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Abstract

The adverse effects of emissions from the global transport industry on the environment have
become increasinglypgarent, with significant emphasis placed on their reduction through
YDULRXV LQLWLDWLYHV ,Q WKH 8. +HDY\ *RRG¥Wo9&llKLFOHV
goods. The majority of trucks are articulated (Truck and Trateather than rigid vehiek.
6XUYH\V VKRZ WKDW ZLWKLQ WKH 8. LQ +*9qV WUDYH (
kilometres™. The CQ emissions from transport industry are estimated to account for 25% of
HQWLUH HPLVVLRQV ZLWK +9%9 §fVtrabsdortSersion€ &. HAnyR U
improvement in fuel economy within transport industry will thus have direct bearing on
management of emissions.

OXWHU GLPHQVLRQV RI +*9qV DUH UHJXODWHG E\ WKH ORFL
these vehicles optimized to maximisegmwolume rather than aerodynamic efficiency. The

JRDO RI WKLV UHVHDUFK ZDV WR UHGXFH IXHO FRQVXPSW|
aerodynamic drag by modifying flow field around the vehiled A number of post market

addon devices for comercial vehicles have beauapted as standard equipeffthilst some

of these devices like the cab roof fairing have become popular, others like the base bleeding
devices have been largely discarded by the industry due to practical limitations like adystruct

caused in normal operations e.g. loading.

Studies have shown that streamlined matching of trailer shape and cab roof deflector for
smooth airflowcan reduce fuel consumption of articulated trucks by approximately 9.6%
Researchers found out thasjuhe positioning of a cab roof deflector (CRD) can influences

the fuel consumption of an articulated truck by about @ %&xisting cab roof deflectors are
RSWLPLVHG IRU D VLQJOH WUDLOHU KHLJKW +RZHYHU LQ
with a range of trailer height$o maintain efficiencyt would require a change in the deflector
positioneach time the trailer size is altered. Furthernibi®required to respond to changing
crosswind conditions with changing CRD positioning for maxinafficiency

Through his researctprojecta control system foautomated dynami€RD adjustmenhas
been developedts concept can be employed fany combinationof truck andtrailer. The
control systemhas beerdeveloped to always adjust the CRD to tpimum position for
reducing aerodynamic draghe reduction in aerodynamic drag is directly related to the
reduction of fuel consumption.
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10



21402006 = dynamic pressuréPa)

Rguc = pressure on the left hole of a three hole probe (Pa)
25 U = pressure on the right hole of a three hole probe (Pa)
226000 = static pressuréPa)

2:ac0R = total pressuréPa)

PCB = printedcircuit board

PWM = Pulse width modulation

3 = pressure normalization factor

s = scalar factor in vector algebra

t = scalar factor in vector algebra

% = wind velocity (m/s)

V ref, max = maximum ADC reference voltage

Vv = resulting wind vector in asswind situations

Vw = wind velocity in crosswind situations

VT = truck velocity in crosswind situations

= = pitch angle relative to probe tip centre ais

> = yaw angle relative to probe tip centre aXis

o = density of air, 1.225 kg/Mm

CRD position difference from actual position to optimum position (cm)
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Chapter 1

Introduction

This chapterintroduces the HeavZommercialVehicles (HVC) and addn deviceswvhich
have beenised testreamline the airflov@round a KCV. The airflow is streamlined to minimize
the drag forcandconsequentlyeduce fuel consumptiasf HVCs. This chapter alsbighlights

the basic concepbf HCV aerodynamic optimization and defines the research aim for this
project.
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1. Introduction

Over the last few decades fuel consumption has become a major cam¢kenautomotive
industry especially in highmileage sectors such as freight and commercial transport
companiesFuel consumptioms a major economical factor to thrensporcompaniesrad also
a major environmental factorence the automotive industry needs to improve their energy

efficiency onHeavy commercial vehicles (HCV)

HCV were seen as storage on wheels for a long fiims ledto desigis which aredominated
by the idea of mamizing the amount of transported goods per jourhegs emphasis was
given towards designinafuel efficient HCV

The road transport industry in UK consists of both single bodied small delivery vehicles and
articulated trucks consisting afultiple bodes. They are further classified in two categories

i.e. articulatedtrucksand rigidtrucks

Within HCV, the term articulatettuck describes a combination of a tractor vehicle with an
attached trailer. These vehicles are commonly usedrdosportation bgoods across the
country/s.In 2013, 68% of all goods were transportgdroadsin UK [1] with a significant
part being serviced by articulated trucks. Staord local transportation of goodare mostly
handled by smaller rigid trucks with fixed loadsaceand capacity ofip to 32 tons maximum
gross weightArticulatedtrucks are mostly used for lowijstance transportation gbodswith

the loading capacity afp to 45 tons.

The dimensions for theddVC are regulated by European and local laws t&erthe semi

trailers interchangeablavith any tractor vehicleThe permissible maximum dimension of
trucks in the United Kingdom are of 2.55width for any kind of vehicleVehicle length is
limited to 12 mfor rigid trucks and 16.5 m maximum length fatieulated truckg2]. While

the geonetry of rigid trucks isimplewith only the length of the driver cab and the length of
the cargo area being a factor, the geometry of articulated trailers is more complicated. An
articulated truck is merged by two septe units of truck and trailefTo create
interchangeability of trucks and trailecommon design guidelingsave beerdeveloped.
Trailer swing radiusdistance of the kingpin and the cabs rear wall as well as safety clearance
between the swinging trafl@nd the callhave beerstandardizedThe combination of these

factorshaveled to a general agreemeonh theoverall design of articulated trucks, which is
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shown in Figure 4L. The length of the trailer is 13.6, e cab length about 2x@ This leaves

agapof 0.9 mbetween cab and trailer for each standardized-taifer vehicle[3].

Figurel-1: Dimensionsof an articulatedruck (schematic, not scaled)

In any vehiclduel consumptiortan be definedsthe conversion of stored chemical energy in
form of fuel into mechanical energy by a combustion engdihe.mechanical energy generated

by the combustion engine is applied to the wheels of the vehicle to generate a tractive force.
The tractive force musbe higher or equal to the resistive forces in order to accelerate the

vehicle or sustaim steady motion.

Fuel consumptiorrequirementsof trucks on a trip can be split into founajor factors:
accelerationdrive train lossegolling resistancand &rodynamic drag.

To accerlerate an object the ineratia has to be overcome by the appliced@licredso applies

for the acceleration ofehicles such as HCVIhe force needed to accelerate a HCV at low
vehicle velocity is mainly dependent on the magthe HCV and not dependend on the
aerodynamics of the vehicl€hus the fuel consumption for accelerating a HCV at low vehicle
velocity is mainly related to the mass of the HCV and not dependend on the aerodynamics of
the vehicle.

Drive train losses ingporate heat production in the engine and friction losses which are
inherent with the technology of combustion engine vehicldss also includes power
consumption of secondary electrical devices that are powered via the lighting dynamo.
Secondary elecrad components aydor example air conditioning, navigation, radio and

advanced drivers assistance systems.
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In constant speed condition, such as driving on a motorway, acceleration is not taking place.
Rolling resistancés a force related to the frictiobetween the trucks tyres and the road. This
factor is about constant with slight fluctuation due to different tyre pressures, tyre rubber
compound and tyre wear level as well as road surface properties. The rolling resistance factor

is usually specifiethy the tyre manufacturer.

The fuel consumption for overcoming aerodynamic drag is about 38.2 % if the trucks journey
mainly consists of steady speed sections with low height difference and low acceleration
periods. In that condition the further fuel congion is distributed as follows: 35 % to
overcome rolling resistance, 18.5 % on transmission and electrical accessories and 8.3 % on
acceleration4]. The longer steady speed sectonsa journey arehe more fuel consumption

can be related to aerodynanairag.

Figurel-2: Powerrequired to overcome the aerodynamic drag and rolling friction as a
function of travel speed for a typical class 8 truck trgigr

Figure 1-2 showsthe required amount of powéw overcome aerodynamic drag and rolling
resistance as a function of speed for a class 8 -tradkr unit with an associated drag

coefficient of 0.6. The data shown Bigure 1-2 was obtained b¥cCallenet al[5] in 1999
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and it is claimed at a speed @ miles per hourn that conditioraround 65% of the total

energy produced by the engine is used to overcome the aerodynamic drag force

Figurel-3: The fuel saving percentage vs. drag reduction peagent

for differentscenarios [4]

With aerodynamic drag being the major part of fuel consumption on long joueffeyisin
reductionof aerodynamic dragffers rewards in reduction of fuel consumptiéingure 13
shows thaeduction in fuel consumptiondhcan be achievdaly reducing aerodynamic drag
as stated by Mohame#&assim et a[4]. The figure shows the relation of aerodynamic drag
reduction and fuel consumption reduction for pvedefined driving cycles. TheHDC (Long

Haul Driving Cyclg which consists of an acceleration sequeaté0 mph in the beginning
and a breaking sequence in the end of a 20 minute journey. NE&Cmodified European
Driving Cycle) that contains four sequences of stop andegoesenting urban drivirend one

60 mph segence of 6 minutest shows that reduction of aerodynamic drag on HCV has higher
effect on fuel saving with extending steady speed motorway sequences on jaliaay.A
comparng of the LHDC and NEDC fuel consumption reduction results shitvat the same
level of drag reduction results in twice as much fuel reduction for the motorway journey
compared to therban driving cycleFor a truck with a mass of 40 tons and a reduction on
aerodynamic drag of 10% a resulting fuel saving of about 5% can be expected.
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In generalthe shape of a vehicle influences the aerodynamic fehéshis created by the flow

field on andaroundthe vehicle The resulting aerodynamic pressures and velocities in the flow
field influence the magnitudes and directions of forces anthemts acting on the vehicle
These forces and momerdan be represented in form afrag force, lift force, side force,
rolling moment, pitching moment and yawing moment. The drag force created by the flow field
is directed opposite to the direction ohvel of the vehicleanddirectly influenes the fuel
consumption The other components of the aerodynamic force system mainly influence the
stability of the vehicl¢6]. The drag force is defined as:

(14 L_Z ER 9, # (Equation1)
érepresents theensity of the fluid Rrepresentghe fluids velocity relative to the object
velocity. %,representshe dragcoefficient based on the objects shape that is in the str#am
representshe projectdarea &cing the streantquationl showsthat the drag force increases
linearly as the projected frontal surfanereasesThe drag force also increases linearlytas
density of the fluid or the shape based drag coefficiéjibcreases. Increasing thelocity of

the vehicle increases the drag force by the square of the velostgad of aerodynamically
optimizing their vehicles the transport companies focussed on moving as many goods as
possible to reduce the cost pemsportedyood.

Over the yearthe requirementf interchangeability of trucks, trailers, train cargo containers

and shipping containers resulted into standardized designs rules for these components. These
design rules have to be respected for any aerodynamic improveomauit cut dow on the

aspectof interchangeabilityTo reduce the drag force (Equation 1) on articulated trthoeks

focus has been to lowtre shape based coefficiet,over the whole truck.

One part ofa trucks overall%,value iscontributedby flow sepaation in the boundary layer
which occurs when the kinetic energy of the flow in the boundary layer is not sufficient to
overcome the adverse pressure gradi€igiure 4 shows this effean the transitiorof the

airflow from cab roof to trailer roof
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Figurel-4: Flow separation onrearticulated truck (schematifg]

To reduce the flow separation and consequently reduce aerodydrag@narticulated trucks
researchers have been developing aerodynaddon devicesThese adebn devices can be

categorised as two types:
1. Active addon device

Active addon devices work by using a secondary energy source to power up. These devices
are rarely used in the industry due to high itatimn and maintenanceosts. For example
moving surface bounda#ayercontrol(MSBC) devices

2. Passive addn devces

Passive addn devices are used to change the oncoming flow profiles using their shapes. They
are widely used addn devices for truckrailer units in almosany truck-trailer configurations
thatcurrentlyoperate irthe UK. Passive ad@n devicesare much cheaper to manufacture and
install comparedo active flow control devicesThey also have very lomaintenance cost.
Many differenttypes of passive adon devicesare availableThe most commorpassive add

on devicesusedfor improving the airflow in the area of the trutiler transitionare listed

below.
i.  Cab roof fairing devices
ii.  Corner Vanes
iii.  Side skirts

iv.  Truck-trailer gap seals
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Using these devices stmalines the flow transition in the caitailer area and hence reduces
the flow separation and aerodynamic drag fofteés reduces the fuel consumption of the truck
and consequently reduces the greenhouse gas emisddban devices for optimizing airflow

in the vincinity of a trucKrailer vehicle are available in different styles and follow different

conceptsThis studyfocusseonthe concept ofab roofdeflectordevices (CRD).

The aim ofCRD patrts isto streamlinghe airflow irfront of the cab rooto thetrailer roofby
deflecting the airflonand to prevent flow separatipn, 8]. Depending on the configuratiaf
deflector sizedeflectorshape, deflector positioningnd the trailer height the resulting drag
force can vary in a range of abai0%. Reverselyhis means, that aoptimized configuration
of CRD geometry and CRD positioning for a certain tra¢tailer combinatiorcan lower the

resulting drag force significantly.

Field experimentiave been performed to compare an optimized airftotine trucktrailer

gap area with maladjusted or suboptimal shaped CRDs. The sdsuhighasuboptimal CRD
configurations lead ta significantincreaseon overall fuel consumption of articulated trucks

[5]. Trailer heights for articulateiucksin the EU are limited by EU guidelines to a maximum

of 4.0 m total. In Britain trailer heights are not limited, but it is recommended not to exceed a
trailer height of 4.8 mThis recommendation is derived fratasign guidelines for tunnels and
bridgeswhich are built with @ overhead clearance of 5.0[@&]. While it is not allowed to use
British 4.8 m trailers on European roadss possible to use European 4.0 m trailers on UK

roads. hisleadsto varying trailer heights with a range40 m to 4.8 m irthe UK.

1.1 Motivation
The greenhouse effect and related energy saving regulations make it necessary to reduce overall

energy consumptioaf HCVs. Overcoming of arodynamiadragof articulated trucks is a big
component othe energy needs and heeerall fuel consumption in the commercial transport
sector. It was found th&tel consunedto overcone aerodynamic drag a hugecomponentf

over 50% in overall fuel consumption for long distance transport journgys remaining 50%

of overall fuel consumptiors split between acceleration and technologies inherit losses such

asrolling resistanceand friction losses idrive trains.

