
becomes more sensitive to uncontrollable objects in front of the truck, such
as after market headlamps, leafs and snow.

6.2 Future Work

Since the mean value model of the intake system is only validated on the
specific test vehicle, measurements on a similar vehicle with the exact same
configuration needs to be carried out to be able to validate the model properly.
To be able to use this model in the future it needs to be continuously improved

39
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to be valid when additional components are added to the engine. In the fu-
ture, vehicles are most likely equipped with both Exhaust Gas Recirculation
(EGR) and Variable Geometry Turbo (VGT), which the model needs to be up-
dated with. Further, a method for building a library of configuration specific
parameters used in the model needs to be developed. Examples of configu-
ration specific parameters are: restriction coefficients, Volumes, Intercooler
heat exchanger parameters and Cooling air velocity parameters. This library
will make it possible to use the model for different vehicle configurations.
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Figure A.1: Plots of the compressor outlet temperature when sensor dynam-
ics are included at the different driving conditions, where A.1(a) represents
mixed driving 1, A.1(b) represents mixed driving 2 and A.1(c) represents
heavy driving
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Figure A.2: Plots of the compressor outlet temperature when sensor dynam-
ics are excluded at the different driving conditions, where A.2(a) represents
mixed driving 1, A.2(b) represents mixed driving 2 and A.2(c) represents
heavy driving
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Figure A.3: Plots of the intercooler outlet temperature for the different heat
exchanger models at mixed driving 1, where A.3(a) represents the NTU
model, A.3(b) represents the linear regression model and A.3(c) represents
heavy driving. The settling time of the modeled signal is introduced by the
first order low-pass filter of the intercooler outlet temperature
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Figure A.4: Plots of the intercooler outlet temperature for the different heat
exchanger models at mixed driving 2, where A.4(a) represents the NTU
model, A.4(b) represents the linear regression model and A.4(c) represents
heavy driving. The settling time of the modeled signal is introduced by the

first order low-pass filter of the intercooler outlet temperature
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Figure A.5: Plots of the intercooler outlet temperature for the different heat
exchanger models at heavy driving, where A.5(a) represents the NTU model,
A.5(b) represents the linear regression model and A.5(c) represents heavy
driving. The settling time of the modeled signal is introduced by the first
order low-pass filter of the intercooler outlet temperature
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Figure A.6: Plots of the different cooling air velocity models for the fan
speed test , where A.6(a) represents the AirVel model 1, A.6(b) represents
the AirVel model 2, A.6(c) represents AirVel model 3 and A.6(d) represents
AirVel model 4
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Figure A.7: Plots of the different cooling air velocity models at mixed driving

2, where A.7(a) represents the AirVel model 1, A.7(b) represents the AirVel
model 2, A.7(c) represents AirVel model 3 and A.7(d) represents AirVel
model 4
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Figure A.8: Plots of the different cooling air velocity models at heavy driv-
ing, where A.8(a) represents the AirVel model 1, A.8(b) represents the AirVel
model 2, A.8(c) represents AirVel model 3 and A.8(d) represents AirVel
model 4
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