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Thesis outline

Chapter 1 describes the background of this work and the methods
used.

Chapter 2 gives an explanation of the existing model as it was imple-
mented before the validation started. Additionally, a gefity analy-
sis is made by linearizing the model at steady state opgrpbimts.

Chapter 3 shows the results of the measurements that have been per-
formed.

Chapter 4 presents new models based on data from manufacturers and
the test results obtained in the previous chapter.

Chapter 5 handles SORT specific models which have been developed.

Chapter 6 describes the model’s possibility to predict fuel consump-

tion. Data collected at an independent test center at Idra&pain is
compared to simulation results.

e Chapter 7 gives suggestions to other things of interest that can lae stu

ied as an extension of this work.

e Chapter 8 summarizes the work and the obtained results.
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Chapter 1

Introduction

1.1 Background

This Master’s thesis is performed in a collaboration wittaia CV AB in
Sodertalje and the Division of Vehicular Systems at thpd&yement of Elec-
trical Engineering at Linkdpings Universitet.

Modeling and simulation have for a long time been of inteneshe ve-
hicular industry as an aid in understanding, controlling aptimizing the
behavior of vehicular systems. The studied or modeled sys&n be an en-
gine, some kind of auxiliary device, a drive line compond&jtdr a whole
vehicle model[8, 19].

Scania’s final customers, road carriers and bus compasiesheir trucks
and buses for many hours per day which make fuel costs oneswfrttain
outlays. Measures taken to improve fuel economy, will diyebe seen as
positive measures at these customer’s profit and loss atxolihis makes
fuel economy an important sales argument in the compeiitigtastry. At
Scania, much work has been done to optimize engine and paivestficien-
cies. Studying for example the Vehicular Systems homepk§ fnaster’'s
theses which directly or indirectly lead to fuel savingsdnbeen carried outin
collaboration with Scania. Doctoral students have alsdistloptimizations
concerning the subject area, elg.[9, 14].

When the optimizations on component level are implemerttea hext
step will be to optimize the whole vehicle setup and use thbtriype of
component for each purpose. There are many ways of combauingo-
nents to build a vehicle and only one setup can be optimakitigage of the
vehicle is perfectly described. Therefore, it has to bestigated which com-
ponents to use when there are alternatives. In the end, #ilesétup is often
a result of the analysis of predicted fuel consumption anedbility. Before
computational aid was actual, testing and experience vherenain ways of
getting well working powertrain setups. Since testing igensive, much can
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be won if some of the testing can be replaced by simulationgeast, simu-
lations can show if there exists powertrain compositioas threctly can be
excluded.

As an aid in this work, a work with developing a model libraoy imu-
lation of long haulage fuel consumption and emissions afidsuwas carried
out at Scania in 1999-2001 [14]. The work was done as a liaentiork and
resulted in a fuel prediction better than 2% when simulatésults was com-
pared with real tests. The library has previously been cemphted with
bus-specific models where a wide range of gearboxes, engirtbshassis
have been modeled, including automatic gearboxes, whidte ritgossible
to simulate almost all setups of buses that can be produc&ddyia and its
contractors. More bus specific modifications have also beéioned, such
as a more exact transient behavior and ability to start aym €dne strength
of the library is that it is built up by modules which makesasg to combine
different sub-models and build new models to keep the libuarto date.

The simulation tool can for example be used to study how tleeais
different gear shifting programs, rear axle ratios or eagiaffects the fuel
consumption for a specific customer’s duty cycle. Furtheran be used to
investigate if it would be interesting for Scania to intredunew features or
concepts in the drive line, the steering of the engine orttsliary compo-
nents.

A standard for fuel consumption measurementsis the sb®andard [17].
UITP, a world wide association of passenger transport dpesahas defined a
standard for how to measure fuel consumption in urban areg&rdific. When
customers inquire for consumption data, they commonly tefeonsumption
on SORT-cycles. Therefore, a part of this master’s thegislles SORT spe-
cific models. Another drive cycle commonly referred to is Braunschweig
cycle [10].

The main tasks of this master’s thesis are to validate theeindatary
and improve parts that has not yet been correctly modeledsfog mainly
on city buses with automatic gearboxes. The main problertiginalidation
process are that tests only can be performed on buses, nartilige the
gearbox or the differential gear etc. This gives unceriggin the validation
because it is not obvious that all faults are found and it isahways clear
from which component a fault originates. This will be funtlexplained in
the validation part.

1.2 Validation Method

Measurements are carried out to collect data that can bear@umvith sim-
ulation data in the validation. Both data specific for thisiged as well as
test results performed by an independent test center atddieSpain where

1standardized On Road Test cycles.
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fuel consumption was measured for SORT 1 and 2 cycles. Theungraents
specific for this thesis are steady state speed measureraeciseration tests
and coast down measurements.

At the original work developing the STARS library for trucescribed
in [14], the simulated fuel consumption could be predicted differed finally
less than 2% from the measured values. This was seen as aoatyepult
and the deviations were said to depend on conditions likd reaistance,
uncertainies and approximations in the measurements abdeeslope and
non modeled transient behavior. During this work of validgthe new bus
specific components, a similar method to the one used in §ldiiployed.

The method described in [14] to validate losses in air- afichgoresis-
tance was to insert a strain gauge on the propeller shafs i$hiecause of
different reasons not within the scope of this work. Insie¢hd torque calcu-
lated by the Engine Management System (EMS) is used. Thitsés other
difficulties since both the gearbox’s efficiency and theetang forces are un-
known. By measuring the propeller shaft torque, the total efithe traveling
forces can be identified. When the (calculated) engine ®wisjused, other
effects can influence the result. The real engine torquertkpen the en-
ergy contents of the fuel which can differ from time to timeldoy using the
second method, the gearbox’s efficiency is also unknown etc.

Anyway, in addition to this, a sensitivity analysis is madeere it is in-
vestigated which faults in variables or components thatltef the greatest
influence of the fuel consumption. This analysis is then wsedn aid when
analyzing what to keep an eye on in the validation. The arsatgn also di-
rectly be used to by hand calculate how the change of a paeaafétcts fuel
consumption, e.g. how many percent fuel that can be savedbtredsing
rolling resistance with 10%.

One paper that describes another general method of iniefesnd in [11]
where validation metrics are introduced. The metrics aeel tis describe the
agreement between computational results and experinémanethod takes
for granted that the input to the system is the same for a sitionl as for a
real test. This can be be hard to achieve in this particulse géhere a real
driver operates the vehicle in a way that is very hard to madelirately. Fur-
ther, small deviations between the model and the real bugjirgear change
points make the output differ even though the two systemden equally.
In the article other types of systems have been validatedteydare driven
at steady state conditions. Computational results aredbempared with the
measured results and confidence intervals are used to ldesbe model's
agreement with reality.



Chapter 2

Model Description and
Sensitivity Analysis

This is a brief description of the model as it was implemertietbre the
validation started.

2.1 Modeling Language

The model library has been implemented in Modelica using Bignma com-
monly used tool for building simulation models. Modelicastihe advantage
that it is independent of the computational causality,lgéets the user build
new models and after the compilation an executable file etedewhich reads
parameters from a file, enabling the use of a user friendlyremment. The
non causal modeling means that in Modelica, the variable$eamplicitly
written in the equations. Itis not needed to specify whicthefvariables that
are knowns and unknowns. This leads to a system descriptidhas exactly
as many equations as unknowns. In some cases for examplereffas, the
unknown variable is interpolated via a lookup table.

2.2 Model Library Components

The main method in the development of the library has beesédalata from
manufacturers and experts at Scania and implement thisniafiion in the
equations describing the systems. Most of the equationsétten on state
space form with linear and nonlinear equations.

Below, the different library components are described. @tmponents
have to be combined to a whole bus before a simulation can loe.ntgach
block in the graphical interface represents a real phygeal. Since the
modeling have been made on component level, it is easy togehamodel
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and compare different setups as long as the interface betiveeomponents
remains the same.

2.2.1 Ambient

In the ambient model, represented by Fiduré 2.1, road datbebaded from
afile. It contains information about demanded speed anddpe sf the road.
The demanded speed is time or distance dependent and tleeddlth® road
is distance dependent. Constant ambient parameters tikengperature and
gravity can also be set.

Figure 2.1:The ambient model where ambient parameters are set eg. tempe
ature, road profile, speed profile etc.

2.2.2 Bus

The type of bus that should be simulated needs to be set imihikel block.
Parameters like the number of wheels and axles, front arass and the air
drag coefficient(C'p. The wheel’s inertias affect the acceleration of the bus
and the load is split on the different axles. It also has togexified if the
bus is a normal bus or an articulated city bus, which affde¢saxle load
distribution.

This is the place in the model where the sum of forces equalslerc
ation according to Newtons 2:nd law. In the model, the buy ambves in
the longitudinal direction affected by rolling resistantactive force and air
resistance. See Figure P.2.