The drag forcedquationl) is dependent oiour factors the density of the fluidg the vehicle
velocity R the shape based aerodynamic coefficiéandthe projected frontal are& The
value of the density of alras beeronsidereds a natural constawith 1.225 kg/m3Changes

on the vehicles velocityave not been a \iée optionbecause of the transport companies needs
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to move goods as quickly as possililead capacities and HCV gross weight are standardized
and have been considered constaiaximum speed of HCV is regulated by local and
European lawsit 56 mph( 90 kn/h) [10]. Lowering the travelingelocitiesof HCV is not a
viable option forthe transport companieBherefore e velocity of HCV has been considered
constant but with respect to legal law#$e projected frontal area of HC\ependn the
shape oftie used trailer. Both components width and height of the projected frontal area have
beendeveloped into a standardized trailer in the transport and automotive com&nies
Therefore the trailer dimensioning and the resulting projected frontal aredmafaging trailer
heights respectivellgave beeronsidereadonstant The chosen trailer heights were 4.2 m for
European legal trailers and 4.8 m for UK legal trailérqias been concluded that the only
viable option fotthereduction of aerodynamic drag HCVis to reduce the shape based drag

coefficient %,

Nowadays most tractor cabs have a mounted cab roof deflector to improve aerodynamics in
the roof to trailer transition, but these deflectors are aftdnn optimum positiorj11]. The

reasos for deflectors in not optimum position vary. Older and very cheep CRDs have a fixed
fixed shape without a mechanism for adjustmeiightly more advanced CRDs can be
adjusted manually or even automatically, but require the truck to be in standbyufstira]

the position. Automated cab roof deflectors that are available as a standard product feature
automated adjustment with respect to the trailer height. These adjust themselves with respect
to the trailer height, but are not applicable for a wide rarigdhanging trailer heights. They

also can not adjust themselves to changing crosswind condiRegmrdless of the actual
reason for any particular case the automation of cab roof deflectorket@ano improve

aerodynamics of vehicles

Automated cab aof deflectors can be developed in a way, that optimal aerodynamic
positioning with respect to trailer height, cab roof height and crosswind condaiorbe

achieved.

1.2 Research Aim
The overarching aim of this resealfths beerto develop an automated cadof deflector for

tractortrailer combinations with varying trailer heights. The system to be developed should be
able tofind the trailer height automaticalljlso the systemshould be able to seffositionthe

CRDto an optimum position, depending aaiter height, vehicle velocity and wind condition.
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Chapter 2

Literature review

The previous chapter introduced the available-@addievices for streamlining the airflow
around a HCV. It highlighted theeduction of the shape bakdrag coefficient%,aspurchase

in HCV aerodynamic optimizatioThe optimisation of the positioning of cab roof deflectors

by development of an automated control system for cab roof deflectors was defined as research

aim.

This chapter reviews thesearch on HCV aerodynamitet focussed on the reduction of the
%,value The review beging the yearl985with the resultoon aerodynamic optimisation on
HCV after the 2" oil crisis of 1979. The literature review ends with the latest insigts
development ofCRD for HCVs and the definition of specific research objectives for this

project
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2. Literature review

2.1 Aerodynamics of articulated trucks
Development of trucks and other vehicles has reached a level of efficiency for any type of

enghe and drive train component, so that big improvements on the state of the art engineering
in this field are hard to achieve. Starting in the 1970s, scientists and engineers all over the world
have beerworking to improve aerodynamicdeature oftrucks, cas and other vehicles.
Researcbrshave been developiragrodynamic enhancemeartmponents with very different
utilities. In the early years of aerodynamic research scientists have been utriizthginnels

and simple shapes. Since the year 2000 rese@rtiave been utilizingefined computational
models of aerodynamic streamlining for any type of vehicles. With tdotical progress the
shapes of additional aerodynamic compondmse been improved to high complexity
structuresln reference to truckand trailers this means that all aerodynamic expertise gathered
over the years has been applied for truck trailer combinatibhis has been leadingp
significant improvements in aerodynamic dnagluction and fuel consumption reduction.

Neverthelesseindynamic optimization is a meaningful field to automotive engineers.

Truck aerodynamics has undergone significant improvements since then. Flat cab roof
deflectors were successively replaced with individually shaped glass fibre based free form
deflectors.Some of the latest cab roof deflectors are made adjustable in height to optimize
aerodynamics of the vehicle according to the interchangeable trailers used. These height
adjustment constructions are adjusted manually by the driver or remotely adjubtactaliie

bound remote control. The most refineemi automated CRD systerhave a sensor for
detecting a certain position in reference to a trailer and signalling when a predefined position
is reachedBut these semi automated deflectors still need aratipeThesesemi automated

CRD systemsre remotely controllable, batin not be operatetlring a trucks journey and
cannotrespondto changing wind conditions. Cross wind conditions howesignificantly
change aerodynamic drag of vehicles during joysri&]. Aerodynamic drag in crosswind
conditionscan be improved by adjusting wind deflector components of trucks in real time to

changing wind conditions.

As discussed earliegrerodynamic drag is theainreason for fuel consumption on HCVs. Up
to 65 % @ overall fuel consumption can be related to aerodynamic(@esgFigure ). Since

design and construction of trucks and trailers is standardized by local and European laws most
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research projects address drag reduction aims with aerodynamic enhangartseatich as

CRD. CRD are used to optimize the airflow transition from the cab roof to the trailer roof.

A big part of aerodynamic drag is developed from flow separation with a high pressure on the
front surface of the vehicle and a low pressure waketehe rear surface of the vehicle. The
combination of both low and high pressure fields results in pressure drag. First experiments
and studies in the area of aerodynamics were performed as early asut@58 not have any
impact in the transport ingdtry. Vehicle aerodynamics first became a concern whermil and

fuel prices multiplied in the years of 1972 to 198he first oil crisis raised the awareness in
thetransportation companies to reduce fuel cost of their transport fleets.

Gary [8] preented reviewof aerodynamic developments on trucks up to the year 1985. He
explained thatCRD were developed in the 1960s with the purpose to streamline the
aerodynamics on truck®espitethe aerodynamics engineasmmitment on explaining how
aerodynamis work CRDdid not become widely accepteBlecause of a high variety in trucks
and trailers and especially their combination the industry developed many propdry
Whenthe oil price multiplied after the 1973 crisis and did not go down agairpanis started

to adapt CRD as default equipment for trucks his summary Garyoints out, thajust
mounting basic aerodynamic parts on trucks is not enough. He statésighiatportant to

match the cab body and the trailer body to obtain uniform flol. fie

Figure 21 shows a number of top view schematics with different cab and trailer combinations.
With combination of different shapes and sizes of the cabs the interaction of body shapes and
creation of swirls in airflow is visualized. It can be expedted a matched floield results

in less aerodynamic drag than a mismatched field. In the third schematic of FigureR2is

shown that a trailer and truck with same width and rounded vertical corners results in a matched
flow field. This knowledge waalready adapted to truck development in the year 1985, but is

not practical when catrailer gaps are too long
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Figure2-1: Matching the cab and container fldigld for optimum

aerodynamic interferendég]

Trailer fore body fairings could be used to reduce the gap drag in cases of aerodynamically
suboptimal gap length3railer fore body fairings reduckoiv separations ancteatean overall
effect of streamlininghe airflow around a vehicle. This efteeduces up to 40% aerodynamic
dragin zero yaw wind conditiorAs an alternative to fore body fairingsiler edge fairings
are mentioned. These have a lesser drag reduction potential%6f2if are easier to apply
because of their overall smaller dinsionsGarystates that in yaw angle wind condition these
aerodynamic enhancements do not have much of an implaist is because the pressure
difference in the windward side and the lee side causes a cross stream througkrtikecab
gap. That crosstream leads to a flow separation attedicaltrailer edges leading to increased
drag in cross wind situations. He concludes that the rmeffisient aerodynamic devices
articulated trucks ara combination of CREand matched trailers or fore body fags for
trailers respectivelyApplying these components aduction of aerodynamic drag of about
30 % can be expecte80% reduction of aerodynamic drag correlates witbduction infuel

consumption of about % to 12%. These results vadepending omrive cycles, vehicle load
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and vehicle typeWith consideration of cross wind conditioihe® development of trailer front

fairings is suggested to be more effective.

Drollinger [7] summarized aerodynamics knowledge regarding truck aerodynamics in his
publication. He explains distribution of fuel consumption of trucks to rolling resistance,
pressure on the front and back surfaces respectively, the tnacker gap effects, drag from
under body construction and skin friction effedte author compardbe aerodynamic drag
reduction achieved by a number of differaetodynamiadd on devicesThe states that the
aerodynamic effect of CRD devices lead to a drag force reduction ofzb#utCombination

of aerodynamic add on devices can increase tlgeréduction effect. These results are about
the same as given by Gary bef@8g Drollinger concludes with an assumption that it is likely

to find even more effective aerodynamic enhancement components with new kinds of devices
that were not developedtyd@hedifficulty for development of new aerodynamic enhancement

of HCV is thatnew truck and trailer concepteed to be acceted by ttransport companies

This makes it hard to develop a completely new truck design that focuses on aerodynamic
streamlinhg. Nevertheless it is necessary to improve the design of HCV with respect to
aerodynamics. Performance tests of aerodynamic enhancementgmatis performed with

any known analysis technology as all technologies have characterisfjaddantages.

Figure 22 shows results of wind tunnel experiments performed with class 8 tractors and cab
overengine tractors (COE). The resulting drag coefficients for a stock and aerodynamically
optimized truck were normalized against the drag coefficient of a coonahtruck with a

32 inch gap. It can be seen that for both COE trucks and conventional trucks the gap has an
impact on aerodynamic drag and is increasing gradu&dlywind tunnel testing of devices
Drollinger points out, that even small scale wind ®iargive good results if the Reynolds

numbers of the model are identical with the full scale truck.
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Figure2-2: Example curves of normalized drag coefficient as a function

of tractor/trailer gap for seval vehicle configuration¥]

Modi et al.[12] performed a set of 1:6 scale wind tunnel experiments onvae Hestudied

the effect of boundary layer control by fences mounted on the front size of the loadvipdice.
concludesthat mounting fencesn the front of the load space box can reduce the aerodynamic
drag by about 9.66 for steady movement of about 100 kmfnweverthis research results
have proven usability itvas not applied to rigid truckgprobably because of a lack in

acceptance in thtransport industry.

Since then severaltherresearch results were adapted into heavy duty vehicle development,
leading to the regulatiorand standardisatiorier semitrailer mentioned beforéderodynamic
improvements of cab and trailer styling werapted This includeounded vehicle edges,
reduced caltrailer with standardised kingpin positioning and redugeg lengthFurthermore
aerodynamic add on devices such as fixed cab side extensions and CRDs became standard
equipment. The stream separationthe trucktrailer gap aera had been understood and
consequently was improvetihe awareness on aerodynamic drag and the increased acceptance
of the aerodynamic enhancements lead to a significant improvement on fuel consumption and

greenhouse gas emissg
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Dominy [11] focused his work on the effectiveness of cab roof defleditisswork focused

on optimizirg the CRD position and evaluated drag forces on trucks with CRD on jouneys with
and without attached tailers. Therefarset of wind tunnel measmentswas performed for
streamlined trucks with and without trailers. The data for a streamlined truck with trailer was
used as reference to validate the other dataset for a streamlined truck withouBasddron
these results a software model wasvedeped The model calculates reasonable fuel
consumption data for a predefined route based on information about the truckwitdéiat
software model hstudiedthe influence of different cab roof deflector shapes on aerodynamic
drag and fuel consumpt. Also the impact of misaligned CRD was researched. Dominy
concludedthat cab roof deflectors only have a positive effect on drag and fuel consumption if
they are adjusted correctly to the trailer height. He found that a dgrpeditioned cab roof
deflector canreducefuel consumption by 4.686 over the samevehicle without cab roof
deflector If the CRD not loweredin case of a truck operatingithout trailer, this in fact
increases the fuel consumption by about 3.9Wér the same vehicle without ORThese
results match with the drag equation (equation 1). Increasing the frontal projected surface aera
increases the resulting dragforce on the vehidhereforethe mode of operation, with trailer

or without trailer, should lm®nsidered.

'R P L Q Y]Mesults show that correctly adjusted cab roof deflectors, depending on the actual
deflector shape, can reduce fuel consumption for journeys with trailers by about 2 litres per
100 km. On the flipside the same deflectors that reduced the fuel consumibpénroperated

with an articulatedruck increase the trucks fuel consumption when operated without trailer.
The additional fuel consumption is between 1.5 litres per 100 km and 4.5 litres per 100 km,
depending on the deflector shafiean be concludedhat it is important to adjust the cab roof

deflectors to the mode of operatifum maximumfuel saving.

McCallen et al[9] used 1:14 scaled wind tunnel experiments to validate first available CFD
methods. Both CFD and wind tunnel experiments were useestarch the correlation of
truck-trailer gap length and the vehicle dimension. The truck model featured a fully streamlined
caboverengine design. The drag was measured at a wind speedwt2®&hich is about 80
km/h or 50mph. The drag coefficient waelated to G/L, with G as gap length and L is the
square root of the frontal area. They found out, that the aerodynamic drag ingredsedly

with increasing G/L ratid hese results match the result$asd earlier by Drollingerq] and

prove the sed CFD model as performing go&tktending the experimentser a wider range
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of gap dimensions brought up a new reattien the G/L ratio exceeds a value of 0.5 the drag
force significantly increases over the linear gaiepresenting a critical valuerf HCV
aerodynamicsThe related gap length at the mentioned critical vahre be calculated from
the cited value of L = 0.218 m in 1:14 scale, which equals to a gap len@tk af5 min full

scale It can be concluded thatick-trailer gap lengths srilar than 1.5 m are worthwhile.

Wood et al[13] focussed their work on turbulence and vortex modifying devices to eeduc
aerodynamic drag and incredsel efficiency of articulated trucks. Their goal was to develop
easy to maintain addn devices depeling on available knowledge about stream behaviour in
the cabtrailer gap area and the rear end of a trailer. To improve the vortex related drag the
authors developed devices named ciftms vortex trap device, vortex strake device and
undercarriage flondevice. The vortex strake device and the undercarriage flow device are
mounted beneath the trailer. They are desigtedhape the trailer rear vortices in an

aerodynamically advantageous way

The crosdlow vortex traps are seven vertical surfaces malotea trailer frontThose create
controlled vortices in crosswind conditiofhe vortices created by the vortex tragsult inan
aligned force on the crosswind airflow entering the. gde aligned flow created by the vortex

traps lowers the crosswindlated drag in the gap arésee Figure -3).

Evaluation of the effectiveness of the devices has taken place with experimental devices
mounted on a truck, comparing effectiveness in overall fuel consumption reduction over a
number of journeys. Based dmeir evaluation datasets the authors conclude that the use of

their crossflow vortex trap device can improve fuel economy by 3.5 to 8 %.
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Figure2-3: Sketch of the cross flow vortex trap gagatment
devce installed on the trailer frofdice.[13]

Cooper et al[14] performed a wind tunnel study for evaluating recent insights in aerodynamic
styling of semidrailer trucks. The study has been performed with a 1:10 scale model in a small
wind tunnel anda full scale truck in a 9x& wind tunnel. The aerodynamic enhancements
included cab mounted side extenders, trailer mounted gap sealing plates, trailer side skirts,
trailer mounted angled botdil plates and different under body fairings. The experimegats
run with a basic truck for firstin the later experimentgerodynamic enhancements were
successiveladdedo the articulated truckVind conditions were set to 55mph and yaw angle
was 0° to 10° with increments of 2. The performance for all tesi addon devices was
measured. Also combination of add devices were tested for the best overall performance.
Cooper et alconcludethat with the adaption of the best combination of all known technologies
of drag reduction on articulated trucks aeraayic drag coefficient¥%,can be reduced from
0.716 to 0.580.
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The department of transport of the United Kingdff] performed a project, where they
investigated the effect of using a streamlined trailer with lowered front edge on fuel
consumption. Tis study was performed in cooperation with the company of Somerfield. Half

of the Somerfield truck fleet was equipped with the modified tradladghe other half of the

fleet remained unmodified. After one year of everyday usage the fuel consumptientawbt

fleet parts were evaluated and compared against each other. Obtained results show that only
the lowered trailer front edge and the resulting aerodynamic streamlining had an impact of
about 7% reduction in fuel consumptiper year

H. Chowdhury et la [16] analysed the impact of combinations of trailer side skirts, front
fairings and gap covering parts against a stock Australian articulated truck in a 1:10 wind tunnel
study. Their set of experiments included various combinations of yaw angl® freord5 °in

5 °increments, wind speeds from &fh/h to 120km/h in 10km/h incrementsand various
aerodynamic enhancement parts. The comparison parameter for the effectiveness of the
aerodynamic enhancements was aerodynamic drag, which was measueechuliifaxis load

cell. The authors compardtie drag coefficient%,for different combinations of trailer side

fairings with combinations of cab roof deflectors.

Figure 2-4 shows the differentombinations ofaerodynamicenhancement componeritsat
wereevaluatedFrom this test the effectivity of streamlining in the trackiler gap section can
be seen. To do so the drag coefficients with the sam@mdetup, but different gap fairing
configurations were compared. ConfiguratioAs, a&-e and &f only differ in the gap fairing

configuration and are identical in configuration of other devices.

Figure2-5 showsthe shape based drag coefficiédias a function of changing velocitiésr
each of the configurationsComparison of the drag -coefficients of configurations
ab, ce, df shows the effect of perfect streamlining in the gap area. The results show that an

average drop in drag coefiiemt %,0f 10% or 0.06 is related to just streamlining the gap area.
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Figure2-4: Different combinations of fairing on the baseline s¢mailer truck mode[16]

It can be concluded, that aerodynantiag can be reduced by streamlining the airflow over the
unavoidable gap between cab and trailer. A cab roof deflector that is able to respond to

crosswind conditions can help reducing drag of articulated trucks.

Several studies have been performed withfticus to find out how aerodynamics of trucks
and truck trailer combinations can be improved. Many results have made their way into
standard styling of trucks, trailers and additional aerodynamic equipment. Size in length, width
and height of truck traitecombinationdecamestrictly regulated by European and local laws

[2]. Because of this standardisatitie shape of commercial vehicles has not changed much in
the last decaddhis led to more focussed research projects on additional aerodynamic parts

for commercial vehicles than on shape of vehicles or trailers themselves.
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Figure2-5: Drag coefficient as a function of speed for

different test configurations at yaw angleL r 1[16]

Automotive industries have realized the need of further development on aerodynamic
enhancements in the gap area of articulatreitks They started the development of

automatically adjustable devices and the required sensor arrays.

Hatcher comonents Itd.[17] in cooperation with Cranfield university and Daimler AG
developed an automated cab roof deflector sysiém systenuses surface mounted pressure
sensors on the cab roof deflectnd input from the orboard computerin this concept
information about the trailer height is acquired electronically via the buetrdf truck and
trailer. Alternatively the trailer height information can be entered manuallywéthele speed

for calculation of the CRD positias taken from the on board smmeterlf all components

are connected correctly the deflector adjusts itself to changing wind conditions during the
vehicles trip The patent covers the Hatcher Active Fred8j@oduct[18] that was released in
2013.Since the system is highly integed with the truck and trailer board net it is very specific

in its requirements for the nbgurationand brandf the articulated truck.

Mercedeg19] alsoregistered a patent in the USA that describes wind condition sensing on the

trucks surface bywsface mounting pressure sensors directly on the truck and trailer surfaces.
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Fromthe pressure information the flow profile around the articulated truck is calculated. The
control system tries to minimize turbulent conditions by adjusting movable winectafl
components. Minimizing turbulent flow on trailer surface areas leads to more streamlined
airflow over and besides the articulated truck and equally reduces aerodynamiedeagse

the sensor system is distributed among truck and trailer thisesquirighly integrated system

too.

Scania CV AB[20] registered an international patent that describes a 3 piece wind deflector
setup with two side fairings and cab roof deflector. These aerodynamic parts are connected to
a motor witha built in sensorand acontrol unit. That built in sensor measures the required
current to keep the attached deflector in the desired pasitiwpressure applied to the add

on devices is calculated from the measured current. This information is convertéiaeinto
applied pressure and related wind condition. Several modes that follow different possible
strategies for drag reducti@me available. These strategies are basedifferent parameters

that are obtained by the implemented sensors

Discussed studieshowtheresearch results in the field of aerodynamics that have been made
in the past three decades. They also show the improvements in aerodynamic streamlining of
articulated trucks that were develop&kveral studies have been carried out to find the
optimum comination of aerodynamic enhancement components for HCVs. It was shown that
the airflow behaviour in the cabailer gap area has a major impact on overall fBa§| and

is directly related on fuel consumption of the vehi@e7)). A field study with bcus on fuel
consumption reduction hahownthatonly streamlining the cab roof deflector to trailer roof
transition can reduce the overall fuel consumption7i$ [15]. Altrough it is known that

airflow optimisationin the caktrailer gap area is not yased to the fullegil1] research groups

focussedn develomentand evaluatin of new kinds of aerodynamuteviceq12, 13, 14].

Though it was not the focus of these studies it can be observed, that cross wind conditions
change the aerodynamic chagmgdtics and the magnitude of the resulting doage[7, 8, 14].
It was shown, that a perfectly positioned cab roof deflector can create a 4.6 % reduction in fuel

consumption compared to the similar vehicle without any cab roof deflector motited |

Automotive companies such as Mercedes and Scania have realized the potential of
aerodynamic optimizations in automated airflow guiding devices. Though at least two

companies are working on automated airflow guiding devices only one patent has made its
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appearance as a produgt[17,1§ +DWFKHUV $F Wooditt jstabléte deHsedhe
wind condition on the HC\and adjust itself to changing wind conditiofi$ie systemcan
adjust itself to changing wind conditiotsit it is limited to specific traiers with a certain
height It is not compatible witkaryingtrailer heightsand not compatible with different brands

of trucks and trailers.

2.2 Specific research objectives
The literature research has brought up, that the potential in aerodynamic strepmlithe

cabtrailer gap area is underusétican be improved by automati@RD andgap reducingab
side fairingsthat automatically adjust to changing wind conditiohstomotive corporations
haverealized the potential cilutomatedaerodynamic enhaement componentIhey have
beenworking ondifferent concepts for wind @andition measuring sensor arsayfhe sensors

arraysadaptdifferent concepts iterms ofused sensors and how sensors are utilized.

OHUFHGHVY ILUVW FRQFHS Weloltulbuienbed D Yhix tibhilél gaplae® JQ L W X
with surface mounted pressure sensors on the cab rear surface and the trailer fronTarface
obtained sensor values are used to minimize turbulences in the gap area and consequently
reduce aerodynamic drdd9@ OHUFHGHVY V hbERWpf&e mMeGUQedHEBsure

sensorgo measure the pressure on the surfaceaaib roof deflector shielfll7]. The sensor

readings obtained from the CRD surface are converted into wind information. The wind
information s used to adjust the CRD for dragluction Scanig[20] uses current measuring

sensors which are implemented with the actuators for the adjustable components. These sensors
measure the current that is needed to keep the aerodynamic components im gasiterive

wind condition from these sensor readings.

In order to develop a control system for automated cab roof deflectors this research follows a
different approach imow sensors are usetihe approach is to directly measure the wind
condition and ot working with surface pressures obtained by pressure sensors mounted on

vehiclesurfaces

The objectives for thieesearctproject of developing a control system for automa@Rp are

as follows:

x To implement multhole probe technology to determitiee vehicle speednd the
crosswind condition This involves the development and calibration of rrudiie

probe, which will bausedto measure the magnitude and direction of the wetdor
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x To develop a control system, thatapplicable for diferenttrailer heights and three
dimensional wind conditionsThis involvesdevelopment ofa sensor arrayor the
detection of different trailer heights and the development of a microcontroller based

control circuit for the automated control system.

X To develop asmart software for the control system that supports the measurement of
the wind vector, the detection of the trailer height and a smart algorithm for the
automated optimum positioning of the cab roof deflector. The software should be easily
adaptable
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Chapter 3
Development of a multisensory probe system for quantification

of wind angle in the vicinity of a vehicle

The previous chapter presentbe development of research BICV aerodynamics over the

last threedecades. Theesearch results in the fietof aerodynamic addn components for

HCVs has been presentethereview of the research resulisought up that the effectiveness

of air guidingdevices can be improved by automation of these devices. Automated air guiding
devices can adjust themselves to changing wind conditions that are encountered on the journeys

of HCVsandconsequentlyeduce fuel consumption

This chaptesheddight on thevarious types of pressure prabier sensing wind information
It discusesthe development and calibration of miitle probe to quantify wind velocity
vector. It alsopresentsa calibration method for a multi hole probe and how the calibration

parametes are implemented witamulti hole probewind sensor system.
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3. Development of a multisensory probe system for quantification of

wind angle in the vicinity of a vehicle

3.1 Pitot Tube
Pitot tubes are common and well known probes for measuringviidtities in avariety of

applications, such as avionics, wind velocity measurement and formula one racing cars. Pitot
tubes usuallyare metal rods which are bend rectangular (other shapalsakaown, but less
applicable)Theyhave two holes, of whh one is facing the fluid flow to be measueedi the

other one is orientated orthogonally to the fluid flow (see Figtle 3

Figure3-1: Principle of a pitot tube prof&1]

The fluid in the tube thas facing the flow stagnates and bsilgh a pressure, which is known
as stagnation pressure or total presstine.hole orthogonally to the fluid stream measures the

pressure in the flow, which is known as static pressure. The Bernoulli principle ttates,

2 acol Zeegéglecg éR (Equation?2)

where 2. 5. @ total pressureZe . o asestatic pressure, as density of the fluid and v the
velocity of the flow. That equation can Belved for velocity Rand can calculate the flow

velocity with the measured pressures, when the fluid density is known:

RL - 6UER urRERRIRDT (Equation3d)
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As stated before, pitot tubes carlyolme used for measuring flow velocity, but cannot measure
the direction of the flowMeasuring flow velocity and flow direction requires different probes

with more pressurealuesmeasuregimultaneously.

3.2 Three-hole probe
Form the above discussions, @ncbe noticed that twhole probe or pitot tube can only

measure wind velocity. For the measurement of flow velocity and flow diregtiohes with
capabilityof simultaneouslyneasuring more tha@; 5 . #1d 2z ¢ 6 @& requiredThreehole
probesare two dimensional probes. Thage composed @ aligned pressure sensing tubes
These probes can measure the velocityftdva as well as a flow angle ia plane Three hole
probes hae to be calibrated for precise measurement of velocity and #&ngtdematic of a
three hole probe tip is shown in figur&3

Figure3-2: Schematic o& cylindricaltwo dimensional probe tif22]

The cdibration of this type of probes is required because the pressure distribution on the
pressure holes is defined by the shape of the probe tip and the distribution of the holes on the
probes surface. Calibration of multi hole probes have a common feahiok, i the use of
normalzed pressure coefficient$hese coefficients for a three hole probe are obtained as a

function of totalpressure2; ;. o e staticpressureZ. . o the pressure on the centre hole

38



25zaq088 Well a the pressure on the left hand hdlgy @pd on the right hand side

25 yaresulting in the following equations:

% mevom %, LMEE‘DUBDY %, LM&MW (Equationd)
with

5 .
3L 2gach3 200k %0 (Equation5)

where ? is the yaw angle coefficientk, , ,,and %, .5 are the coefficients for total and static

pressure 3 is the pressure normalization factor obtained from the probes pressure readings.

While the flow angle? can directly be calculated from the pressure readifgisectwo left

and right holepressuresthe probe needs to be calibrated for the coefficie?géumgnd

?Ep q i - galibration for these two coefficients allows to preciseligulate total pressure, static

pressure and wind velocity respectivEdy].

Applications that require the measurement of three dimensional flow condition cannot utilize
three hole probes because of their limitation in only measurinficveangle in one plane.
Combining two3 hole probeghat are rotate@0 ° against each othetdlowsto measurghe

flow field in two planes that are oriented vertically against each other. Measuring velocity and
two independent flow angles gives full three dimensional flow field informafioat principle

was adapted to develdie hole probesFive hole probesave become well known sensors

for three dimensional flow field measurement.

3.3 Five-hole probes
Five hole probes are common and well known probes of the group of multi hole probes. They

are widely used in various applications such as aerosaatid sensor applications for e.g.
invasive flow measurement in pipes and pipeliriége hole probes cannot only sense the
dynamic pressure in a flow and therefore obtain information about the flows velocity, but can
also sense informatioabout directiorof the flow Five hole probes can measuud three

dimensional flow information, such as pitch angles, yaw angles and vq@2gjity

As mentionegbreviouslythe measurement of flow condition is always an indirect measurement
that requires good knowlgd about physical relations to set up a viable flow measurement

experiment or application. An importaagpect opressure probes is that the probe outputs the

39



same signals when the probe is moving in a steady flow field or when the probe is steady in a
moving flow field. Examples for one of each application are a pitot tube mounted on a formula
one racing car for measuring the velocity of the car (moving probe) and a pitot tube mounted
in a pipeline for measuring the velocity of the flow stream (moving fleld).

Drollinger [7] pointed out, that crosswind conditions are not negligible in considerations on
aerodynamics and drag improvement of articulatedks He states that the wind relative to
the vehicle is the vector suw of the crosswind vectdrw and the truck velocity vectdrr,

as shown in figure-3.

Figure3-3: Wind vectors on a truck in crosswind condit{@h

The vector wise addition of truck velocity and crosswind shifts the wind vesitdive to the

truck V when the truck is driving on an incline (Fig:33 Vector wise addition of flow
velocities in the environment of a driving vehicle also represents, that crosswinds have an
impact on the magnitude of the resulting three dimensidonal ¥ectorV. This leadgo the
conclusion that wind condition measurement cannot be replaced with vehicle velocity fed into
an aerodynamic control system from an external source, for example from the trucks

speedometer.

Getting precise wind informatiomcluding three dimensional cross wind components is the
basis for the aim of developing a system that adjusts itself to aerodynamic optimum position.
The correct positioning of the cab roof deflector is dependent on the cross wind situation on a

trucks jouney. Hence a five hole probe was chosen for the measuring of the windfeector
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this application.Five hole probes always feature slight mechanical diversities within the
manufacturing tolerances and therefore need to be calibrated. The calibratiopraifea
compensates the influence of the mechanical diversities. Only with a calibrated probe and
calibration parameters implemented with the probe sygpescise wind information can be
obtained The calibration parameters are unique for each probe amdtode implemented

with the control system that is connected to the probe.