2.2.3 Engine and Engine Management System

From the CAN-bus model (which is an internal communicatigstem used
in the vehicular industry) described below, the Engine Mgmaent System
(EMS) reads the accelerator pedal position. The implentientaf how the

injected amount of fuel is calculated resembles the pradinctode. The
engine model then uses engine speed and fueling to lookupritpee out of

the engine using maps from steady state test cell tests.eThaps include
the functionality of the turbocharger/turbine unit or tietocompound unit
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Figure 2.2:The bus model where Newton'’s 2:nd law is applied to calculate
the acceleration of the bus based on the forces acting omé.t¥fpe of bus to
simulate has to be specified here. Other parameters aredranta, air drag
coefficient, number of axles, wheels and mass

at steady state. To achieve good transient behavior, thetlpvessure is
modeled and the maximum amount of fuel is controlled depethdef the
boost pressure.

2.2.4 Gearbox

The model handles different types of gearboxes and shiftingrams. There
are two different types of gearboxes modeled, automatic@artuial ones. In
the model, an automatic gearbox is a gearbox with a hydrémlique con-
verter and a hydraulic transmission which enables positaative force dur-
ing gear shifts. The manual gearbox on the other hand is aitnaal manual
gearbox where the tractive force is interrupted during tearghifts as the
driver presses the clutch pedal. Scania has developed boyesteering sys-
tem which can be used to help the driver which make this geastook like
an automatic gearbox but has the hardware of a manual gearhimsystem
is called opticruise and contains gear shifting logic andymatic actuators
which handles the gear shifting.

The gearbox’s efficiency is a function of engine speed, ussat gnd
engine torque. Outputs of the gearbox are propeller shaéidspnd torque. If
an automatic gearbox is used, it is equipped with a hydréoigue converter
which is used at low gears when the bus starts from stand il prevents
gearbox damage for vehicles used in traffic with frequergstaét the stops,
an additional clutch (NBS) is used to disengage the powertoasave fuel.
The retarder is a hydraulic brake which can be used to sauwr#kes in long
slopes where the service brakes are at risk of getting oagzie The gearbox
model can be seen in Figure 2.3.

The gear shifting logic has been implemented after insvastfrom man-
ufacturers and depends on engine speed, accelerator pesitadip and vehi-
cle acceleration. As in areal bus, the steering unit senigalgo the engine
to reduce the torque at gearshifts. There are a number eféliff gear shift-
ing programs which are optimized for fuel economy or drivditgb The main
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Figure 2.3:The gearbox model. Contains gearbox steering unit, ingidiad
losses.

point is to drive at low engine speeds (high gears) to get dlhconsump-
tion and to drive at lower gears to achieve good driveab{lisadeability,
acceleration etc.).

2.2.5 Axle and Wheel

The power out of the gearbox is reduced through losses in iffexehtial
gear which has been modeled as a torque and speed deperfiéen@f.
From the resulting torque, the braking torque and a normakfdependent
bearing loss torque is subtracted. On the non driven wheelg,the brake
and bearing loss torques act. The resulting tractive fascealculated by
dividing the resulting torque with the dynamic rolling radi The axle and
wheel model can be seen in Figlirel2.4.

The rolling resistance is proportional to the the normatéoand nonlin-
early dependent of the vehicle speed.

frame

Figure 2.4:The model of the wheels, brakes and differential gear.
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2.2.6 Auxiliary Devices

Auxiliary devices are: generator, air compressor, engowiieg fan and hy-
draulic steering pump. Simulations have shown that thelianxicompo-
nents consume approximately 5% of the fuel for a long hautaggk [9].
City buses are driven at lower speed and stops more frequémt figyre
can therefore be much greater for a city bus. The torque loabdeengine is
interpolated via a lookup table or calculated using;. = LUP# where
aux represents the actual auxiliary device. The auxilitsy Eﬁ&“tﬁe engine
dependently of how they are controlled as in a real bus. Am@kaof this is
the air compressor which loads the engine more if the brallalps pressed
down.

The engine cooling fanis driven by a hydraulic pump which loads the
engine. The engine temperature is in the model a functiomefengine
power and the fan speed is controlled dependently of thenertgimperature.
The torque load is a lookup function of fan speed.

In the model of thenydraulic steering pump, the torque that loads the
engine depends on the engine speed through a lookup table.

The power out of thgeneratoris set to a constant value which results in
a constant power loss. The generator efficiency is modeledrastant which
results in an engine speed dependent torque load. It is bamtbtel the
real electrical power consumption and the generator efiigie The interest
of modeling the generator more accurately is small sincéatiens in the
model compared to a real generator will only result in smiiélats on fuel
consumption.

The air pressure steering unit (APS) uses dynamic minimuannaaxi-
mum pressure limits to control ther compressor. An example is during
braking when the pressure limits are increased which in dealicase re-
sults in a compressor that only loads the engine during bgedand therefore
consumes no fuel. If the actual system pressure is abovepper dimit,
the compressor is deactivated, if the pressure is belowativerl limit, the
compressor is activated. Air consumption occurs at kngetioor opening,
regeneration of the air filter and braking.

2.2.7 Driver

When an automatic gearbox is used in the simulations, theedmodel
contains two Pl-controllers with speed and acceleratoeddent constants.
Those controllers affect the accelerator and brake pedé&lisen a manual
gearbox is simulated, the production code from Scaniakpse has been
used for gear shifting logics and the cruise control is useduel injection.
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2.2.8 Coordinator (CAN-bus)

To let the different models communicate with each other, @dioator has
been implemented where the different steering units cathaed write data.
Examples of usage are during gear shifting when the geadmpests a sub-
tractive torque from the engine, or the EMS reading infofaraabout accel-
erator and brake pedal position.
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auxiliary systems engine gearbox

—~

uxiliary torque losses

differential gear

AT~

[
N

flywheel torque gearbox torque

Figure 2.5:The powertrain model.

2.3 Steady State Sensitivity Analysis of the Model

To study the influence of how errors in the model parametéestiuel con-
sumption, an approximation of the forces and torques thabmat¢he bus at
steady state speeds is made. This study gives a clue to wiaaeiers are of
greatest interest in the validation.

The analysis is made with the existing model described ghwoith pa-
rameters taken from suppliers and handbooks. To reallyntiiagle how an
error affects the result, the model and the parameters Hasdorrect. Since
the library has yet not been validated, this could be a bidplera but the li-
brary is sometimes already used for simulations and givesoreable results.
Therefore the main result of the analysis is probably carrec

Since a city bus is rarely driven at steady state speeds famgtime it
can be discussed how well this analysis can be applied orba#ytraffic.
However, simulations have shown that the simulation toeégireasonable
results also when SORT cycles are driven. Linearizatiorcieramon way of
analyzing systems and it is a more theoretical approachjtisasimulating.

Further, the analysis can be used to calculate how muchHaetan be
saved if for example the frontal area or total mass is deeckagth 5%. For
a list describing the variables and abbrevations used, zge 5b.

2.3.1 Tractive Force

The tractive force is the force the wheels apply to the groddteady state
speeds, on an even road, when the engine torque is positivtharengine
drives the vehicle forward, the equations describing thetire force are:
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M,
F, = =2 (2.1)
T
Mw = Mdg — Tbl (22)
Mag = nag - Mgp - iag (2.3)
Mg, = ng-n1c - Myiiywheel - igb - iTC (2.4)
Mflywheel = Me — Tsteer — Tgen — Tfan — Tcomp (25)
F, = Ndg * Ngb - NTC * Z'alg : Z'gb iy, (Me - Taum) — Thl (26)
Tw
Where 7,,, is the sum of the torques from the auxiliary devices/,,,
M f1ywheel, Tauz @NAMg, are shown in Figure 2.5.
2.3.2 Traveling Forces
The travel resistances are air- and rolling resistance:
vrzn/s
Foir = P Cp A 9 (27)
CTT‘
F. = N 2.8
1000 (2:8)
Crr = Crripy + Ca(V3n —80%) + ... (2.9)

Co(Vkem/n — 80)

WereC,..,., is the value the manufacturer Michelin suggests. It is olethi
by doing steady state tests of the tire at 80 km/h, describ§t].i

Differentiation of Forces

The kinetic equations of the bus at steady state is:
0=m-a= Ft = Fy — Foir — F; (210)

by a first order taylor approximation of this equation, a g@fity study can
be made by varying variables of interest.

Ftot(v) = Ftot |v:v33 +Z
i=1

+ Z <8 Bt |, '(Axi)2> + . (2.11)

(aFtot |v —v.. sz> +

11
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x; denotes the different variables studied. If the higher otdens are ne-
glected, only the first order derivatives are used and tHerdifice in tractive
force, AF;,:, can be identified as the second tern{in (2.11):

" a—Ftot
AF, = — |pmo.. Az 2.12
o= 3 (Gt o ) 212)
The differentiation oft},; with respect to the variables studied is done below.