Figure3-4: Labelled picture of the used five hole probe

Five hole probe sensor systems consist of the probe tip, madbdéFigure 34), tubes
connecting thdive holes of the probe with tHese pressure sensors and a micro controller that
evaluates the sensor outpuBg(re 35). The sensor outputs are processed to actual wind
information of pitch angle, yaw angle and wind spdda nomenclature for five hole probes
follows the nomenclature that was introduced by Krause and Dudz##kirhe centre hole

is labelled as number 5. The remaining four holes are labelled clockwise as nednbtariing

with the top hole as numbér The pressures obtained by the connected pressure sensors are
called Z5to 2ywith respect to the connected probe hole (Figesg Jhe pitch angle is defined

as angle alpha and the yaw angle is defined as angle beta. The probes aerodynamic centre is
when the alpha and beta angles of the stream are equal to zéhe atream flow is directed

exactly towards the centre hole.
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Figure3-5: Nomenclature of &ive hole probe and setup ofige hole probe sensor system

3.4 Selection of pressure sensors
To match system reg@ments and sensor characteristics an estimation of the pressure range

has beemtmade. The expected pressures on the prodeatip beercalculated from the wind
speeds in real application, including velocities of trucks on motorways as well as common wind
velocities. The speed limit for trucks in the UK is 56 mipj. According to the Beaufort wind
force scale Kigure 36) the lowest force of dangerous wind velocities is above 24 iipd.
maximum relative windrelocity has been considered vector wiseddition of truck velocity

and wind velocity(Figure 3-3). The expected maximum wind velocity relative to the truck is
about80 mph (when the truck drives directly against the wind bre@zag)nd velocity of 80

mph equals 35.5 m/s or a dynamic pressuré’@fPa (equation 3).
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Figure3-6: Beaufort scale for windelocities

The actual sensor type for converting pressures on the five hole probes holes into electric
signals in the laboratory settyave beerchosen to be five pressure differential sensors of the
type Freescale Semiconductor MPXV7(Q@8]. That sensor type features an output signal of
0.5V DC to 4.5 V DC with a resolution of 1 Pa per 1 mV DC and a pressure rang000+

Pa between the diffen&al pressure leveldt also features a maximudifferential pressure of

75 kPabefore the sensor breakihese sensors feature an output level of less than 5V DC. It
has been connected directly to the controller without amplification or other signal
modificationThe pressure sensaiccuracy has been defined as6t25 % depending on
environmental infuences such as mechanical stress, temperature or hdmelggin of 1000

mV per 1000 Pa differential pressure is not affected by envirommeorditons

One ofeachsensos inputs has beertonnected to one hole on the proberépectively. he
othersensor input has not beeonnectecnd senses ttemospheric pressure (Figure and
Figure 38).
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Figure3-7: Pressure sensor board with five mounted sensors type MPXV7002

Figure3-8: Five hole probe mounted on the traverse in the wind tunnel
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A set of sensor output readings offale pressure sensors@is to calculate theind velocity

vector that is facing the five hole probe tip. To calculate accurate wind information it is vital
that the output signals of the pressure sensors are read simultaneously, which had to be
considered in the process of tledtware development (chapter 5).

3.5 Five hole probe calibration
Each set of calibration parameters is unique for each probe. The methods for myltohele

calibration can beplit into two ideasnulling metods and nomulling methods. To utilize
nulling methods the probe must hened vertically (pitch), horizontally (yaw) andtated
inside the calibration wind tunnel, which requires a complex probe traversing mechdéomsm.
nulling methods can besedwith more simple traversing mechanisiibe probeonly has to
be turned vertically (pitch) and horizontally (yaw) in the wind tunhleérefore a nomulling

calibration methodhas beerchosen.

Figure3-9: Wind tunnel setup for five hole probe calibration
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Figure 39 shows a picture of thgind tunnelthathas beemised for wind condition simulation
The chosen wind tunnbihs beemPlint & Partners TE9®vith a (WxHxD) 120mm x 120mm
x 1200mm flow domain.The maximum flow velocity of the wind tunnblsbeenabout 20
m/sor 45mph The centre element of the wind tunnels flow donfae beemade of acrylic
glass.Figure 310 shows the acrylic glass element thas beemodified to include the pitch

and yaw adjustable traversingechanisnior the fivehole probe.

Figure3-10: Picture of the wind tunnel centre flow domain element (not scaled)

46



Figures 310 and 311 show a picture and a schematic of the wind tunnels flow domainafat

beenused for the fie hole probe calibration.
The following components can be seen:

1. Wind tunnel flow domain

2. Builtin pitot tube tip for2. 5.6

3. Builtin pitot tube tip for2. co ¢y 6

4. Travese(adjustable in pitch and yaw directiomjth mounted five hole probier non

nulling calibration method

Figure3-11: Schematic of the wid tunnel centre flow domain element (not scaled)

The probéhas beemounted in the wind tunnel at position 50 mm from the bottom, so that it
was in free stream just above the wind tunnels boundary layer. The mounting point of the probe
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in zero pitchtzem yaw position had to be as low as possible because the probe tip is moving

upwards during the calibration when the pitch angshanged

To apply nonnulling calibration methods fall set of calibration pressuréss beemcquired.

One set of calilation pressures consists of two calibration angles of pitch and yaw, five
pressure readings taken from each probe holes respectively and two pressure reagings ofs

and 2. 5 c o khe five pressure readingito 2;have beemcquired fromthe mounted five hole

probe. The pressure readings 2f . o ang % a ¢ d1@ve been acquired from theilt-in pitot

tube in the calibration wind tunnel. The calibration dataset is completed, when a set of seven
pressure readgs total has been taken for any combination of pitch and yaw angle within the
range of calibration angles. The range of calibration angles and the chosen interval in angles
may vary with different applications. A number of different mathematical datactied

techniques have been developed by different researfcnédnge hole probe research.

A. R. Paul et al[26] proposed a refinement of nonlling calibration method for five hole
probes, that proves to be the overall most accurate calibratioegs for five hole probes. The
method uses the idea of sector wise data procegmedigure 312), which classifies the sets

of pressure readings by the highest pressures among the probe pré@ssuiZmto sectors 1

to 5 respectively. Th&urther processing for the datasets is different for each sector, because
the orientation of the probe in the flow fielddsnsideredTherefore the calibration dataset

rearranged by sectors to simplify further processing.

Figure 312shows the sectanapthan has beecreated aftethe calibration datasets have been
marked and sortealy the highest pressures amogo 2, For each combination of reference
pitch angle and reference yaw angle the highest preeagrbeemoted in the map with the
pressures number. If a calibration datdssettwo equalhighest pressures both pressurage
beennoted in thesector map, as it can be seen in the white fields. After all fiedgle been
filled the map was coloured fatearness. It can be seen, that the distribution of the highest
pressures per reading follows the scheme o$émsonomenclature on the five leoprobe tip
(Figure 35). Compliance of the sector map and the probe tip nomenclature is a firfgirsagn

successful calibration, though the precision cannot be determined by just a sector map.
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Figure3-12: Sector Map created from the calibration data

The lowest pressure reading in a pressure set opposite each sector determining highest pressure
is excluded from the calculation of the pressure normalization coefficient. That approach leads
to a number brelated but different calibration equations that slightly vary for each sector. It

can be found, that the angle dependent coefficients follow the same idgalwdting the
opposing side pressures to determine angle information, as it is used fohdlegaobes

(equationb, equation B

The calibration equations (equation 6) have been used to calculate the -calibration
coefficients %, % , %;,.and % 0 qugach dataset with respect to the secton eataset
belongs to. Following the suggestion AfR. Paula 4" order linear regressiohas been

employed on the calibration data as data reduction me@&jdHBach &' order regression

analysishas beerapplied separately for each sectesulting h 5 times 4 sets of calibration
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parameters. The calibration parameter sets are distributed on five sectors with four sets of

calibration parameters fo¥g,, % , %, ,,and %_ 0 ggﬁpectively.

Equation6: Pressure normalisation coefficients for five hole probe by A.R. Paul 6Hhl. |

For the calibration of th&ve hole probethe probehas beemmounted on the traverse in the
wind tunnel and adjusted to be facing the wind tunnel inlet (Fsgd®, 311). The probes
tube connectorisave beeronnected to thpressure sensors type MPXV7002 (see Chapter 3.4
for details). The sews output voltage levelsave beemeasured with a number of multimetres
type Black Star 322%vith 20 V DC input rangselected

To get accurate differential pressure from the sensors the sensor output voltages at zero
differential pressure were measueeti noted. These sensor output voltages at zero differential
pressurehave beerused later on as reference voltages for balanced pressure condition. The
pressure sensorgto 2, 2: .0 aNg 4 a ¢ deferencevoltages ab kPa dfferential pressure

have been measuered. The range of these reference voltage@wWed<DCto 2.28 V DC

The wind tunnel reference flow spelds beemeasured with a differential hand manometer
Type Dwyer Series 475 Mark Ill, whidilas beerronnectedo the windtunnelsbuilt in Pitot

tube. The measured differential pressure on the Pitot tube for the wind tunnel running on
maximum velocitywas0.26 kPa, which is equal to a wind velocity of 20.6 m/s (Equation 3)
To find the reference zeraero positiom for pitch and yaw angle of the five hole prahe
pressures on holes3land 24 has beerbalanced.Therefor thefive hole probehas been
mounted on the traversing mechanism and inserted into the wind tihedive hole probe

tube connectorlave ber connected to one pressure sen&gto 2, each. The power supply

for the pressure sensors and the wind tunnel tulame beeswitched on. The five hole probe

has beemotated in yaw direction until the pressured @ere balanced (the difference in the
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pressure sensor outputs fbkpa differential pressuteve beemespected). The yaw reference
anglehas beemoted from the traversing mechanism. To find the pitch reference position the
probe has beertilted in pitch direction until the pressures3lwere balanced. The pitch
reference angléas beemoted from the traversing mechanisiie pressures on-3 were
balanced at +3 pitch and pressures-2 were balanced aB ° yaw respectively. These
mechanical maladjustments hdeentaken into account during the calibration conmgjllater

on. The implementation of the zerero position offsets of +3° an@° also can be seen in the

sector map in Figure-B2.

One calibration dataset contains a combination of two angles for pitch anfivgapvessures
for 25t0 29and two pressures; 5 . &Rd 2 ¢ o @btained from the built in Pitot tube. Theobe
has beeralibratedfrom -40 ° to +40° each for pitch and yaw combination5rf increments
each, with seven pressures/ voltalgesZ;to 2and 2. 5 . #d 2. ¢ o £@spectivelyThesedatas
have beerransferred and processed in Microsoft Ex@éle full dataset including different

stages of the calibration process can be found on DVD in appebdix A

3.5.1 Step wise description for the calibration of a five hole probe
1. Full Calibration data with sensor output voltages as described in chaptes3hken

transferred into a Microsoft Excel worksheet

2. Pitch and yaw angles of each datdsste beeredited to compensate maladjustments

from mounting the probe for calibration (*3itch and-3 ° yaw)

3. The sensor reference values for 0 kPa differential pressavesbeesubtracted from

the sensor output values.

4. \oltage to pressure conversibas beempplied to all datasets, assuming atmesjgh
pressurgzero differential pressure)s 10180 Pa and the given gain for the pressure
sensors of 100Pa per 1000nV.

5. The highest absolute pressure for each dataset inc#tibration datahas been
highlighted and the calibration dasmrted by thehighlighted highest pressure per

dataset (sector wise sorting)

6. Calculation of the calibration coefficient8g,, % , %, 8nd %, .has been

performed for theentire calibration data The equations used to calculate these
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coefficients are depende on the related sector. The equations can be found in

equation 6.

7. Multiples of the calibration coefficients’s, and % have beencalculated as

preparation for aBorder linear regression analysis.

8. The linear regression analysias beemerformed using the built in LINESfTinction
of Microsoft Excel This calibration step hdseenperformed for each combination of

the calibration parameters pitch angieyaw angle 3 pressure coefficiengg, ., . and
pressure coefficientg, , .,and each sector, resulting into 4 times & ¢ calibration

parameterg 4 calibration coefficient9g,, % , %;.and %, .. dimes 5 sectors)

Excels LINEST[27] function outputs an array with a number of parameters that best fit a
polynomial equaon to describe the input data as an equation, following the least square
method 7KH JRRGQHVV RI ILW YDOXH RI HDFK FRBONYBWXWLRQ
representing the deviations of the scattered parameters from the best fitted cuPaealden r

of 1 represents a perfect fit where all scattered parameters extottytlfie calculated curve

and r2values significantly less than 1 represent a bad curve fitting big deviations between the
best fit curve and the scattered parameters. The obt&in@tdes 4 calibrations sets of
calibration parameters have an accuracy rangééb to B % and one deviating set with

24 %. The distribution of precision per dafation set is listed in the tablel3 Thefull tables

with the calibration parameters cha found in the appendil or electronically on DVD in
appendix & (The LINEST function is named RGP in German MS Office 2013 packgje [

The excel sheet provided on DVD in Append& Way show LINEST or RGP).

r? Sector 1 Sector 2 Sector 3 Sector 4 Sector 5
Pitch angle . 0.88 0.95 0.94 0.97 0.84
Yaw angle 0.71 0.93 0.97 0.91 0.98
%prsnsm 0.97 0.96 0.96 0.93 0.24
(VQGU Rix 0.97 0.92 0.74 0.79 0.70

Table3-1: Overview goodnss of fit for calibration parameters
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The obtained calibration parametéi@ve beerused tocalculate wind condition information

from pressure readings obtained from the calibrated five hole probe.

3.6 Calculation of wind information from a single set of five hole probe
pressure readings
To measure thevind information from a set of obtained pressure readirgs thecalibrated

five hole probe the pressure readings hbaeencombined with the matching calibration
parametersBut the pressure readings cannet cbmbined with the calibration parameters
directly. The obtained pressure reading2gto 25havebeenchecked for the highest pressure

value among them to determine the sector of the set of pressure readings.

With known secto(Figure 3-12) the calibratiorparameters)g, and % havebeencalculated,
following the same equations tHave beemsed during the calibration process (Equation 6).
The calibration parameters calculated from the pressure sensor outputs and thgocalibr
parameters=,- = ghave beemombined in a genericrder equation 7 (the nomenclature of
that equation was taken from the work of A. R. Pa6).[The nomenclature in the help file of
Microsoft Excel 7] which explains the structurd the output array of the LINEST function

diverts from that nomenclature as follows=b, ==m « nBm):

B@ & AL = E=% E=% E=% Ex% E5% % E=% % E=% 7%
A E =

E=% E=% E=,% % A % E=e %

5.
Equation7: 4" order equation for the calibration of a 5 hole probe

The output of equation 7 changes depending on what set of calibration pardraetdrsen
inserted in addition to t%, and % values. Inserting the set of calibration parameters for
pitch angle =outputs the actual pitch angkeinserting the calibration parameters for yaw angle
Uoutputs the actual yaw angle Inserting the calibration sets of the pressure coefficients
% .:@Nd %, Lesults in those pressure coefficients, which have to be further processed to
calculate the total pressur ;. @nd the static pressure ¢ o §@ do so the equations for

%, .10:2Nd %, . ffom equation 6 have been solved B .o ang % a ¢ d@r each sector

respectively. The resulting equations can be seen in equation 8.
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Equation8: Pressure calculation edigms for 2. 5 . &#d 2 ¢ o\Witly respect to sectors

The resulting pressureg; 5 cand 26 &aH be used to calculate the wind velocity with

equation 3.

3.6.1 Step wise description for the calculation of wind information from a set of five hole
probe pressure readings
1. A set of five pressure readings from a five hole probe consistirigy twf 2, has been

taken.

2. The sector of the set of pressure readimgs beerdetermined by finding the highest
pressure among theadings.

3. Equation6 hasbeenused to calculate the pressure coefficieclisand % with respect

to the sector.

4. Pitch angle =and yaw angle>have beertalculated by combining the related sets of
calibration parameters,to = gwith respect to the sector and the pressure coefficients

% and % in equation 7.