Tractive Force, F},

OF}, 1

o~ T Me (2.13)
gnF;; = % “ddg - Ngb - MTC * M fiywheel = Tgb - iTC (2.14)
gfzz - % “ldg  Ndg - NTC - M fiywheet - gy - iTC (2.15)
g:;t; - % “ldg * Ndg * Ngb * Mfiywheet * igb - iTC (2.16)

% N _% Hidg *igh - 1TC * Ndg * Ngb * NTC (2.17)

Air Resistance,F4;,

%%;T = ”'A'UWQ/S (2.18)
Rolling Resistance F;.
8087{;:50 B 10100"”'9 (2.19)
gg; - ﬁ'm'g'(vim/h—%?) (2.20)
Zg; - ﬁ'm'g'(vkm/h_go) (2.21)
ZZ - ﬁ'g'@r (2.22)

2.3.3 Analysis

It is now possible to relate the parameter errors to the rdiffee in produced
engine torque i.e. how the engine torque depends on errtie jparameters.
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How the injected amount of fuel depends on engine torque at constant engine speed
100 T T T T T T T T T 1

Y

80 0.8

60 10.6

fueling [mg/c]
(AfII(AMIM)

A

401 {04

20 10.2

0 . . . . . . . . . 0
0 100 200 300 400 500 600 700 800 900 1000

engine torque

Figure 2.6:How the injected amount of fuel depends on engine torque. A
small amount of fuel is needed to keep the engine runningrattant mini-
mum engine speed. At this point the efficiency from the fubktpower out
of the engine is zero. The figure is used to explain the ralatigp between
Afi andA]V—Jy i.e. the ratio of how much the fueling has to be increased when
the torque is increased with x%. Later in this report it is simothat the en-
gine torque seldomly exceeds 400 Nm at constant speeds wmewts for a

bus equipped with a typical city bus powertrain.

Further, it is possible to relate the difference in torquhwhe difference
in fueling. The injected amount of fuel is not linearly dedent of engine
torque but increases with increasing torque at constannesgeed, see Fig-
urel2.6. Arough estimation seen in the figure is that the tejtfuel increases
with the order of 0 - 1% when the torque is increased with 1%s Ehdue to
the small amount of fuel that is needed to keep the enginemgrat a con-
stant speed without producing any torque, the power pratlincthe engine
is needed to overcome the engine’s internal friction. If fineling at zero
load is increased, the torque is "infinitely” increased iagdo the low value
at low loads. For high loads\{. >> 0) the idle fueling can be neglected and
the fraction is 1.

The equation describing the deviation of engine torque is:

AF‘o Fr V=0 “Tw
Ay, = Bt b lmv) tu ¥TL (223

Ttot * Mtot

wherer,,. is the sum of the contributions from the auxiliary devices. is
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the speed at the steady state vehicle speed studied.

The resultingA M. in percent of engine torque at the steady state point
is presented below. The variables are changeds from their steady state
values except from the wind speed that is changgadn /s to show the effect
of winds at the test track. The simulations are done in thedpange of
10-60 km/h.

2.3.4 Results and Comments

The results from the calculations are presented in Tabldl2The behavior
of the fault, the "characteristics”, at increasing vehigeed is presented as
well. The absolute result of varying a variable +5% is the @ varying it
-5%. This is valid for small deviations from the linearizeglenating point.
The sign of the partial derivative shows if an increase ofidi@meter leads to
an increased engine torque or not. This is obvious (inangabie efficiency
results in a decreased engine torque etc.) and is not pessbetow. The
results are strongly dependent on the sign and size of thmlpderivatives
and the results can be understood analyzing them.

Table[2.3.4: The results of the analysis.

Variable Max[%] Min[%] Characteristics at increased speed

nrc 5 1 increasing

NGB 5 1 increasing

Npa 5 1 increasing
TSteer 1 <1 decreasing
TComp 1 <1 decreasing
TFan <1 <1 decreasing
TGen 4 <1 decreasing

r 5 1 increasing

TBL <1 <1 constant

Ch 3 <1 increasing
Wind 35 5 increasing
Crriso 3 1 max at 30 km/h
Cp Cy <1 <1  constant

m 25 1 max at 30 km/h

Efficiencies

It can be seen that errors in the efficiency of the powertramponents affect
the torque equally. The partial derivatives are almost Efgughese variables
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since the different efficiencies are almost equal. The dnoreases with
increasing speed since the flywheel torque increases wiiltleespeed to
overcome the external forces acting on the bus.

Auxiliary Devices

The torque resulting from errors in auxiliary devices dases with increas-
ing vehicle speed. The load from the auxiliary componengpizroximately
constant and relatively small which results in a small deleece. The great-
est error is in the generator which is the most power consgicoimponent.

Wheel Radius

Increasing vehicle speed and decreasing the variaglees a reduced need
of torque. This depends on the decreased lever the wheelsregliresents.
Note that the speed also decreases leading to a need ofsimgg¢lae vehicle
speed but it is not taken into account in the calculation tokal ratio of the
powertrain can be calculated by dividing wheel speed witfirspeed, this
error can therefore easily be obtained if it exists.

Bearing Losses

Errors in the bearing losses have a small influence on engigeé, the rea-
son is as for the auxiliary components that the total torguelatively small
(totally approx. 10 Nm).

Air Drag and Load

Errors due toCp have a relatively small influence of the engine torque at

the speeds that are actual for city bus traffic. The fauleases more at high

speeds because the partial derivative is proportionaétsdare of the speed.
The effect of loading the bus with a mass is small and relgtisenstant.

An extra load of 5% results in a need of increased engine &irthe order

of 2.5%.

Wind

A remarkable effect is due to the head wind. The engine tofeqseto be
increased with 30 % at high speeds to overcome the additiornz¢ due to

a head wind ob m/s. This has to be considered when the measurements are
performed. Simulation results shows that an additionativeipeed of 5 m/s
results in an increased fuel consumption of 5% for a SORT leayhere the
mean speed is below 14 km/h.
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Wheel Parameters

The errors inC, andC}, can be neglected bat,.,.,_ is of greater importance.
If the value ofC,.,,_, is correct, the uncertainty in the steady state speed based
model might result in a greater fault.

Strength of the Analysis

A small example shows the strength of the analysis: The mpgeedsof the
SORT 1 cycle if the stop times are subtracted is 25 km/h. Ihisvh above
that the wind results in a 30% increase in torque. At a mearnatipg point
the ratio between fueling and torque is 0.2 for a SORT 1 cyite total fuel
increase would then b&0% - 0.2 = 6%. This result is to be compared with
the 5% increase simulated above.



Chapter 3

Measurements and
Calculations of Losses

The sensitivity analysis shows that errors in the powertcaimponents and
travel resistance result in the greatest influence on the domsumption.

Therefore tests are performed to collect data to validaeetisting models
or to build new ones. In the calculations below, the modeéliy's equations
have been used if nothing else is written.

The first test is made at Bjorkvik in June 2007. Coast dowrs teih the
gearbox at neutral as well as with the gearbox in normal dniwde where the
engine is dragged are made. In addition to this, steady t&si® to validate
the gearbox model are performed.

In August 2007, new measurements are performed at Scae&'srack
in Sodertalje. The aim this time is to collect more data $sume that the
assumed losses detected at the first test did not happentatdzagd.

The results of the tests are presented here. Possible nmagiehiements
and explanations to the measurements will be discusseé imetkt chapter.

3.1 Rolling Resistance

3.1.1 Coast Down Tests

The coast down tests at neutral are performed to get datewhewrehicle is
unaffected by losses from the gearbox. This data is thenosgabto be used
to examine the rolling resistance. The kinetic equationthefbus at coast
down are:

ma = Fy —F. — Fa (31)

2
Fapw = P'CD'A'g (3.2)

17
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where F},. is the tractive forcef:. is the rolling resistance an#y;, is the
force due to the wind. During the tests, the velocity is meagtio be able
to calculate the acceleratiofy;,- is commonly described as above [7]. This
gives two unknownsky,. and F,.. The aim with the coast down tests is to get
an expression foF;.. This is only possible if the expression By, is known.

In Figure[3.1 the measured speed profiles can be seen. THeratios
has been approximated using equationA.1). It is not of ingrwe to know
how this is done, therefore it is described in appehdix A.igukre3.2 the cal-
culated acceleration is presented. If the tractive foraeis, this would cor-
respond to the total traveling resistance dfccan be calculated using (3.1)
and [3:2).

At a first glimpse,F;,. = 0 could be expected when driving with a dis-
engaged gearbox but this can not be said to be valid for a reahamical
system of this type. The torque needed to drag the gearbogudtah has
not yet been modeled, therefore a new model has to be madeigaraticu-
lation since most systems are influenced by damping andbfniébrces. The
powertrain is affected by forces from the differential gehe bearings and
the gearbox. According to the SKF handboak [3], the beariisgds mainly
depend on the load of the axle

d
Tbearing — N - M 5 (33)

whereN is the load on the bearing, is the internal frictiond the diameter
andTyeqring IS the torque of resistance. This gives a value of approxipat
10 Nm for a 12 tonnes bus.

The torque needed to rotate the gearbox at neutral is notlkknéwough
estimation is that it is in the order of 20 Nm at 40 km/h (sedisaf.1) and
decreases with the speed. A simple linear expression isideddelow.

v

6B = —TGBy (3.4)

Vo

d
Tbearing — —-N- I 5 (35)
Fy = (TGB “ipc + Tbearing)/r (36)

With this expressionk;. can now be calculated. With aid of

F. = Crr, N (3.7)
1000

the speed dependent terd,.. is calculated and is presented in Figlre 3.3.
Additionally to the calculation, a 95% confidence intengatalculated since
many coast downs were made. Because of the different nunbetafor a
certain speed, the confidence interval deviates more oeless though the
values ofC,.,. are close to each other. The teory behirid will be further
described in chaptét 4.
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Figure 3.1:The logged speed profile during the coast downs. The raw kigna

is plotted in black, the used (filtered) signal is plottedafor. See appendixA
for more information regarding the filtering technique.

3.2 Powertrain Losses

3.2.1 Steady State Tests

By driving the bus at steady state speeds at a constant shoplegging the
calculated flywheel torque from the CAN-bus it is possiblddcsteady state
comparisons between measurements and simulations. Theve® carried
out in Bjorkvik on the even landing track and the bus wasetriat constant
speeds for approximately 20 seconds each in both directibhs test was
made during a short time (a few minutes) to minimize the é¢ffe€ changed
rolling resistance that the tire temperature can give ase t

By comparing the quote engine speed with the vehicle speéa the
simulations and the measurements it has been establisaeth¢hwheel ra-
dius and the gear ratios are correct. This means that theespeed is the
same in the simulations as in the measurements for a giveoleeipeed.
If the driving torques are the same, the power to drive thaécleliorward
will be the same. This would probably lead to equal fuel comgtions in
calculations and measurements.

From the steady state tests, the tractive force is calallaeng the en-
gine torque and the equations described in se€fion]2.3 4 rd3ult is shown
in Figure[3.4. The tractive force is greater than the thézaktorce needed
to overcome the rolling and air resistance where the rollégistance is de-
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m a at coast down which corresponds to the total force braking the bus
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Figure 3.2:m - a calculated from the data in Figuie 3.1at the coast downs.
From this data,F;. can be calculated using equati@®.1). If the powertrain
losses are assumed to be zero, this corresponds to the sume éfit and
rolling resistance. Totally 8 coast downs. The coast dovwasetheen per-
formed with different buses with different masses, thezdfe accelerations
have been different. When recalculating the forces to aevaluC,.,., the
masses of the buses can be taken into account.
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C"(v) at coast down

15

Figure 3.3:C,.. as a function of speed With a 95% confidence level (small
black dots). The mea€’.,. has been calculated (big black dots). The thin
blue line isC,.. as described by Michelin for the actual tire (only used as a
reference). At Bjrkvik, one coast down test was performed from 60-0 km/h.
The calculated”,.,. from Bjorkvik did not correspond to the model described
by Michelin nor the model described in [7]. Therefore aduti@l coast down
tests were performed at Scania’s test track. Because offtbe Ength of
the track in ®dertlje, the tests were performed with different starting sisee
and the test was stopped when the bus reached the end of the Titae tests
were performed in both directions to avoid disturbances ugradients or
winds. The results of the calculations from the testsddesglje shows the
same tendency as the from the ones performedarkBik.
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Calculated tractive force at steady state points
2500

2000

1500

1000 ; ‘ ,,,,,,,

......

tractive force [N]

500

0 i i i i i i i
0 10 20 30 40 50 60 70

vehicle speed [km/h]

Figure 3.4: Calculated tractive force for the steady state measuremant
Bjorkvik. The black line is the sum of theoretical rolling arid resistance.

The measured tractive force should be equal the theoredgsimption if the
power to drive the vehicle is equal in the both cases. Thioighe case in
this figure.

scribed by Michelin. In the previous section it was indichtieat the rolling
resistance could be greater than first assumed.

The difference inC,.. was less than 3 kg/tonne for the theoretical and
measured value. Using this the difference in tractive foarebe calculated.

Acrr
1000

AF,, = N =300 N (3.8)
This can perhaps describe the deviations at 30 km/h whigrseems to de-
viate at most but not the deviations at the other speedsemses there are
other losses in the powertrain that are not yet modeled.

3.3 Conclusions

From the results of the measurements it can be concludedhtiig exists
losses that has not yet been properly modeled. It can begubinit that they
probably originate from the gearbox (powertrain) and tHeng resistance.
There has not yet been investigated how to find out from wHezddsses
originates. This will be handled in the next chapter.



Chapter 4

New Models of the Gearbox
and the Rolling Resistance

4.1 The New Gearbox Model

The results from the steady state tests shows that the pairddsses are un-
derestimated in some driving cases as modeled today. Thisfvaeasuring

makes it hard to calculate the losses by using the collecieal dhe signals
are noisy and the measured torque deviates a lot from the vadan Instead
of building a new model based on the collected data, the @gpres to use
the data that is known but to calculate the losses in otheswaynpared to
how it previously was done.

Mainly, the losses in the powertrain are supposed to origifram the
gearbox. This is a component where the manufacturer hagdeidata but
only data for torques above 600 Nm. At Bjorkvik the measudoedque was in
the order of 300 Nm at 60 km/h. This could be a problem sinceaprlation
is used to find the efficiency of the gearbox at a certain omergoint. A
simulation is made to estimate the order of how big the esdt shows that
the efficiency of the gearbox always exce6d% for a SORT 1 cycle. This
can not be said to be true for a mechanical system of this ippat, least
some operating point (low load), the efficiency should beyvew due to
internal friction. Figuré 411 shows data representativeriost gears. It can
be seen that the efficiency increases with increasing loddiaareases with
increasing engine speed. The efficiency seems to be linbagtatorques but
the distance between the lines increase at low torques. phil@somenon is
not taken into account if linear extrapolation is applied.

The equations of the gearbox when the vehicle is driven arehg old

23
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Figure 4.1:The manufacturers figures of the efficiency of a gear. Thasefig
were used for linear extrapolation of values outside theadanhge in the old
gearbox model.

gearbox model:
Win = lgb- Wout (4.2)
Tout = Tigb " Z'gb * Tin (42)

Where in corresponds to the engine side of the gearbox antbahe
propeller shaft side.

The non physical part of this way of modeling the gearboxas the gear-
box will keep running with constant speed if the input poveezéro. A real
mechanical system of this type is affected by internalifsittwhich would
brake the gearbox if it was driven in such an operation poifite internal
friction can be seen as a torque braking the gearbox and cealddated for
the operation points given by the manufacturer.

4.1.1 Internal Friction of the Gearbox

To give some background to the way of modeling the internefiém in the
gearbox, a general description of friction is given here. fiétating systems,
the friction is often modeled as linearly dependent on soepeasentative
speed which in this case would be the angular velacibf some component
of the gearbox.

Tfric = C1 W +co (43)
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flywheel torque gearbox torque

Figure 4.2:The new gearbox model. The lost torque is a function of engine
speed and engine torque and is subtracted from the engineedsefore an
ideal gear.

c1 corresponds to the viscous damping coefficient. Higherratdscrip-
tions are also common but it is reasonable to test a low opgeession first.
If the value of the damping coefficient is taken in a lineadipperation point
of the system, it could be of interest to include an oftggthis offset could
be seen as the resting friction of the system.

The gearbox can now be studied. At steady state, the frichorbe calcu-
lated by using equatiof (4.4). This results in a torque thakds the gearbox
and corresponds toy,;. in the equation above. It is important to point out
that for the operation points in the data range given by theufseturer, the
efficiency is unchanged if this model is used instead. Thenmdvantages of
this model is that it is expected that the torque losses aeaiwith respect
to driving torque but not the efficiency.

Tloss — (1 - nGB) * Tin (44)

The result of these calculations are presented in figude #t®& result
of the calculations shows tha,, is increasing with increasing torque and
increasing with increasing speed. The exception is gearidhwh a direct
gear withigg = 1 wherer,,;; Seems to be constant for different torques. If
this model is used and the extrapolation is made here thelrhedaves more
realistically. The value ofi; 5 decreases to zero for a driving torque equal to
Tioss Wherer s is in the order of 20 Nm.