5. Pressure coefficient8g, ,,,and %, ., , have beeralculatedoy combining the sets of

I'X

calibration parameters,to =gwith respect to the sector and the pressure coefficients

% and % in equation 7.
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6. The pressure. ;. @Nd 2. c o Stye beercalculated from the pressure coefficients

%, ANd %, ,, . from equation 8 with respect to the sector.

7. The wind velocityvhas beeralculated using equation 3.

The calibration process has been explained and presented, also calculation of wind condition
information based on five hole probe readings and calibragoameters has been presented.
The following section addresses the validation and the reliability of the calibration and

calculation results.

3.7 Validation of the calibration results
Thevalidation of calibration and calculations follows a basic concefteltalibration and the

algorithm are working correctlgngles and velocity of the wind vectmn be calculated from
the corresponding pressur@sto 2, for each datasef herefore thdull set of raw data that
was taken during the beginning thfe calibration proceslas beerused as oracle for the
calibration process. Thealculation proeess as described in chapter 3.5 andl318s been
applied to each dataset in the calibration data, using the calibration datazgts 2fas inpus
and the corresponding calibration wind conditions as reference o(gpet&igure-13). Full

Validation data is provided electronically. It can be found in Appendix A4.

Figure3-13: Section of calibratin raw data.
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The calculation results and the oracle references have been visualized in the fdfigwreg
3-14to 316, giving information about how precise the wind information can be calculated

from pressure values given by the calibrétee hole pobe.

Figure 314 shows the reference pitch angles taken from the calibration dataset displayed as
blue dots and the calculated pitch angles from the wind condition calculation output. The data
has been sorted by reference pitch angle, starting with Whesto Each reference value is
plotted against the calculated value for each dataset, over a total of about 310 datasets. Based
on thecalculatiorresults a trend linlkas beeadded to determine the precision of the calculated
values This also provides graphical impression of the goodness of the calculation results.
The r2 value which shows the goodness of fit for the linear trend line with the scatters of
calculation results. The closer the values comes to 1.00, the better is the match of the trend line
with the calibration results. 1.00 represents a catiin precision of 1006. The r?for the
calibration in yaw direction is 0.97, which leaves an estimated error of about

3 %.
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Figure3-14: Accuracy forfive hole probe calibration in pitch direction

Figure 315 shows a plot of reference yaw angles against calculated yaw angles. The data has

been sorted by reference yaw angle, starting thighowest. A linear trend line has been added
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to determine thergcision of the calculated values. The r2 vdturehe linear trend line is 0.98,

which leaves an estimated error of abob.2

For both figure 314 and figure 3L5it can be seen, that the linear regression lines for calculated
values are running throhghe midsection of each blue section of the reference angle graph.

This supports the good result of calibration process and the wind information calculation.
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Figure3-15: Accuracy forfive hole probe caliration in yaw direction

Figure 316 shows the calibrationesultsof the wind velocity measurement. The reference
wind speechas beertalculatedequation 2from the measured differential pressthat has
beentaken from the wind tunnels built in Pitiatbe and is 20.2 migigure 314). The wind
velocity calculation results fluctuate aroutigke value of 20.2 m/s but also does the dataset

contain some scattered values that are too far of the majority of the values to be ignored.

Tracing the scattered wads in the wind velocity table through the calibration process does not
give a reasonable explanation why the scatters exist. Neither a flaw in the calibration
parameters, a flaw in the calibration process, an error in the calibration raw data or am error
the calculationtias beeriound. This leads to the assumption, thatdhlkbration data which

has been used as oracle for the validation might contain few combination of faulty angle

pressure datasets. These faults are likely related to misreadihgs the pressure values of
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25t0 29during the calibration process. HoweWegures 314 to 316 show that the precision

of the overall calibration process is not affected.

The averaged calculated wind velocity is at 20.3 m/s and only differ&dfydm the reference
readirg of 20.2 m/sThis strongly supports the thesis of fault in single pressure readings within
the calibration data. Consequently these faulty pressures result in mismatched {jaregisure
relations in the calibration data tHeds beerused aseference daiset.The overall effect of
these faulthias beeminimised by the linear regression that was used for data reduction in the

calibration process.
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Figure3-16: Accuracy forfive hole probe calibration iwind magnitude

It seems that the overall calibration accuracy has not been affected by single faults in the
calibration raw datal he obtained precisions for pitch angle calculation are abdt @igure

3-14), precision for yaw angle are about @8(Figure3-15) and the precision for the wind
velocity calculation is about 9% (Figure 316). The datasets @ngraphs of Figures-B4to 3

16 can be found on DVD in Appendix5A

3.8 Conclusion
The adaption of known technologythe area of pressure based wind cbadimeasuring has

been presented. This includes the different pressure probes for

- velocity measurementith a pitot tube
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- two dimensional measurement of velocity and one planar avitliea three hole probe

- three dimensional measurement of veloaityl two orthogonal planar angles with a five hole

probe

A method for calibration of five hole probéms beempresented and performed. Also the
method to calculate wind information based on five hole probe pressure sensor readings and
calibration parametsthas beempresented. The evaluation of calibration and wind condition
calculationshows that even with some errors in the calibration data good calibration results
with more than 9%6 overall accurachave beemchieved.

The pressure sensors for theagivapplicatiorhave beerchosen by the estimated wind and
pressure condition. Differential pressure sensors type Freescale Semiconductor MPXV7002
with an output signal or 0.5V DC to 4.5 V DC angkén of 1000 mV DC per 1000 Pa pressure
difference on thenputshave beerchosen.

With technology adapted to sense wind information with a decent accuracy the first part of the
defined research objectivdsas beenaccomplished The following chapter describes the
developmentof a sensor configuration, whichdapable of detecting the deflector position and

the trailer heightThe outputs of the wind sensor and the CRD positioning sensors are merged

and evaluatedh hardware and software ofitted control system.
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Chapter 4
Development of a control circuit and a sensor array for the automation

of an automated cab roof deflector

The previous chaptgresented the characteristics of differerggsure based flow probes for
measuring wind vector information. A calibration methtt multi hole probesand
implementationof the calibration resultsx a control systenfior multi hole probesas been
presented. Furthermore a method for validationl@i fprobe calibration resultsas been

presented.

This chapter describes the dimensions of the cab roof deflector used in this andjebte
setup of the sensor array mounted on the defldti@so describes thenplementatiorof the
actuator that as used for this projeand the control system developed to create an operational

system.
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4. Development of a control circuit and a sensor array for the

automation of an automated cab roof deflector

The cab roof deflector whidias beemised irthe laboratory setup consists of two side deflector
panels and a deflector shield. All compondrase beemounted on a table which represented
the cab roof. The dimensions of the defle@or (HxWxD) 450 mm x 2000 mm x 870 mm

with a deflector shield legth of 920 mm (Figure-4). A linear actuator type Industrial Devices
LTD IDM8A [29] with a selflocking 1:20 gear ratibas beemounted between table and the
deflector shield.The chosen actuator operates on 24 V DC and therefore can be supplied

directy by the trucks board net.

Figure4-1: 3D model of the usedeflector

To operate the deflector autonomously the system needs to acquire three types of information:
The position of the deflector, the traileeference height and the wind condition information.
Therefore the system requires three different types of sensors. A five hole probehssnsor
beenused for reading the wind condition (see chapter. 3v&) infrared distance sensdrave
beenused fordetection of the trailer height and measuring the deflector position respectively.
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Figure 42 and Figure 43 show a schematic and a picture of the setup for the automated cab
roof deflector system respectiveljhe absolute position for the deflector $thiess measured
by adistancesensor thahas beemounted in vertical orientation on tkab roof This sensor

measureshe distance between the cab roof and the deflector shield.

Figure4-2: Schematic oftte setup for the automated cab roof deflector system

Figure4-3: Picture of the setup for the automated cab roof deflector system
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Another distance sensbas beemimounted 115 mm below the top edge of théedéor. The
sensors mounting brackleis beerninged and additionally weighted for keeping the sensors
orientation horizontal to achieve a precise edge detection sigmakrailer front surfacbas
beenrepresented by a wooden boartie wooden board kdeeradjusted in height to simulate

the varying trailer heights from 4.2 m to 4.8 m.

4.1 Selection of distance sensors
The previous section described the mechanical setup of the automated cab roof deflector system

as well apositioning of thanounted sengs and actuator he trailer heighbas beemeasured

by a combined evaluation of the deflector position sensor and the trailer edge detection sensor.
The deflectomovesupwards so that the mounted edge detection sensor moves upwards too.
When the edge &8 HFWLRQ VHQVRU LV PRYHG DERYH WKH WUDLO'}
UDQJH™ 7KHQ WKH GHIOHFWRU LV PRYHG GRZQZDUGV XQWL
SRXW RI UDQJH" DQG WKH GHIOHFWRU VWRSV PRISmM@®J 7KH P
between sensor and trailer top edge are stored as trailer reference height.

The distance sensor foneasuring the deflector positigiigure 42, 4-3) had to fulfil the
following requirements to be suitable for thpplication The requirements arbased on the
geometry and the make of the deflector used for the prototype sgsterall as the setup of
the sensor array

- The sensor needs to precisely measure distances in a range of about 20 cm to 50 cm for
the measwment of the deflector positiohis is required because the sensor is
mounted under the deflector shield and measures the distance between the cab roof
(represented by a table in this prototype) and the deflector shield. The distance between

the sensor and the deflector shield is mttinge of 20 to50 cm for this prototype.

- The sensor is required to detect and measure distances to swvfacksare not
orthogonal to the sensors direction of measurement but diverts in a range of 90 ° to
45 °. This is required because the defletia anelliptical shapeandis changing its

positionand the angle relative to the fixed sendaring automatic operation

The distance sensor fdetectingthe trailer height had to fulfil the following requirements to

be suitable for the application:

- Thesensor needs to be suitable as a proximity switch with a detection distance of about
90 cm for the detection of the trailer (see dimensions of articulated trucks in
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chapter 1) This is required because of the planned function of the edge detection:

The ceflector moves up and lifts the sensor over the trailer top edge. When the sensor
RXWSXWV 3RXW RI UDQJH™ WKH GHIOHFWRU PRYHV EDF
trailer top edge the sensor output will jump back to a value related to a distance. The
sen®r therefore needs to be able to measure the distance between the deflector and the
trailer which is standardized to about 90 |&h

- The detection of the trailer edge requires that the distance sensor has a narrow angle of

detection to enable precise eddetection

It was preferred to use the same sensor type for both applications of distance measuring and
trailer detection if possibld=or sensors of the same type the characteristic voltage output to

distance conversion curve can be reused in the ctantsolftware.

All required sensor characteristitave beefoundwith optical distance sensoerefore the
same sensor type could be used for both applicatitms.choserdistancesensors for the
systemdevelopedn laboratory environment (with statenvironmental conditions in terms of
temperature and humidity) were two infrared distance sehgmeSHARP GP2Y0A02YKOF
[30].

Because both the deflector shape and the sensor output curve-fireaoithas beerchosen

to find an equation that dedmes the relationship between the sensor voltage output and the
deflector position. Figure-4 shows the blue curve that represents the measured curve and the
orange curve that represents the linearized sector curve which was implemented in the
controller software for measuring the deflector height. The presented graph represents the
GHIOHFWRUYVY SRVLWLRQ DV GLVWDQFH EHWZHHQ WKH KLJI
the system is mounted on, which represents the cab roof level of an articuiekedo match

the deflector positioning in absolute height above road level an dfésetbeeradded to

represent the cab height seen from road level.

64



Figure4-4: Deflector height peiR, ¢ of theused Sensor

The requirements in controller outputs and in system setup has been defined recently. With
known requirements the microcontroller has been selected and the controller board has been

designed.

4.2 Control system setup
With the deflector actuator drsensor specifications defin@dhapter 3.4 and Chapter 4thg

microcontrollerhas beerselected and the control system P beeresignedTests have
shown that the required starting current for $bkectedinear actuator is about 9 A. Because
24V DC and 9 A cannot be controlled by a microcontrotléectly it was necessary to
implement a motor driver that can safely operate this much power. ThereforeBadge

motor controller type ST Microelectronics VNH3SPB(31] has beemmplemented to kve

the actuator. It can provide up to 30 Aat up to 36 V DC and is controlled with 5 V inputs which
are compatible to most microcontroller chips. The power supply for the chip is 24V DC and
GND. The inputs are: EN enables theBHdge to operate, PWM carontrol the motor speed

by reducing the effective DC voltage (steady 5V DC/high signal for steady 24V on the motor
outputs), INA and INB for supplying 24V DC or GND on the motor outputs depending on the
applied input signals. The motor is directly coneédcto the outputs OUTA and OUTB. As
stated before the chip can supply 24V and GND on both outputs. Fatdbavs the resulting

modes of operation:
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Input INA Input INB Output OUTA | Output OUTB | Function

Low Low ovDC ovDC Passive brake
Low High ovDC 24V DC Motor turn left
High Low 24V DC ovDC Motor turn right
High High 24V DC 24V DC Active brake

Table4-1: H-Bridge modes of operation

Figure 45 shows the PCB with mountedBtidge and the wireannectors.

Figure4-5: PCB with HBridge motor driver VNH3SP3&

The controller had to feature at least the following specifications:

distance sensors

- AdjustableADC referencevoltage withVref, max=5V DC

7 Analogue to digital convertd ADC) inputs forfive pressure sensoendtwo IR

- 4 binary outputs for controlling thelbridgewhich drivesthe actuator

- 8 binary outputs for interfacing of a LCD Display for debugging purposes

- Supply voltage of 5V DC
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- Atmel Microcontroller preferred because of previous knowledge
- Preferably already used in automotive applications

The controllerwhich fulfils the mentioned specificatiomas beenfound with anAtmel
AT90CAN128 8Bit Microcontroller[32]. It features eighl0 bitADCsfor the pressure sensor
inputs and the distance sensor inpatsifigurablebinary inputoutput pins for controlling the
h-bridge andhe debugging display as well ssveral communication interfacédl input and
output pins support a maxum voltage ofs V DC. To increase the sensitivity on the ADC
inputs the analogue reference voltage was reduced from standard 5 V DC to 3TWeDC.
conversion of 24 V DC truck battery level to 5 V DC for the sensors and the controller supply
is achieved wh a Tracopower TSR2450[33] switching voltage regulator.

4.3 Conclusion
The mechanical modé¢hat has beemsed for the research project on a control system for

automated cab roof deflectors has been presented. This includes the dimensions of the used
deflector, the used linear actuator and the used sensor positions for the wind information
sensing It also includeghe positioning of the distance sensors for measuring the deflector
position and the trailer heighas well as the conversion of their sensaive into a linear
equationthathas been presentethe control system with a custom PG&s beenleveloped

to support all identifiedequirementdor autonomous operatioof the automated cab roof
deflector Figure 46 shows the main PCB with the mountexitcrocontroller AT9OCAN128

the Hbridge interface on the right and the ADC input interface
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Figure4-6: Picture of the developed main controller circuit board
The following components can be seen:
1. LCD Display for debugging
2. Potentiometer for display contrast adjustment
3. Outputswith indicator LEDsfor controlling the HBridge (Figure 45)
4. 5V DC terminal for supplying the pressure sensors (Figufe 3
5. ADC input terminal connected with the outputs of the sues sensors

6. IR Distance sensor termingl®istance sensors positions can be seen in Fig@rant
Figure 43)

7. AT90CAN128 microcontroller board
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Chapter 5

Software Development

The previous chapter presented the mechanicaglaetticalsystemf the cab roof deflector

to be automated. This included the mechanical dimensions of the deflector, the configuration
of the sensor array as well as the selection of the sensorsTigeasinimum requinments for

a microcontroller anthe choice of an applicable microcontroller have been presented as well.