This model also has the benefit that the energy is lost if tngdrtorque
is too low. This was not the case before. Figuré 4.2 shows ¢hegearbox
model where the loss has been implemented before an ideal gea

In figure[4.4, the efficiencies have been recalculated to leetalsompare
the new gearbox model with the old one presented in figuiehé benefits
of the new model is that the efficiency drastically falls wtka efficiency
decreases below 400 Nm and the efficiency is zero if the dyitdgnque is
equal tor,s.
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Figure 4.3:The new torque loss model. The plots are all made with the same
(hidden) axle values. Gear 1 with open converter has beerpadfor other
torques and speeds than the other gears. It seems more fpladlsat the
efficiency is correct if the extrapolation is made from thealkeies ofr;,.
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Figure 4.4: New efficiency, complemented with low torque efficiency afte
model improvements. The efficiency drastically falls whHentbrque de-
creases below 400 Nm. Note that the efficiencies for highuesmare the
same as before. The same scale as in figuille 4.1 has been used.
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4.2 Rolling Resistance

Rolling resistance is normally described as a function efespband normal
force. The speed dependence is at steady state speedsdystmuggled to the
tire temperature. Normally it is described as below:

F.=Cp(v,T)-N (4.5)

There are different approaches to describe the physicathéhi Normally
steady state behaviar [1] used by Michelin and transienabieh [7]. The
steady state approach states that the tire temperaturenfiation pressure
increase with speed. The increased temperature leadsrnor@ased inflation
pressure which results in a lower value @f and the rolling resistance at
increasing speed. The tire’'s mechanical construction ead to deviations
from this theoretical assumption. These phenomena noympfiears at high
speeds.

The transient approach states that the valug,pfincreases with increas-
ing speed when the temperature is held constant [7]. The\a@ld',.,. is in
these approaches normally proportional to the speed square

Sandberg [14] combined these theories and presented a waditkfor
both transients and steady state conditions:

Cr(Tyv) = Cuo(T) + Cry - (v —02) (4.6)
vse = g (T) (4.7)
drl 1
Tsc - gsc(v) (49)

Here,C, is the temperature dependent term apdthe steady state speed
corresponding to the current tire temperatuge, is the function relating
andT. The time constant was experimentally found to be in the order of
1000 s for a running truck tirel[5]. At stops, the physics seemedéduiate
from the physics for a running tire. The cooling of the tiranged and the
time constant differed from the one obtained for a runnire ti

When reading literature describing the physics of a tir¢himg has been
found that explicitly deals with rolling resistance of aetiait low speeds. A
possible explanation to this could be that rolling resistahistorically has
been more interesting in the truck industry where the marasts are long
haulage tests and simulations at relatively high speedsirdan bus indus-
try there are other effects (mainly load) that affect the fmnomy more
than rolling resistance of a vehicle and the interest hagfoee been low in
studying the rolling resistance at low speeds.

At the coast down tests, one could expect that the appeadnCe.
would be as described by Wong since the tire temperature cruéxpected
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to be relatively constant during the short time the testsevparformed. As

seen in figuré_3]3 the value ¢f,, differs a lot from the one described by

Michelin. This is not remarkable because of the differeqrapches and the

model described by Michelin is only used as a reference. \lghratarkable

is that the appearance does not satisfy the theory presept®dng neither.
Below it is tried to find the explanation to this.

4.2.1 Explanations of the Value of Rolling Resistance

There are many uncertainties that can affect the final reBh# main sources
of disturbances when the measurements are carried outdlyiare:

e Powertrain losses- if modeled incorrectly the resulting,.,. will be
wrong since the powertrain losses are taken into accouneriking
a strain gauge on the propeller shaft, only the bearing $olsas to be
modeled.

e Geography- the shape of the curve could be explained by an unknown
road gradient.

e Wrong method - is the method used really a reliable method for this
purpose?

e Wrong model of air resistance- a wrongly modeled air resistance
will result in a wrongly shaped curve since the model of agis&ance
is used to calculat€',.,..

If the value ofC,., is ignored for a while, it can be discussed how the
factors above influence the final result.

Powertrain losseshave been modeled in different ways. They have been
set to constant values and linearly dependent on gearbexispée result is
that the absolute value @f,.. changes a little but the characteristic shape of
the curve remains.

GeographyThe presence of a force depending on road gradient has a big
influence on the calculated,.... If the equation used before to describe the
coast down behavior is complemented with the road gradegpdiddent force
Fyrqq We get:

ma = Ftr_Fr_FAir_Eqrad (410)
Fr = Ftr_FAir_ma_Fgrad (411)
OTT‘ _ .
1000~m-g = Fy — Fayr —ma—mg sina (4.12)
FT_F i
C,, = 1000- o ZArTME 4460, (4.13)

mg

small angles have been assumed in the last equation. Thesslogre at
least small enough not to be detected by a human eye. A srop# slith a
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Crr when coast downs are done on a non even road
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Michelin Crr with slope disturbar

Vehicle speed [km/h]

Figure 4.5:If C,.,. would be as described by Michelin (the blue line) then this
is the effect if the coast downs are performed in a neat slopéloBecause

of the difference in speed, the time to pass the slope getteshdherefore

it seems as if the hill gets shorter in this figure. The slopesespond to a
gradient of less than.2° = 0.3% = 0.0035rad

gradient ofa = 1° = 0.017 rad will correspond to an increase @, of 17

according to the calculations which could perhaps explandeviations. If
the coast downs ended in neat downward slopes, the calddlatevould be
smaller than in reality.

The results of how a slope or a hill would appear in Figuré arBlue seen
in figure[4.5.

A problem is that the test track in Sodertélje was too shditte coast
downs had to be performed with different starting speedsetatile to get
data from 60 to 0 km/h. This resulted in that the ending spessid@ km/h in
two of the tests and 0 in the 5 last ones. The slope would thexék seen also
at 40 km/h. The coast downs were also performed in both dectvhich
would result in the opposite value when driving in the opfedirection.

Wrong way of measuring F,.. There are many works and articles done
that uses coast down tests to model travel resistances.cEthesay of these
results can be discussed but it is a commonly used way of miagsine
traveling resistances. I [12] a more accurate test praeefdu measuring
traveling resistance by coast down analysis is explainéeé. farameters are
calculated based on the time it takes to coast from one rigfieietpe to an-
other and the method describes how the time it takes to coaesttain dis-
tance can be measured more accurately. The method used thékis is to
use speed sensors with high accuracy which gives an acdesteiption of
the deceleration. In_[12] the test track has to be divided @nfix number of
sections. Itis not sure that the results obtained here wraud been obtained
if the method described in [12] was used.

Wrongly modeled air resistance The model of air resistance is com-
monly found in automotive literature describing the subggea. The above
described uncertainties can not totally describe the rdiffee inC,... The
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Figure 4.6:The result of the analysis of hop depends on the speed when
side winds are taken into accouidt, was previously modeled as a constant.

last thing that can overturn the new model of rolling resistais the value of
Cp. It has been assumed to be constant but its dependence oryhel&s
number is not neglecteable [4]. The question is whetheretagion can be
said to be constant for velocities close to the ones commanidgn in city
bus traffic or if it is just a linearization at a certain velgyci

The aerodynamicists at the group RTTF at Scania were caastatclear
up the difficulties. Their results show some interestingdaghich can be
seenin Figur. The results from the analysis are:

e Cp depends on side winds.
e The dependency is stronger if the edge radius of the bus areaked.
e ('p can partly describe the deviation seer(lp..

Cp, and the force due to air drag is increased with more than 308wa
speeds. How much does this result affect the valug,pftthat was calculated
in chaptefB? Differentiating (4.1.3) with respeciig yields:

9C, 1000 v?
=— p- A — 4.14
oCp mg P 2 ( )
and 50
AC,, = T .AC 4.15
S ACh (4.15)

1Cp was set to 0.57 &8.5 km/h in the analysis. Calculations are done according to [2]
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Evaluating this equation in the operation points of inteyéslds:
o AC: (Vgmyn =0) =0
o AC, (Vg =42) = —0.6
o AC, (Vgm/n = 88.5) =0

This is not enough to describe the results obtained in s&&iib.] but it
gives an explanation to from where the deviations may oaiginThe results
obtained by RTTF also show that the dependence on the edge cddhe bus
is big. The value o€p’s dependence on speed has been taken as an weighted
average of wind speed and side wind. During the coast dowB#dertalje,

a side wind of approximately 5-8 m/s was present. This coaldibre than
the "weighted average” and it is not investigated here howvehmmuore this
could affect the results. €p’s dependence on side winds are greater than
the results obtained by RTTF shows, this might explain softiesoresults in
Figure[3.3.

4.2.2 Proposed Model of Air- and Rolling Resistance

When simulations are to be performed where the vehicle opeed steady
state speeds the model described by Michelin is to be peaferin simu-
lations where mainly transients are studied e.g. city bafi¢cr the model
described by equatioh (4.6) {o (4.9) will probably give thestrreliable sim-
ulation results.

Sandberg claimed the time constant of a truck tire to be irotider of
1000 s. It was also assumed that the energy developed inr¢heetpended
mainly on vehicle speed. It is probable that it also depemdfoad if the
load is varied much from the values studied in the thesis. Steady state
temperature would then be lower if the axle load is loweredhis Wwould
increase the coefficient of rolling resistance. Thoughtiteés mechanical
construction is the same which indicates that the time emsemains the
same.

One simplification due to the big time constant would be to ehtite tire
temperature as constant if the mean speed is relativelyaon®r the simu-
lated cycle is short). The tire temperature (and the coeffiaf rolling resis-
tance) would then depend on the (predicted) mean speed qsatien [(4.16).
For example, if a SORT 1 cycle should be simulat€gd, should depend on
the mean speed which 18 km/h.

Crr = Cr (Umean) + Ca . (U2 - U2

mean)

(4.16)

With the velocities expressed in km/h the valuetdfis 0.23 - 1072 ac-
cording to Wongl[[7]. If the mean speedd8 km/h, C,.. varies with0.828
between 0 and 60 km/h which is approximatehs with C,.,.,.. = 5.5.
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Cp’s dependence on vehicle speed also has to be taken intoracdde
calculations performed by RTTF showed tligs is near constant if no side
winds are present but that the dependence on side winds iff big simula-
tion results should agree with realistic circumstan€és,should be a func-
tion of vehicle speed.



Chapter 5

SORT Specific Models

"Founded in 1885, UITP is the world wide association of urbad regional
passenger transport operators, their authorities andieusp’@. This associ-
ation has developed a standard with reproducible test£yofeon road tests
in order to measure fuel consumption|[17]. The standardgsepthree dif-
ferent "idealized” drive cycles which can be combined todiatbus operators
route. The three cycles are named SORT 1, SORT 2 and SORT 8 SdRT
1 is the most urban like cycle with a mean speed of 13 km/h arlTSBis
the most suburban like cycle with a mean speed of 26 km/h, igeed5.2.

The SORT standard also describes how the cycles are to bendriv
contains values for the minimum acceleration at full-tectnd the constant
retardation for different SORT cycles.

5.1 The New SORT Driver Model

To be able to simulate SORT cycles properly, a new driver mizdiatro-
duced. The driver is able to start and stop and to wait a spddiiine at
each stop. Demanded speed is a function of driven distanoake the com-
parisons between simulations and measurements easierisTdimore true
model of how a speed profile is setup in reality when drivingaoroad or
when SORT-cycles are driven. In these cases, the speecepaddildistance
dependent. Since the fuel consumption per kilometer is afi iméerest, the
driven distance plays a significant role. How to create a SOFIe is de-
scribed in the next section. In the old model, the driver hticha dependent
speed profile to follow. This approach leads to differentgtalistances for
different bus setups which can affect the result.

Since the SORT cycle should be made at full throttle in thekcations,
the demanded speed is implemented as a step from the stagtsighal from

1Part of the foreword of the SORT standard [17]
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N

/N

Figure 5.1:The driver model

the controller sometimes exceeds the possible maximunteaiatar pedal po-
sition. A simple anti wind up PI-controller is implementeg faodifying the
existing controller. The difference from the original drivis that the inte-
grator holds its value during the time the output signal headts maximum
value. The method is a commonly used way of solving the problih reset
wind up in controllers and can be found in [16].

5.2 Construction of The Perfect SORT Cycle

The new SORT driver needs a distance dependent speed prbiita tvas
to be recalculated from the time dependent variables destin the SORT
standard. How this is done is described below.

_dv _dvds _dv _ d
ST T dsdt ds ' as W2 6.1

Integration of[[5.11) with respect to distance gives:

v T od vE(s)
/IadS—/IOE 5 ds (5.2)

0
which, at constant acceleration yields

vi(x)  v*(o)

_ = — 5.3
a(x —xo) 5 5 (5.3)
v(x) = /2a(x —x0) + v2(x0) (5.4)
the stop durations are saved in a table
10
) 220
stopTime = 320 (5.5)
420

where stop humber 1 is the time to wait at the start.

This results in a driver who stops within 5 cm at each stop dways
waits the right time according to the SORT standard, comeding to how a
driver behaves in a measurement.
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5.3 The Driver’s Influence on Fuel Consumption

An additional study of the driver’s influence of fuel consuiop is made to
give an understanding of the validation on SORT-cycless Rdid that the
driver can save up to 20 % fuel by eco-driving-training [1Bhe main ideas
of eco-driving are to drive the vehicle at full throttle irethccelerations, skip
gears, drive on low engine speeds, use the engine brakadnsteraking
and plan the stops more in advance etc.

5.3.1 Driver’'s Behavior on a SORT-cycle

To investigate how much the driver can influence the fuel aontion, simu-
lations are performed with three different driver profil€ke first driver is the
normal SORT-driver who drives the vehicle at full throttigilithe demanded
speeds are reached. The second driver is an aggressivg grizssing the
accelerator pedal a little too long which gives the resut this driver gets
into the constant speed phase with a speed that is a littléigio Instead
of braking, the driver presses the pedal a little less andtisedecelerates
during the whole constant speed phase. There is also a Wiy, driver,
who eases the accelerator pedal a little too early in thdemt®on, resulting
in a need for a gentle acceleration during the constant spkase. To be
able to compare these drivers, the mean speed is the sangedimthlations.
The results can be seen in Figlire] 5.3. Note that the only hettinat differs
between these three drivers is the behavior during the aohspeed phase.
The study is made to give background to the results givenémtxt chap-
ter where the driver behavior during the constant speedepisasne of the
factors influencing the result.

The driver profiles drive 520 m in 125 s (they all stop withinr8 end
0.2 s) which gives a mean speed of 15 km/h. The lowest fuelwsopton
is achieved by the driver accelerating a little too much. el driver pre-
sented above has the highest fuel consumption. Comparée tmormal”
driver, the fuel consumption differs with3% for these two drivers.

Driver type  Normalized Fuel Consumption

Normal 1
Agressive 0.97
Wimpy 1.03
Explanation

The results obtained above agrees with the ideas of ecmgrivhis calcula-
tion is based on equal mean speeds of the different drivéws efficiency of
the powertrain components and engine is higher at high &lgads which
benefits a driver who drives with a high loaded engine. If tlreamspeed is
lowered, the fuel consumption normally decreases but dlutation shows
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Figure 5.3: The results of the simulations with three different drivefhe
lowest fuel consumption is achieved by accelerating @ lttib long and ease
the accelerator pedal to decelerate during the constanédgehase.

that even small deviations from the perfect driven sort e€yelsults in big
differences in fuel consumption. One could expect the engificiency to
increase for the third driver but the increase is too smatidmpensate for
the energy needed for the acceleration.

These results should be considered in the comparison of tiaesbwhich
have driven the SORT cycles. If one of them acceleratesftisia the second
one, the fast one will probably have a higher fuel consunmpifidhe two
buses are equally loaded, and it will definitely reach a highean speed. If
the customer only looks on these figures, he will probably th@ybus with
the lowest fuel consumption. It is not sure that this bus halve the lowest
fuel consumption on this customers route. This has not besmioned in the
SORT-standard and can be misleading for customers unaivtis.o

5.3.2 Acceleration Limiter

During some of the tests to collect data, it was discussedtivfuel con-

sumption decreases when a sort cycle is driven at low aat&larcompared
to a sort cycle driven at maximum acceleration. As said legefaccording to
the eco-driving principle the accelerations should begrenéd at high accel-
eration. Why are pupils teached to drive that way if it is n@lfsaving? This
is a perfect task to study with aid of the model library.
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An acceleration limiter is implemented in the EMS. The emrat de-
scribing the dynamics of the vehicle are:

I.l = T2 (56)
gy = _q:(a;Q)_@(a;l)Jr% (5.7)

Wherez; is the driven distance and, is the vehicle speed¥ and ® are
non-linear functions of vehicle speed and distance. Thé&cobsignal u is the
tractive force. If® is neglected (it is identified as the road gradient dependent
term), = can be chosen so that:

% = U(2s) +7 (5.8)

wherer is the reference value;;,,, and ¥ is identified as the total driving
resistance. In[15], this method is described as computex for computed
torque where u is chosen so that the system is perfectlyrlireshand the
state variable will follow the reference value exactlylifis calculated cor-
rectly. In this particular case where the driving resis&isdknown, u can be
calculated by calculating the required engine torque atichate the power-
train efficiency.

Fr"'Fir
V() = TA (5.9)

The tractive force is as before:

Me 1 ot * o
F, = Me * Lot " TMtot (5.10)
T
and the torque the engine has to produdg, () to achieve the demanded
acceleration can now be calculated fram{5.9) and {5.10):

_(Wtr)m-ry (5.11)

Ntot * Lot
M.,., can be achieved by requesting an injected amount of fueltiey-in
polation in a lookup table with engine speed and requestedi¢oas inputs.