A control circuit for the automation of the cab roof deflector system has been developed.

This chaptedescribes theevelopment and the functionality of the control system software.
This includes the implementation and evaluation of the used and already presented wind
condition sensors and distance sensbings sectionalso includes thpresentation about how
Computational Fluid Dynamics (CFD) results are compiled tsuit@ablefor implementation

into time applicatiorbased on an eight bit microcontrolemd how the decision makiras

beenbuilt to adjust the cab roof deflector to optimagrodynamigosition.
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5. Software development

The code for the ATMEL AT90CAN128 microctoller unit (MCU) has been developed

ATMELs own development platform AVR Studio with version number 430 (2011)34)].

Also the free S U R J U D RiParyUMMAVR in version 201001160as beerused BY. The

library containgnodules that facilitaterpgramming by providing a number of commands that

PDNH XVH RI PLFURFRQWUR O O H Uh¢ fibiaxyQnioduleR &sienppoRéJH D FFH
readability ofthe software codeThe documentation on the WinAVR Library can be found

online [36]. Figure5-1 shows a screenshot of the AVR Studio development platform.

Figure5-1: Screenshot of AVR Studio development platform

Figure 52 shows the USB to ISP interface Model mySmartUSB light hlhatbeemnused to

progran the developed software into the microcontroller cBif.[
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Figure5-2: USB to ISP interface mySmartAVR lite

5.1 Software architecture
Embedded controller softwaadwaysconsists othree blocks

- Controller configuration The controller configuration consisthie definition of
input/outputsthe setup of timers, ADCs, communication interfaces, MCU clock source
and other controller hardware related settingalso includes the definition of used

variables.

- System initializationThe system initialization consists of code and functions that has

only to run once at the powap of the system.

- Main programme endless loophe main programme endless loop consists of the actual
controller software, which is loopktofulfil a specific job. The main loop can be paused

by interrupts to react to internal or external interrupt conditions.

5.1.1 Microcontroller configuration
The configuration in this application consists of the configuratbnhe controller clock

source, binputs and outputs, the configuration of the ADC and the configuration of Timerl.
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The controller system clockourcehas beenVvHW WR XVH WKH FREAMIOAROOHUYV
source.Though the use of the internal clock is not as precise as an exdeciacrystal it is

easy to implement aneliable for applications that are not critical to tioretiming.

Figure5-3: cicuit schematic of the controller board

72



The input and output configuration is reld to the design of the control circuit.Figure 53

can be seen that the pin configuration depends on the devices connected to eachhautput.
display for debugging is connected to Port C of the microcontroller. Therefore the Pins of Port
C have beenonfigured as output3he pin configuration foPort Ccan be found in Appendix

A4 p. 122,147 and157. The motor is controlled with a high powsd+bridge. Four pins of Port

B are connected to thé-bridge and have been set as outputs. The other four pirstd Bre
blocked as programming interface and therefore not used in the softepen configuration

for thePort Bcan be found i\ppendixA4 p. 122and124. The ADC functionality of Port F

has been set up for acquisition of sensor ouiudisare not we inbinary input/output mode.

The ADC functionality is activated by configurarion of the ADC regisers.

The ADC operate best at frequencies in a range of 50 KHz to 20 ¥Hz 27¢. To set a
ADC frequency in that range based on a system clock of 8 MHeszader 064 had to be

used. Thigesults inan ADC frequency of:

<EAT
.8

L stw*V (Equation9)

The ADC registerbave beesettoHQDEOH WKH $'& DQG WR HQDEOH WKH 3
interrupt. Also the configuration registedsave beerset for an ADC prescaler @4. The
configuraton of the sensor input pins o F can be found with the configuration of the@

registers irAppendix A4 p. 12

The time intervals for updating the output signals of the seraers ms for the pressure

sensors and 30 ms for théstance sensors respectiveBb[30]. This results in aminimum

sampling time of 30 ms for the system. Since the system is not critical to time and with a slow
response time of the chosen actu#ber sampling time was chosen to be 500 ms. Tirhasl

beenused to create a sampling clock for the acquisition of sensor oufpetsimer registey

have beenVHW WR 3FOHDU WLPHU RQ FRPSDUH PDWFWithPRGH ZL
this mode Timerl counts up until the value of the timer register matobgsedefined value

of output compare register A. If both register values match the timer register is reset to zero

and an interrupt is generatethe @mpare match register was set to 15628 the timer

prescaler for timerl was set to 256, resulting timer clock 0600 ms(equation 10)

A 444444
<é4;,ik|+ L < — $+t L swxtw (Equationl0)
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The timer control registetsave beenV HW WR HQDEOH PRGH 3FOHDU RQ FRP
to create an inteupt flag for fulfiled compare match conditioithe setup of the Timerl

configuration registers can be foundAppendix A4 p. 124.

5.1.2 System initialization
The initialisation runs functions which are only run once each timsytem is powered up

In this application the detection of the trailer reference height and the referencing of the five
hole probe pressure sensors are exec@ede the trailer height is recogniztids value is
savedandfor later use in thelecision making function. This functiomly has to be executed

at each system staup, since the trailer height will remain unchanged during its journey.

The deflector shield with attached proximity sensor (Figueahd 43) is raised until the

sensor signal exceeds a threshold value whephesents that the sensors is above the trailer
roof level. Afterwards the deflector shield is lowered until the proximity sensor crosses the
threshold again. As the sensor finds the trailer top edge the deflector movement is stopped and
the deflector posion is saved as trailer reference height. TdH | O HgositiBnUs\vhieasured

by determination of the trailer top edge position. The height difference of 115 mm between the
deflector top edge and the position of the proximity sensor is respected raildreréference
height.The source code for the trailer height detection @afobndin AppendixA4 p. 15.

The other initialisation step is to reference the pressure sensors connected to the five hole probe.
To do so the sensor offsets are calculated for easosseparatelf.he resolution of the ADCs
in the chosen microcontroller is 10 bits or 1023 increments. The ADC reference voltage is

divided by 1023 inrements hence one increment is equal to
u8 +srtuL urrrl8 +srtuNtdul8 (Equationll)

If the ADC output value exceeds 1023 the input voltage is at least equal to the ADC reference
voltage of 3 V DC.As mentioned in chapter 3.5 the reference voltage for zero differential
pressurevary slightlyat about 2.26 V D@or all pressure sensoizto 2, which is equal to an

ADC value of:

ttxr18 +tdul8 Lyys (Equationl2)

In chapter 3.5.1 the condition of zero differential pressure has been defined as atmospheric
pressure of 101300 Pa. FiguB14 shows thathe maximum of measured pressures is at

101300 Pa. Hence it has been concluded that the ADC values do not exceed the reference value
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during system operation bate expected to be lower than the reference condBiecause of

the varyingdifferent reference output voltages of the pressure sensors it was chesem to
outtheADC reference value The ADC reference values have been evened out with software
offsets.The ADC reference value has been chosen considerably lower than the masimu
1023, but above the highest ADC value that was read without offsets invohedeference

ADC value of 90thas beerthoserto make display outputs of ADC values for debugging as
clear as possibl&he reference value itself is not important to theration of the system since

the algorihm operates odifferentials of ADC valuesTo set the ADC reference to 900
independent from the environmental influences on the sensor output the offset for each pressure

sensor 1 B B @4 is calculatedindividually during the system start udhis has been

implementedy calculating each pressure sensor offset as
1BBRAL {rr F#&%,Es (Equationl3)
The source code for referencing the ADCs can be fouAgpendixA4 p. 125.

5.1.3 Main programme
The main routine runs in an endless loop and only covers thethasksave to be ruduring

the trucks journey. The tasks areading sensor output values)culationof wind conditions,
FDOFXODWLRQ RI MUK oskibniHrdvedristivigpt B deflector position.

Figure 54 shows the schematics of the main routine of the control sySteendevelopment

of the controller softwarbas been followinghe Input-Processingdutput principle known as

IPO.The system reads tlo@itputs of five pressure sensors and two IR sersatgonverts the

readings in pressures and position information respectively. The wind information is calculated

from the pressure samsvalues. The optimum position for the deflectacasculated fronthe

trailer reference height and the wind condition information. Based on the deflector optimum
SRVLWLRQ DQG WKH FXUUHQW GHIOHFWRU SRVL¥#tibiRQ WKH ¢

has to be adjusted.

The acquisition of the sensor output values is achieved with interrupt commands.
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Figure5-4: Controller software main routine flowchart

5.1.3.1 Interrupt structure

To achieve an acggition of sensor output values in equal intervals timer based intehanes
beenset up to control sensor output acquisitibmerrupts are small pieces of software that
respond to certain internal or extal triggers. Interrupts pauiee main softwag and execute
themselvesTo cause minimum delay in the main programme it is crucial thagxeeution
time for thecode of an interrupt ishort as possibléfter an interrupt has finished executing

its code the main routineode is continuedf an interrupt trigger comes up by the time a
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interrupt is already active thé%nterrupt flag is saved and executed after tHénferrupt is
finished.Because microcontrollers cannot read input levels exactly at the same time the feature
of stacking interruptriggers was used to cascade sensor reading triggers. That software design
allows to read input signals on ADCs as simultaneously as possible with only a minor delay in
psrange between two readin@?]. The sensor output values are read into the cthetrThey

are converted into values of pressuarddistances respectiveby applying the sensor output

curves providd in the particular datashe¢®5, 30|

The F R Q W UrReth@ldtbck\sifjnal created by timehhs beemised to trigger the acquiisin

of sensor inputs. Thisas beelGRQH ZLWK WKH SWLPHU FRPSDUH PDWFK’
FRQYHUVLRQ 10D JhelROC haskodenF'RQILIXUHG WR VHW DQ 3$'&
FRPSOHWHG ™ IODJ DW WKH HQG RI D VXFBHM)VINalag'& FRQ
WULJIJHUV WKH 3FRQYHUVLRQ FRPSOHWHG ™ LQWHUUXSW 7k
executedThat interrupttopies the values from the ADC data register into variables for further
processing and automatically clears the ADC datgster.Because eight ADC channels are
multiplexed on the same actual A& ADC multiplexing channdlasto be selected for each
conversion. To do so a channel selection variabtebeenrXVHG LQ FRPELQDWLRQ ZLW
FDVH" VWDW H P leiQaWwertdib dake fol@sHhé same structure, with slight variances
$.7KH 3 FRQYHUVLRQ FRPSOHW

consists of seven cases to save the sensor output correctly in the related sensor value variable.

between the distance sensor and pressure sease

The data acquisition code for a single daae beemprogrammed as follows:

The data in the BC data register is copied to an array variable with five elements each.

- The values for each sensor are averaged over the array of five elemeémopied to a

sensor output variable that is used for calculations.
- The channel selection variable and channel selection register are increased

- 7KH 3VWDUW $'& FRQYHUVLRQ" IODJ LV VHW WR VWDUW

after the current interrupt is finished.

- Theend of theseventh case in the interruptthe end of the acquisition of a sensor
output dataset. The channel selection variable and the channel selection register are
UHVHW 7KH 3VWDUW $'& FRQYHUVLR Qhatla@tbatesth¢é¢ QRW VI

further processing of sensor output values into wind condition informdati@narray
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counter is increased after the acquisition of theehsor and reset if the counter reaches

the upper array limit.

7KH VRXUFH FRGH IRU 3FR Qr¥pt ¢V heRa@QndFiRIDENGHAMHIGE. LQWHU

5.1.3.2Wind information calculation

The realizedive hole Probe calibration method by A. R. Paul et 28] is based orsector
methodand a 4 order regression leading éonumber of calibration coefficientsee Chagtr

3.5). Wind informationconsisting o¥elocity v, pitch angle=and yaw angle>can be calculated

with a set offive hole probe pressure readings and the full set of calibration pararfssters
Appendix Al) Theprocess otalculating wind information from pressure values obtained by
a calibrated five hole probe che found in chapter 3.6. This chapter describes how the process

was adapted into source code.

To identify the sector of a set of pressure readings the highest value avibinof pressure
readingsof 25to 25 has to be determinedherefore he \alue of pressur®l is copied to
variablehighest and the value of variablsector was set to 1. The value &2 was
compared with the value of highestP2 was greater than highest the valudighest was
updated to the value &?2 and the variablesec tor was updated t@. This process was
performed for all pressur& to P5. The process concludes with the highest absolute pressure
copied tovariablehighest and the sector of the dataset storeth@variablesector . This

process is shown as a flowehim Figure 55.

As mentioned in chapter 3.5 and 3.6 the processing of pressure values depends on how the five
hole probe tip is positioned to the stream to be measured. The positioning of the probe in the
stream is defined by the sector moddie valueof variablesector is used for selecting the
correct set of calculatiorand calibration parametearsfurther processing. The source code for

the sector determination can be found in the bottom of the pageehdix A4 p.127.
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Figure5-5: Controller software for finding the sector of the sensors dataset flowchart

Figure 56 shows the flowchart of the implementsditch-casestatementhat uses the value

of sector as argument to calculate full three dms@®nal wind information. For each sector

the corresponding calibration parameters and equations were implemented to correctly
calculate the wind information (see Chapter 3®8jchcase follows the same structure for

the calculations: Thepressure coeffients CPalpha ( = % ) andCPbeta ( = %) are

calculated directly from the pressureé& to P5 (equation6). CPalpha and CPbeta are
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processed intevind vectoranglesalpha (= U andbeta (= U as well asCPtotal ( =

%, q) 2NdCPstatic (= %, ,,.4{€quation?). The pressure coefficienSPtotal and

CPstatic  are processed into actual pressure vaRtesal (= Z.;c.pandPstatic (=
2= ¢ ok Byapplication of equatio The wind velocityw (= R thenis calculated with equation
3 (seeChapter 3.1 The source code for the wind vector calculation can be found in Appendix

A4 p. 129143,

Figure5-6: Controller software wind information caleation flowchart

Theresultingthree dimensional information consistiofy 3 Uand Rin the wind information

vector is used for the calculation of the optimum deflector position.
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5.1.

3.3Deflector height related calculations
The programmable model for the aptim positioning of a cab roof deflector was
developedbased onsimulations in computational fluid dynamics (CFD). The

simulations were saip and performed byhD Mechanical Engineering Research

StudentMr. Isuru Sendanayake Achchigieuru.Sendanayake@hud.ac.uk).

A number of simulations witlvarious mesh elements werearried outfor mesh
independence testing. The number of mesh elements ranged from 0.25 million elements
to 12 million elements. It was fod that increasing the number of mesh elements from
8 million to 10 million mesh elements only resulted in a deviation in the drag force of
less than 1 % between both simulati@Rigiure 57). Therefore it was concluded that a
mesh of 8 million elements sufficient for simulating drag force results on a truck
model. All simulations were performed with a mesh of 8 million elements.

The initial set of performed simlations features the geometry of a given deflector
(Figure 41) and various trailer heightavious wind velocities and various yaw angles

of the flow.