€req

fi = lookup(M.,.,,we) (5.12)

The result of the controller can be seen in Fiduré 5.4. Theudiances
are due to gearshifting where the controller is deactiva@ul the first gear,
a small disturbance from the hydraulic torque converter lmarseen. On
the 2:nd and 3:rd gear, the acceleration limiter works prigpen gear 4,
the engine is no longer able to produce the requested tomogdrcome
the reference acceleration. The efficiencies in the poaierire assumed
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Figure 5.4:The result of controlling the maximum injected amount of toe
limit the acceleration by using a exactly linearising cantler.

to be constant. Deviations from this value will be handledahyintegrator
integrating the fault. The output of the integrator is adttethe calculated
fi- ii0¢ is available from the CAN bus an8, is assumed to be constant in
the simulations, deviations are handled by the integrdtoe result shows a
decreased fuel consumption with 1.5 % for a SORT 1 simuladimh1.35%
for the Braunschweig cycle.

This contradicts the recommendations from eco-drivinge &kplanation
is that the mean speed is decreased with 3.6 and 2.6 % reshgatihen
the controller is activated. A lowered mean speed resulkswer travelling
forces and in most cases a lowered fuel consumption. Thigsgiye, but a
bus driver will probably increase the constant speed @ littlreach the next
bus stop in time. This is not taken into account in the simomst Therefore,
an acceleration limiter will not always reach its purposthwaving fuel. The
limiter will also have the best effect in a low loaded bus. Ayfloaded bus
with a weak engine will never reach the limited accelerati®Barhaps could
a limiter be interesting as a comfort feature. A limiter abicrease the
comfort and reduce the effects of a driver pushing the acatelepedal too
much. On the other hand, it could give the drivers a bad opinioScania
busses as slow and powerless.



Chapter 6

Model Validation

In this chapter the results from simulations are comparéi measured data
to validate the new models. Steady state tests were donékiig, those are
used to validate the total driving resistance includinggbesertrain, air and
rolling resistance. Fuel consumption measurements weferpeed at Idiada.
The simulated results are compared with the figures logg@&goakvik and
Idiada. Since the driver at Idiada drove the vehicle a litifferent at each
cycle, the mean value of the results from Idiada is preseinldding the
statistical level of confidence.

6.1 Comparison of Steady State Torques

At Bjorkvik, the bus was driven at constant speeds and tivendrtorque was
logged. Simulations show that the total ratio of the povedntis correct at
all gears. This results in equal engine speeds at equalitietoand gears.
Figure[6.1 shows that the torque needed to drive the bus fdrigasimilar
in the simulation and the measurements. Deviations coultlleeoCp and
small slopes as discussed in chafpter 4.

Since the engine speeds are equal, the power to drive theobwarfl is
equal. The gearbox model was built without using data froenrtteasure-
ments, the model of traveling friction was developed withthe use of a
gearbox model. The results shows that the new gearbox medetitles the
low load losses well and the losses are modeled better théreioriginal
model.

If the manufacturer supplies Scania with more efficiencyagdtte uncer-
tainties due to the gearbox can be improved.

41
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Figure 6.1:Validation of steady state torques after model improvemesin-
ulated results (blue) and measured results frorarByik. The engine speeds
are the same which means that the power is equal at steady sateds us-
ing the new gearbox model and the new tire model. There are smnall
deviations which might depend on model uncertainties.iBtessther expla-
nations are winds or gradients in the road. The ratio betwéesling and
torque is 0.2:1 which results in small errors even thoughiakiwns exists.
The deviations in the measurements are very big and it worildelsirable to
collect data during a longer time to get more data which wagikte a better
statistical basis.
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6.2 Acceleration and Gear Shifting

Even if the steady state torques agree well in measuremedtsimulations,
the model’s possibility to predict fuel consumption will peor if the tran-
sient behavior of the model is badly modeled. Figuré 6.2 shvat the vehi-
cle speed increases more during gearshifts in the modeinttae measure-
ments. Calculations show that the sum of the kinetic eneftjyeogpowertrain
and the bus is the same before and after a gearshift when ¢ingyeinom the
fuel during the 0.5 s long gearshift is subtracted. Thisatféan be felt in a
bus but it can not be seen in the measurements. The gearbaitispby
hydraulic components. When gear shifting occurs, valvesoaened which
enables power to be transfered between two gears. It seetins efficiency
of the gearbox during the time the valves with differentaatare open is
lower than when just one valve is od&nln Figure[6.B the efficiency of the
gearbox is set td0% of its normal value during gearshifts which seems to
capture the main effects. In the first figure, the set speeziseaiched 5-10
m too early resulting in a decreased fuel consumption. Tfierdnce in fuel
consumption is approximately01 I/km. After model improvements this fig-
ure seems to be correct. From Scania’s point of wiew, it isimetesting to
model the gearbox efficiency during gear shifts more aceutain this.

It can also be seen that the gear shifting points are corredetad. De-
viations depends on acceleration, accelerator pedaliposind speed. As
seen in the figures, the amount of fuel that is injected dutiegyear shifts is
correct too.

6.3 Accuracy of Fuel Prediction on SORT Cycles

SORT cycles have been driven at Idiada in Spain with a tygitabus pow-

ertrain. The simulations are performed using the same engpeed profile
and other figures as at Idiada. In secfiod 5.3 it was discussedhe driver's

behavior influences fuel consumption. Keep that in mind wétedying the

results from Idiada where the driver is having problems Wébping the ac-
celerator pedal at a constant level. The driver in the sitimria has been
modeled to be as ideal as possible according to the SOR@atn This

means, it will keep the accelerator pedal fully pressed dawtil the de-

manded speed is reached. To fit the simulated speed profie tmé¢asured
ones, the mean speed of the speed profile is increased ayitidjusting the
constant speed.

Since there are many parameters that can affect the reshls ito be
discussed how well the measurements can predict the finat va@he driver
can influence the fuel consumption a lot. There are three reainlts that can
be seen in the figures.

1The manufacturer has been asked for information regardiisg As this is written no more
facts have come to Scania’s awareness.
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e The driver who did the measurements at Idiada had problerts wi
keeping the accelerator pedal position steady. The denmtilso seems
to be greater than one could expect from a driver driving oatadlad.
This does probably increase the fuel consumption. (Theuwropsion
would decrease if the tests were performed as in the sironkti

e The driver often accelerates or decelerates during thetaoinspeed
phase. In mean, this behavior probably results in very sdeaflations
from the real "perfect” valug.

e The driver releases the accelerator pedal a little eaHim the simu-
lated driver. This means that the real driver uses the lagtSl@eters
to coast down. It would result in an increased fuel consuomgfithe
driver kept the accelerator pedal pressed down the lastsiete

e Other things that could affect the result are wind and rodecéd.
These parameters were perfect during the measurementsizerto
the test protocol.

In mean, those effects are small and will only influence thresamption very
little.

6.4 Results

The final results of fuel consumption from the simulationd &hada are pre-
sented below, normalized with the simulated result from $I@&RT cycles
which are named'; andI's:

Drive cycle Simulated result CAN integrated result IDIADA measure
SORT 1 Iy (0.988 £ 0.020) I'y 0.984 T4
SORT 2 Iy (1.022 £ 0.025) I’y 102.5 9

The CAN integrated result is presented with a 95% confidesaad kince
the calculations are made on all of the available Idiada oreasents. The
last result is the official result from Idiada which was measwsing special
equipment for such purposes.

If the ratio between the simulations and the CAN integragsilt is cal-
culated, using the value with a 95% level of confidence thatgjihe greatest
deviation, the deviaitons between the measured and thdaggduesults are:

3% at the SORT 1 cycle and 5% at the SORT 2 cycle. Compared to the
measured figures the deviations are 2 and 3 % respectively.

In general, the results show that the library can be used tacdarate
predictions of fuel consumption, which lie within the vaigams of the real

2The results in sectidn 3.3 indicate this result
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Figure 6.2:Validation of the fuel consumption for a SORT 1 cycle aftedeho
improvements. The simulated result is the blue dotteddithethers are from
Idiada. Red stars are cones which describe where to stat tapeze, where
the speeds have to be reached and where to start braking.
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driverd and as long as the simulated figures are within the ones arnieat d
causes, it must be seen as a very good result. Trucks andesoaeh be
equipped with cruise controllers which make the deviatietween different
drivers relatively small. In city bus traffic, the driver haspress the acceler-
ator pedal which results in even greater deviations betwldtarent drivers.

Finally it can be established that the CAN signal describesr¢al con-
sumption well for SORT cycles. The 2% deviations seerin @aljld not
be reproduced in this work. It is probably easier to achiewedgvalues at
constant speeds compared to these transient cycles. dnansbdeling also
results in more simplifications and the deviations due tcsfieed profile are
greater than in the steady state speed case.

3The maximum and minium integrated CAN values from Idiada S8ORT 1: 0.94 I'y,
1.02 Ty SORT 2:0.96 I'2, 1.03 I'2
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Future Work

The main achievement in this validation is that the modehlip is shown to
be useful for accurate predictions of fuel consumption. st useful and
reliable figures are probably relative results. It is alwegky to spread in-
formation regarding absolute fuel consumption. Figuresfants can rapidly
change to hearsays where the background information isResative results
will also probably still be correct even if the absolute aamgtion differs
between a computational and a measured result since sorhe efrors are
canceled.