Theresultsof the initial simulationghat have been usean be found on DVD in the

appendix /.
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Figure5-7: Mesh independence simulation resul
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To find a model for the optimum deflector position a computational model for CFD simulations
has beercreated. The model consisted of an articulated truck with attached CRD. The
simulated CRhas beemodelled to match the actual CRD used in this jpt@ged presented

in chapter 4.

To find the optimum deflector positionimgimerous simulations with combinations changing
wind velocities, changing crosswind angles, changing deflector reference height and changing
deflector positionindiave beervaluated The wind velocitiehave beerefined agt0 mph,

50 mph and 56 mph. The chosen yaw angiespecting the symmetry of the articulated
vehicle) have beerefined a9 °, 10 °, 20 ° and 30 °. Theailer reference heightas been
defined as 4.2 m, 4.6 m&®d.8 m. The deflector positiohave beerhosen with reference to

the deflector top edge on the same heifjhe deflector top edgeas beerthosen to deviate

within £200 mm from thateferenceposition in 100 mm incrementSombinations of all these
adjustments led to 180rsulations thahave beemvaluatedThe CFD results cape found on

DVD in Appendix Ab.

To match the limited computing power of the microcontroller the CFD rekalie been
compiled into a mathematical model that represents thenopti deflector position and is

applicable for microcontrollers.

The CFD results for combinations of yaw angle, wind velocity, trailer reference height and
deflector positionindghave beetransferred into an excel sheet to give an overview on all CFD
resuls. The transferred dates beemvaluated for the least drag among the setstivitfsame

trailer reference height, velocity, yaw angle and ahignging deflector positioffhe relative

vehicle speed also includes crosswind effects, as stated in clBaptet figure 33. The
resulting combinations of reference trailer height, yaw angle and vehicle speed that lead to least
drag force on the HCV are shown in Tabi&.5
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Table5-1: Deflector heights from CFDesults for

aerodynamically optimum positioning in m

For a better visualization the optimum deflector position with respect to the reference trailer
height is coloured. Green values represent an optimum deflector position that is lower than the
trailer rerence heightyellow values represent a deflector position of 0 mm to the trailer
reference heighrange values represent a deflector position higher than the trailer reference
height.

Aerodynamic results for negative yaw anghes/e not beensimulatal since the vehicle is

symmetrical and the results for positive and negative yaw angles will result in the same values.

Forvisualisation of théurther processing the tables for tieH | O HdptvhR poSitiorhave
beenplotted as three dimensional swda Pitch andyaw angls can be found as inputs on the
X and Y axis, the G H IO H épfihRitd Wdkition as outputan be found on the Z axis

respectively

Figure 58 shows the positioning surface for the deflector in case of a 4.2 m trailer reference
height. It can be seen, that the optimum deflector positioning is not changing and for any
combination of speed and yaw andlberesulting optimum deflector position is always at 4.4

m for a trailer reference height of 4.2 m.

83



Figure5-8: Surface representing optimum deflector positioning fomdlr2ference height

Figure5-9: Surface representing optimum deflector positioning for 4.6 m reference height

Figure 59 shows the optimum deflector positioning for a trailer witreterenceheight of

4.6 m. It can be seen, that the greateyveanglebecomesthe higher the deflector has to be
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set. The wind speed does not have an impact on the deflector pagitiout the slope of the

surface is changing with changing yaw angles.

Figure5-10: Surface representing optimum deflector positioning fomd i&ference height

Figure 510 showsthe optimum position fothe deflector with respect ta trailer reference
height of 4.8 mlt can be seen that the optimum position of the deflector is independent from
the vehicle speedout dependent on the crosswinds yaw angle. The slope of the surface is

changing as it aggared in Figure8, too.

To describe the surface with changing slopes in mathematical equations the lsasfaeen
split in different sections forming one equation per section with a steady slope. An example for

the further processing is given for Figlb-10 and the case of a 4.8 m trailer height.

In Figure 510 the surface section for velocity 40 mph to 56 mph and yaw angle 0 ° to 10 °
shows a resulting optimum deflector position of 4.6 m to 4.7 m. That surface section is treated
as a three dimensiolglane and described with vectof$ie plane is evolved aroutige point

:UR D, L :r vrv&:; The direction vectorfollow the plane section in velocity direction and

in yaw angle directionThe point and the direction vectors are shown in Figtk@. 5he same
vectors are inserted into a section of tabli, $00. That section with the vectors inserted is

shown in Figure 80.
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Figure5-11: Spots of positioning surface for 48 sector 1

v

Point :UR D; L :r vr v&;and both direction vectors form a vector equatlwat is shown

in equation 12 and equation:13
'URD L:rvrvik;EQsrFr vrFvrvy§Fv&; EPr Fr wrF vr vk F vi;(equationl4)
<=>:URD L :rvrvik, EQsrrr&,EPrsrr; (equationl5)

Equationl13is equalto thesystem of linear equatiosfiown inFigure 511

Figure5-12: Equation system for deflector optimum heigh& . section

Thelinear equations of Figure B2 have been solved for the deflector height h. This results in
an equation of heightDwhich is dependent on input variables yaw angland velocity R
(equation 14)Equation 14 is applicable for trailefeeence height 4.8 m and any combination

of beta and v witl® ° < yaw angleU< 10° and 40mph <wind velocity R< 50 mph:
DU L rasUE v (Equation16)

Thatprocesshas beerapplied for all datasetsf optimum positioning tables. The first sector
was defined at the top left of each tadtelsector six in the bottom right of the table with each

sectorcovering a set of foyvoints(Figure 513).

Figure5-13: Nomenclature of sectom the positioning table for 4.8 trailer height
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All deflector optimum positions obtained from CFD simulation (Tabi&) Srave been
processed the same way. The resulting sets of equations that exactly represent the deflector

paositioning surfaces (Figure8, Figure 59, Figure 510) are shown below

4.8m 0-10° 10-20° 20-30°

40-50 mph

50-56 mph

Table5-2: Equations for optimum deflector height for 4rBtrailer heght

Table 52 contains equations that describe the deflector optimum position for a trailer reference
height of 4.8 m(Figure 59). It can be seen that the characteristic gain of the middle part for
yaw angles between 2@nd 20’ is twice as much as tlgain in the part of yaw angle between

0 and 1C.

4.6m 0-10° 10-20° 20-30°

40-50 mph

50-56 mph

Table5-3: Equations for optimum deflector height for 4r6trailer height

Table 53 containsequations that describe the deflector optimum position calculation for a
trailer refeence height of 4.6 m (Figure8). It can be seen that the characteristic gain of the
first part for yaw angles between 0 and°18 twice as much as the gain in the diedpart of

yaw angle between 10 and 20

4.2m 0-10° 10-20° 20-30°

40-50 mph

50-56 mph

Table5-4: Equations for optimum deflector height for 4rRtrailer height
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Table 54 contains equains that describe the deflector optimum position calculation for a
trailer reference height of 2.m (Figure5-7). It can be seen that the surface is flat and

horizontal, so there is no gain factor in the equations.

Because of the symmetry of the articath trucks all simulationbave only beenrun for
positive yawangles. gative yaw anglearemultipliedin the softwardy -1 to represent that
VI\PPHWU\ (TXDWLRQV IRU FDOFXODWLRQ havéohlykoelenGHIOHF\

developed for positivgaw angles

Figure 514 shows a flowchart on how the optimum position equations obtained from the CFD
resultshave beeimmplemented irthesoftware code. The programmable equations for optimum
deflector positioning (Table-8, Table 53, Table 54) have leenimplemented in an equation
selection system. The equation selectiars beetuilt with nested ifstatements that chotiee
deflector positioning equation based on measured wind information and measured trailer
reference heighiThe yaw angle is checHdf it is below zero. If the yaw angle is negative it
gets multiplied by-1. Secondly the reference trailer height is checked. In case the reference
trailer height is not recognized and there is no trailer mounted the system skips the deflector
optimum paition calculation. If a trailer height is recognized, for example the 4.2 m, the
system follows that tree. The system checks for the yaw angle next. It loads the equation for
the certain trailer height and yaw angle situation and calculates the trdifau@pposition.

The source code for the equation selection sysi@mbe found iAppendix A4 p. 14 and

156.

88



Figure5-14: Controller software optimum deflector position calculation flowchart

The decisionwhether to adjust the deflectors position is based on the calculated deflectors

optimum position and the deflectors current position.
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5.1.3.4Deflector positioning

With knownoptimum position for the CRD the deflector needs to be adjusted to that position.
During the process of adjustmentigtinevitablethat the deflector positioning gets checked
frequentlyandthatthe current deflector positioning is updatéitherefore ithas beerchosen

to build the adjustment functicas a conditionaswitching of the actuat with three states of

operation: The staseare:moving up, moving down anstopped movement

In combination with the interrupt based sensor output acquisition the system can recalculate
the optimum deflector during the adjustment process. It alseespomd to changing optimum

position in real time.

The software calculates tpesitioningdifference ¢ Dbetween the actual deflector position and
the optimum deflector positionThe decisiorwhether to move the deflector up, move the
deflector down or to stop the deflecisrmadeif the ¢Dis over or below certain threshold
values Figure 515shows a fbwchart of how the deflector positioning was implemenfast

in this process the optimum deflector position is loaded. Secondly the diffeydxtween
trailer height and trailer optimum position is calculatéd¢ Dis lower than-3 cm the outputs
are set to move the deflector up. ¢fDis higher than +3 cm the outputs are set to move the
deflector down. If ¢ Dis betweenl cm and +1 cm the outputs for moving the deflector are
reset.This results in a functiothat adjusts the deflector §Dis highe than G3 cm to a value

of ¢Dof less thanGL cm.The chosen setup stops the deflector movemegbig smaller than

G cm (which compensates some motor overrun during the switching off process) and starts
the adjustment process whetDis greater thanG cm. The source code for the deflector

positioningcan be found a&ppendix A4 p. 15
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Figure5-15: Controller software deflector position adjustment flowchart

Application of the mentioned software struiet required defined threshold valuesvdrether
the deflecto § F X U U H Q3/ufSdiei bthLr&Qeect to thealculated optimum position
Tests have shown thattoo tight positioningthresholdleads to oscillating deflector shield
behaviour, whichs caused by fluctuation in the sensor outp@to wide threshold for the
deflector positioning reduces the effectiveness ofatlitematedCRD because timethe CRD

will be too far off the optimum position to have a postitive aerodynamic effect.

5.2 Conclusion
Chapter 5 presented the software structure for the controller software, which was developed

for this research project. Tle®nfigurationof the timer andinterrupt based data acquisition
procedure was presentethis includeghe cascading algorithte acquire sensor readings as

simultaneously as possible and how the sensor value related calcuiatrenseemealized.
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The compilation of CFD results into computable aerodynamics related equations that are
suitable for little computing power such ascroicontrollers was presentethe CFD results

have beersorted by the best aerodynamic result and the least drag force. The combination of
aerodynamic best deflector position and related wind conditiawse beercompiled into

vector equations. These eqoashave beenVROYHG IRU WKH YpoditiorD&® H 3RS W
implemented with & equation selectioriunction based on wind conditions to choose the

correct equation.

The decision whether the deflector position needs adjustment is based on the dgfiecton o
SRVLWLRQ DQG WKH GH I OdldovEdtbeVdifferexds betw@evi tBeRogtinwh R Q
deflector position and the current deflector position is calculated. If the positioning difference
exceeds a threshold of 3 cm the deflector position is @tanfthe position difference is less

than 3 cm the deflector position is not changed to save eleetmiesdy and to avoid oscillation

of the deflector due to sensor output fluctuation.
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Chapter 6

Perfamance evaluation dhe developed system

The previous chapter mainly described the design and the engineering process of the control

systemsoftwarefor an automated cab roof deflector and related sensor components.

This chapter describes how the systgas tested for function and analyses the test results for

suitability of the application.
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6. Performance evaluation of the developed system

A testhas beermperformed to validate if the developed control system operates correctly and

precisely. Therefoihe systenhas beemssembled and put into operation.

Figure6-1: Schematic of the cab roof deflector setup

Figure 61 shows a schematic of the system assembly of both mechanical setup and control
circuit setup.The green arrows represent the systems input. Two green arrows represent the IR
distance sensors used as proximity sensor for trailer detection and as distance sensor for
deflector position measuring. The third green ardingcted lefrepresents nfive hole probe

that has been usefbr wind condition measuring. The red arrow represents the outputs that
have beemised for controlling the actuator and moving the deflector shield up and down. The
setup of the control system is shown in the bottore. S8vennputs are displayed in green and
located at the leffTwo IR sensors are directly connected to the microcontroller in the control
circuit. The five hole probe tip is connected to five pressure sensors that are connected to the
microcontroller as will. The microcontroller (MCU) and the implemented datasets are
displayed in blueThe logic of the cotrol system is implemented in thCU. The MCU
processethe inputs anadontrols theoutputs.The five hole probe calibration parameters and

the equatioa for the optimum deflector positioningave beenprocessed externally and

programmed into the MCUTlhe red output components are displayed at the right. FThe H
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Bridge interfaces the control signals sey the MCU with power circuit and actuator. The

actudaor moves the deflector shield and adjusts it to optimum positioning.

Figure6-2: Test setup of the automated cab roof deflector system

Figure 62 shows an overview with all components of the system t@$ted. The five hole
probe tiphas beermounted in the wind tunnel. The appendant pressure semsoesbeen
mounted on the flow domaiihe tip of the five hole probe and the pressure sehsmesbeen
connected to each other with rubber tube. The fide poobe, the pressure sensors and the
tube can be seen on the left. The IR sensor for the trailer deteatidreemounted on a hinge

on the top of the deflector shield. The IR sensor for measuring the deflector position is oriented
vertically andhas leenscrewed to the table. It can be found just under the interfacing mechanic
between actuator and deflector shield. All seven sersrg beerconnected to the circuit

board with coloured signal wires.

The control circuihas beempowered byan externapower supplyThe control system can be
seen in Figure-@ on the table between the power supply and the laptalb.of the actuator

is hidden behind the laptgzreen. Thed-Bridge appendant with the actuator is also hidden
behind the laptop screefhevertically mounted wooden board used for the simulation of the

trailer front surface can be seen on the bottom right of Figlre 6

The testhas beemlesignedo prove functionality of the developed system and if it covers the
defined research asnlt has beerset upto test all decisions made in the software to pralie f
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functionality. The five hole probdas beerlisposed to changing wind conditions to test the
measurement component of the software. The trailer reference hagybeerchanged to tes

the equation selection component of the software. The deflector positlmasrigeemused as
evaluation variable to test the deflector positioning component of the system. This test setup
ascertains thatvaluation of the deflector positioning gives gitiif the system functions as

designed.

The deflector position is primarily dependent on yaw arigg@d the trailer height. The effect

of changing wind velocity relative to the HCV is limited (Tabi¢)S5The equations that have

been developed from the CFD results and have been implemented with the system do not use
the flow velocity as input variabler calculating the optimum deflector position (Tablg &

Table 54). Hcnce it was chosen to test the system with changing yaw angles and changing

reference trailer heights only. Varying flow velocities have not been tested.