Still, there exists some work that can be done:

The value ofCp and how it depends on vehicle speed for a typical city
bus and a coach is of interest. If it would be possible to tdatsain a wind
tunnel it would give a great input to the model. Perhaps imdugh and
would give reliable results to simulate this dependency.

The value ofC,.,. should be further investigated. The simulations are per-
formed with a wide range of loads and speeds. It has not beestigated
how C,.,. or the temperature depend on load if the load is varied a Ibt. |
simplifications has to be made, the most reliable resultsladvprobably be
reached by using steady state values for long haulage diondaand city
bus traffic simulations with a value proportional#®. (4.8) could be used
with a fix value ofC,, which depends on the mean speed of the cycle since
the temperature would be constant.

This study has only dealt with fuel consumption issues. & thodel
in the future will be used for driveability analyses, othieings have to be
investigated eg. stiffnesses in the powertrain componehish could induce
driveline vibrations etc.

To achieve reliable results and a good understanding ofithéation re-
sults it is of greatest importance to validate new modelse dévelopers of
the model library should continuously compare simulatiesuits and avail-
able data to get a good understanding of the library’s pdiggito predict
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fuel consumption and to find possible model errors. Finaliy & very pow-
erful simulation tool but as with all models where simplificas have been
made it can be misleading if the tool is used by persons whe havor little
understanding of the model’s area of validity. This underding can only be
obtained by using the tool as described above.



Chapter 8

Conclusions and Reflections

8.1 Conclusions

A model library consisting of bus specific powertrain comgots has been
developed at Scania. The library is based on a work primangdor long
haulage simulations of trucks and has been modified and afze®ito catch
the transient behavior of vehicles. In this work it has bemtto figure out
the bus specific library’s ability to predict fuel consungptifor the standard-
ized SORT cycles.

In the first part of the thesis a theoretical analysis of thelehat constant
speeds on an even road is made. The analysis points out whiampters
that result in the greatest influence on fuel consumptioshdivs later in the
report that this is a powerful tool to by hand easily calaaifadw the change
of a parameter influences fuel consumption.

After the analysis, practical measurements is performedtwoints on
some uncertainties in the powertrain components. Becalude avay the
measurements is carried out, it is not possible to directfemnine from
where the faults originates. By studying the gearbox madisl $upposed
that this model underestimates the losses at low loads. badslis com-
mon in city buses with high differential gear ratios and thisdel uncertainty
is therefore crucial. It is assumed that the losses arerlime@ new torque
loss model. With the new model the efficiency of the gearbastially
falls when the driving torque approaches the assumed mitéiation torque
namedr;,ss. In the thesis it is discussed why this model probably dbssri
the real losses of the gearbox better.

Coast down tests are also made. Those are used to comparethe m
eled traveling forces with the simulated ones. New modeiradind rolling
resistance are proposed.

In the comparisons with fuel consumption tests, the mod®lgyato pre-
dict fuel consumption is investigated. Because of the regaéds big devia-
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tions from the speed profile, the mean values with confideswels are used
to compare the models ability to predict fuel consumptiopvBual inspec-
tion of the graphs it is seen that the model catches tranbigmavior well.

Finally it is established that the model library can be usedd precise fuel
consumption analyses of SORT 1 and 2 cycles that resultsmtlan 5%
deviations from the measured values. Those results arer ltleéin the vari-
ations caused by the real driver when the same drive cyclenisrdmany

times. The main uncertainties are powertrain losses, ltrayé&ictions and

difficulties in modeling the real driver when the comparistetween simu-
lations and measurements are made.

8.2 The Author’'s own Reflections

The model is said to predict fuel consumption on SORT 1 andcRsywell.
There are no results that contradicts the assumptionshteamodel will pre-
dict fuel consumption well on SORT 3 or other transient cgals well.

Much of the deviations between simulations and measurenegiginate
in difficulties describing a certain duty cycle or a certaniver's behavior.
Even if a real and a simulated driver in mean have the sameureshgalues
eg. mean velocity or mean accelerator pedal position, aeased fuel con-
sumption can certainly depend on traffic type etc. Effektstihese can affect
the simulation result a lot if the real driver sometimes apes the vehicle at
operating points with poor efficiency but in mean in an opagapoint with
good efficiency.

To only optimize a vehicle for good fuel economy will resulidoor drive-
ability and a good understanding of the driver's acceptamtbexpectations
is therefore important. The simulated driver is not optiediZor good fuel
economy measures but only to follow the speed profile welly Bofits can
therefore be made by teaching the real driver the principleso-driving.

The new model oy takes side winds into account. It has been shown
that these effects are big and can not be neglected. Wheitiimgduel con-
sumption it can be discussed whether the calculations dimeuperformed at
"ideal” conditions or not. The assumption th@p, is constant is a good as-
sumption as long as there are no side winds but the resulbatlbe reliable
for real conditions in general.

There are also some arguments for using simulations insteraal mea-
surements:

e The simulations will always give the same results since thbiant
conditions are always the same. It can also take long timeréehe
new ambient conditions can be achieved in a real test.

e The simulations are fast and cheap and no modifications ltabe t
made on test vehicles.
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Chapter 8. Conclusions and Reflections

e In measurements, a single person’s behavior can affectthleisult a
lot. If two different tests are performed with differentwlis the result
will probably differ more than the deviations caused by orieedl.
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Notation

Symbols used in the report

Variables, parameters and names

v
Vkm/h

Um/s
Tw

p

Cp

CTT
A
L

dg
gb
TC
e
tr
r

tot

speed

speed in km/h
speed in m/s

wheel radius
density

air drag coefficient
coefficient of rolling resistance
frontal area
coefficient of friction
wheel

differential gear
gearbox

transfer case
engine

tractive

rolling

total

Forces, torques and efficiencies

M,
T
Fy
N
Na

ig
w

torque in powertrain component
torque load of auxiliary device
force in component

normal force

efficiency of component

ratio of component

angular velocity
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Appendix A

Signal Processing

The speed signal logged from the CAN-bus is noisy and has fittéred.

This is made using a 3:rd order Butterworth filter implemedriteMatlab
with a normalized cut off frequency of 3/50 . The filter projess can be seen
in Figure[A.2. The used Matlab function is filtfilt which rensra zero phase
filtered velocity signal with correct initial conditions.

The filtered velocity signal is then used to calculate thesbration us-
ing (AJ). If 5 sec. is considered a long time, it should bdsetlation to the
time it takes to coast down from 50 km/h to 0 which is almostriButes. It
should also be mentioned that other ways of calculating¢belaration have
been tested but it has been concluded that this method waalks w

_v(t+2.5) —v(t—2.5)
B 5

a(t) (A1)
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Power spectrum for signal y1
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Figure A.1:Spectral analysis of the velocity signals. Generally it barsaid
that the signals logged at high velocities contain more gyer

Butterworthfilter characteristics with cut off frequency 0.3 Hz
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Figure A.2: The characteristics of the filter used to filter the velocignsal.
The cut off frequency has been marked with a ring (-3dB)



58 Appendix A. Signal Processing

raw (black) and filtered (coloured) signals

velocity [km/h]

80 85 90 95 100 105
time [s]

Figure A.3: The non filtered (black) and the filtered signals (colourél)is
is a zoomed variant of the plot seen in Fighrel 3.1.



Appendix B

Model Changes

This appendix deals with the model changes made during tik.w

B.1 Gearbox

Instead of extrapolating the efficiency from the data givgrthe manufac-
turer which results in gearbox efficiencies above 90% atraliny cases, an
internal friction calledr;,ss is calculated. When studying,ss it seems as
the losses are linear with respect to torque. Thereforesxtrapolation gives
more reliable results if the extrapolation is made with ezspo this quantity.
With this model, the efficiency of the gearbox is zerd\éiywheer = Tioss
which is approximately 25 Nm at low engine revs.

An additional gearchange fix is made. The efficiency of the'lgmais
set to 40% of the normal efficiency during gearshifts. Themmattic gearbox
is a hydraulic gearbox and the fix seems to capture the madetefbf the
gearchanges.

In an e-mail sent to the manufacturer of the gearbox, the ntaiotes
were pointed out. New figures will not be sent to Scania withatimescale
of this thesis.

The advantages of the new gearbox model are:

e Power is lost even if the power into the gearbox is zero.
e The gearbox has lower efficiency at low load.

e The loss model is technically intuitive.

B.2 Differential Gear

The inputs to the loss model had been mixed up in the previmdein The
torque and the speed have now been changed.
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60 Appendix B. Model Changes

B.3 Traveling Resistances

The new traveling resistance gives correct driving torqiésrks have been
initialized to figure out how the air drag coefficient depends/ehicle speed
for different buses.

B.4 Driver

The new driver’s behavior is distance dependent insteadra tependent
as before. This leads to equally driven distances evenfiérgift buses are
driven. This makes the I/km figure more comparable. The névedalso
handles steps without controller wind up.
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