The changing wind conditic have beesimulated by mounting and turning the five hole
probe in a wind tunnel, as it was previousbyd for the calibration proceSshe wind condition
yaw angles to be evaluatbdve beerhosen as 0 ° to 30 ° with increments of 5 °. The trailer
reference heightbave beerchosen as 4.2 m, 4.6 m and 4.8 m. Four vahae® beemoted
down forthe evaluation oéach combination of these conditions:

- The calculated deflector position that is used as reference Vidlese valuesre

obtained fronTable5-2, Table 53 and Table 5} respectively.
- The deflector position that is measured (and displayed) by the system.
- The deflector position that is calculated as target by the system.
- The deflector position that was measured withpe measure

Due to mechanal limitations of the deflector shield componeritshas beemecessary to
implement positioning limitations to not damagey deflector componemuring automatic
operation.The highest possible deflector position without damaging any compisni&hcm

above the table plate. The lowest possible deflector position possi@dem above the table
These limitations enablemaximumdeflector movemeraf 16 cmup and dowrdepending on

the G H I O H Fe¥¥rBndeV fjositionPositioning values that exceed gbe limitations are
overwritten with the maximum feasible positioning valu&he mechanicalimitations
required editing of the trailer reference height in the MCU software to test the control system

for application with different trailer reference heighitse mechanical limitations also required
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that the reference position was changed between both the highest and the lowest deflector
position. This was necessary to test adjustment with target positions both higher and lower than

the trailer reference heigy

The reference valuegmmedCalculated have beewalculated by inserting the yaw angles in the
deflector positioning calculations shownTable 52 to Table 54. Valueslabeledas System
represent the values that the system measures for the owelpadeflector position. Values
labeledTarget represent thealculated optimum position®r the deflector target position
These can beverwritten by the software end switcValuesnamedas Measured represent

deflector positions that have been meagidrg hand.

Yaw 0° 5° 10° 15° 20° 25° 30°
angle >

Calculated | 4.6 4.65 4.7 4.8 4.9 4.9 4.9
System 4.61 4.68 4.74 4.79 4.79 4.79 4.79
Target 4.62 4.66 4.72 4.78 4.78 4.78 4.78
Measured | 4.62 4.70 4.76 4.81 4.81 4.81 4.81

Table6-1: Test results for 4.6 for changing wind angl€s m)

Table6-1 shows theesults of the test procedure for trailer reference height eh4T8e upper

limit with a cab roof height offset of 4Qfin is 4.78n and the lowelimit is 4.59m. It shows,

that the deflectors positioning is constraint by the mechanical design of the available deflector
shield, because optimum positions above the software bhetibmeoverwritten. This effect

can be seen for measured wrahditionswith yaw angles of 20 to 30°(compare values in

rows calculated and target) also can be seen that the measured position of the defiector
within the positioning window af3 cm from the calculated target positi@ompare values in

rows target andgystem) The actual position that was measured by hand deviates from the

systems measured position ddyout 2cm (comparewvalues in rows system and measured).

Yaw 0° 5° 10° 15° 20° 25° 30°
angle >

Calculated | 4.5 4.6 4.7 4.75 4.8 4.8 4.8
System 4.59 4.61 4.70 4.78 4.78 4.78 4.78
Target 4.59 4.62 4.72 4.76 4.78 4.78 4.78
Measured | 4.59 4.60 4.71 4.81 4.80 4.80 4.80

Table6-2: Test results for 4.6 for changing wind angl€s m)
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A similar testfor the reference trailer reference heights of.@nd 4.2m has beercarried

out

Table 62 shows the results for a trailer reference height ofrd.Gvhich was achievedyb
lowering thetrailer top edge by 20m and leaving the cab roof height offset at 460 That

way the reference height position gets shifted to the lower end of the positioning range of the
deflector and allows the testing of the adjustability highemn teéerence heightt shows, that

the deflectors positioning is constraint by the mechanical design of the available deflector
shield, because optimum positions below the software limit become overwdtierpare
values in rows calculated and targdijis effect can be seen for measured wind condition with
yaw angle of O °. It also can be seen that the measured position of the deflector is within the
positioning window of3 cm from the calculated target position (compare values in rows target
and system The actual position thditas beemmeasured by hand deviates from the systems
measured position hyp to3 cm (comparevalues in rows system and measured).

Yaw 0° 5° 10° 15° 20° 25° 30°
angle >

Calculated | 4.4 4.4 4.4 4.4 4.4 4.4 4.4
System 4.38 4.38 4.38 4.38 4.38 4.38 4.38
Target 4.38 4.38 4.38 4.38 4.38 4.38 4.38
Measured | 4.41 4.41 441 441 441 441 4.41

Table6-3: Test results for 4.tn for changing wind anglgs m)

Table 63 shows the rests for the trailer reference height of 412 Reducingthe trailer
reference height has beachieved by leaving the trailer height in the lowered position and by
editing the cab roof height offset byinus40 cm to 36@m. The CFD simulation results far

trailer reference height of 4.2 m unfolded, that the optimum position does not change at all with
changing wind conditions. Therefore the system remains static. The measured position of the
deflector follows exactly the target position with no deviati@omparing thedeflector

positionmeasured by the system deflegiositionmeasured by harghowsdeviationsof 3cm.

Thetest results show that the concept of the systegmall its software components explained
in chaper 5 worls but needs furtheimprovementshat could not be done within the given

time span and with the given resources.
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The developedontrol systenallows to positionthe deflectowithin a positioning window of

+3 cm Depending on the sensor outputs the system decides if the deflesttion needs to

be adjustedThe difference of measured position in the system and the manually measured
positioning of the deflectas likely to be originated in the combination of a convex deflector
surface and the ndinear distance sensor curveed for the positioning measuremehhe
implementation of the evaluation algorithm for finee hole probe is robust in functionality

and precisely calculatewind information The accuracyor any wind vector component is
higher than 97%chapter 37).

Fluctuations in the pressusensor outputand the evaluation based differentiak of pressure

sensor outputs have anpact on the systesmsability That issue was approached aaddled

with a £3 cm positioning corridor in the deflector adjustmentdtion Though that
workaround stops the deflector shield from oscillating it leads to a reduction in positioning
precision, which must not be a final solutidie precision of the positioning of the deflector
shield needs to be improved in future workeTluctuation in the sensor outputs also needs to

be addressed, either with software workarounds such as averaging of multiple pressure readings
of the samecourceor implementation of different sensmodels
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Chapter 7

Conclusion

This chapter concludes the work that has been done, states thethesuits’e been achieved
andsummarizeshe limitations to be improved. It algvovidesrecommendationfor further

work for development of a product rather than an engineering sample.
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7. Conclusion

Historically HCVhave beenleveloped and manufactured to ensure a high payload capacity to
fulfil the needs of the transport sectbhe maximization of goods per vehicle ratio lead to
designs of vehicles which neglected the aerodynatnegamlining and the effect of resulting
drag forces on vehicl€guel efficiency. The discussion of research results in chapter 1 has
brought up thatthe longer the journey of a truck the higher is the percentage of fuel
consumption that is directly re&dto aerodynamic dragdver the lastecadehe greenhouse
effect and fuel efficiency of vehicldsas become major focusin automotivedevelopment

The focus on fuel efficienchasled to different research projects tinis area to improve
aerodynamic tseamlining of articulated trucksThese projects focussed their work on
aerodynamic streamlining bychanging geometries and/or additional aerodynamic
enhancement componentfiough many concepts of aerodynamic enhancements components
have been developedast of them have beeamot taken up enthusiastically ltiye transport
companies. This is because tieanges on truck aerodynamics have to respect the needs of the
transport companiesuch as low maintenance or quick return on investr@rttecome

acceptedechnology

The development and effestnessof drag reducing devices such as side skirts, cab roof
deflectors and gapeductiondevicess discussed in chapter 8tudies and experiments oab

roof deflectorshave raised awareness, that the optimunitipagg of cab roof deflectors can
reduce fuel consumption of articulatedcksby about 35 % overall.

7.1 Review and attainment of objectives
The realized project aimed to improve the aerodynamics of articulated truckdumyng the

shape basedx, coefficient The goal was to develog control system for automatically
adjusting the cab roof deflectorBhe control system should read the height of the trailer and
the wind conditionduring the trucks journey to continuously adjust the deflettiothe
aerodynamially optimum positionA sensor arrgyacontrolcircuit and a smart algorithimave

beendeveloped.

The sensor array features two infrared distance sensors and a five hole probe for measurement
of the wind condition. The five hole prolieas been calibrated by using the mutling
calibration method of A.R Pau2$]. The obtained calibration parameters have been validated
afterwards. The proven good calibration parameters have been implemented to calculate wind
condition information abackground for the automated CRD system
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The adjustment of the deflector shield position has been realized with a 24 V DC linear actuator
and a control system which is based on standard automotive electronic components. The
control system features an AetrATO0CAN128 microcontroller, an automotivéohdge motor

driver and pressure sensors with analogue outputs to sense the pressures on the five hole probe
holes. The control system processes the sensor output signals and makes decisions for the

actuatoroutputs based on the acquired information.

The algorithm developed for the system is implemented in the microcontroller of the control
system. The algorithm merges the sensor array including the five hole probe sensor with the
actuator control outputs. €hcontrol logic consists of processing of sensor data, control of the
actuator and a mathematical model for the positioning of the CRD which has been developed

from CFD simulation results.

These three components create an automated CRD system thatusanhadgleflector shield
autonomously to changing winarmditions in real time. Its modular design in hardware and
software allows easy adaption for different sensor types and deflector shield designs. Its
processing and decision making logic can be easdgified for more precise calculation of

the optimum deflector position, that could not be optimized because of a limited time frame for

this project.

7.2 Original contribution of the work
The introduction and litereature review gives an overwies on thenhisfoaerodynamic

research and explains the latest research and engineering products. Most research projects on
automotive aerodynamic drag issues focuses on development of new ideas for aerodynamic
streamlining. Though these projects concluded in newnt#aobies for airflow optimisation

many of the projects never make their way into the automotive industry. This is because the
design, the availability, maintenance, return on irmesitrate and many other factors have to

be accepted by the industry in geal. If the design of the research result is not accepted the
positive effect of the device might neglect&tis project did not aim to develop a new concept

of airflow optimisation, but focussed on using available technology to improve available cab

roof deflectors by automation.

Five hole probes are well known flow probes but were never used in automotive applications.
This project has shown that five hole probes can be employed with automotive application to
measure three dimensional wind informatiofwailability of three dimensional wind

information can be of versatile use: It can be used for the positioning of aerodynamic devices
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as shown in this projedt.also can be used farther automotive systems that can be improved

with real time wind infomationfor exampledriving assistance systems

Another original contribution can be found with the development of an algorithm for an
automated CRD that is independent of the combination of cab roof height and trailer roof
height.Latest automated cababdeflector products available feature real time wind condition
sensing, but they are limited with only certain combinations of truck and trdilkerslgorithm

for the calculation of the optimum deflector positioning that was developed during thist proje
supports various combinations of different trucks and different trailaestlexibility of this
algorithm can be improved by employing more CFD datasets for compiling the optimum

deflector positioning equations.

7.3 Major conclusions of the work
This progct has showmow large nhumbers of CFD simulation results on aerodynamics of

automotive vehichles can be compiled to be suitable for a microcontroller system with very
limited computing power. This has been achieved by arranging the CFD results byahkesari
yaw angle and flow velocity and applying vector algebra to each optimum position of the CRD
that were found with the CFD simulatiofi$ie vector algebra equations that describe surfaces
that represent the optimum deflector position give good rebultsonly need very little

computing power.

This project has also shown that good results in enhancements of automotive aerodynamics
can be achieved with limited ressourcéhis should encourage researchers, engineers and
scientists toperform projects tat focus on further optimization of available and accepted

aerodynamic enhancement components by automation.

7.4 Recommendation for future work
The primary goal of this project has been to developrdrol systenfor automatic adjustment

of articulated trucfV FDE U R Rl TReHds2didoWyertlves for the development of the
control system were fulfilledout the system has some limitations that could not be addressed
within the project timeframéelhe system itself works as it was designed, butetbdronic
components are only suitable for a prototypé&boratory conditionsBefore the system can

be tested in real application the followiisgues need to be addressed and improved:

- The available deflector is sufficient for a working prototyiie méke is applicable for

automotive application with a defined cab height and defined trailer h#ig/ne. idea
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of a universally applicable automated CRD is taken forward it is recommetaded
redesign the deflectofor a compatibility with a wider range ofruck-trailer

combinations

The CFD simulations that have been run allowleeldevelopment of a functional
concept for CRD optimum position calculation that is applicable for microcontrollers
with limited computing powelf the idea ofanuniversally apptable automated CRD

is taken forward thequations for the optimum deflector position calculation have to
be recompiled. To do so also the set of CFD simulations with changed deflector
geometry has to be run again.

The aerodynamic model that has been bigexl allows to precisely calculate the
optimum deflector position. This project has shown that the stream/vehicle velocity has
no impact on the optimum deflector position for the CRD setup used. For further work
it is recommended to expand the number iafutations for velocities lower than

40 mph and higher than 56 mph to get more pregpsenum positiongor crosswind

situations.

The sensors and the PCB for this project have been developed for laboratory conditions.
The system performance test wascassful and has shown the expected results. Taking
the project forward requires changes in both sensor array and control system to sustain
harsh environmental conditions such as rain and changing temperature conditions.
Therefore all employed sensors hawée reviewed and are likely to be replaced in this

process.

A validity check of the initial CFD results that were used in this project brought up, that
the CFDresults might be faultyrhese faulty CFD results might affect gherformance

of the systensincethesesimulation results do not match witheresults of aeal world
application.The developed algorithm for data processing andithetionality of the
developed control system is not affected by faulty simulation restisughit is
recommeded to rerun the CFD simulations once the fault has been located and fixed.
To update the systemith the improveddata the improved CFD resultswve to be
processednto vector equations as describedchmapter 5.1.3.4. The new parameters
(Tables 52 to 54) have to be changed in the controller softwahe modular approach

of a core software and an independent config file makes the system easy to adapt for
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changing geometries or changing CFD resuthanging the equations for the
calculation of the opthum deflector position (Tablesbto 54) in the config file will
update the software to the new CFD resulke representation of the parameter tables
in the config filecan be found in Appendix A4 p. 85

Chapter 6 has shown that the developed systeoperational and performes well as an
operational prototype. During the development of the system and the process of testing and
debugging some issues and ideas for improvement came up that would require a complete

redesign of the control system andsitgtwareor could not be made in time.

- The calculation of the wind vectanformation is proven good earlier but it contains
two types of error. One error is based on the precision of the calibration parameters and
is known from chapter 3.7. The otherarresults from the acquisition of the pressure
sensor outputs. The pressure sensor outputs are read sequentially instead of
simultaneous. This is because the pressure sensor outputs are interfaced directly to the
ADC of the microcontroller. This issue céwe improved by employing latching the
sensor output signals before reading the signals into the controller. Alternatively a

microcontroller could be used that has a latching component built in.

- The timer interval for triggering the sensor output acqoistias beerset to a default
value representing 500 ms (Chapter. 5.1.1). It is recommended to modulate the timer
value with respect to theecurrence intervaand the execution time of the wind
calculation algorithm. The execution time can be found bylampnting an output
toggle command at the end| FDVH LQ WKH 3%$'& FR®Y HQWIHIQ XR
(Appendix A4 p. 12 The recurrence interval of the controller software can be
calculated from the generated frequency on the toggle output. The tinmealifbe the

sensor output acquisition can be adjusted accordingly.

- If the timer interval is adjusted to the recurrence interval of the controller software
controllersleep modesan be used to reduce power consumption of the controller in
operation. To d so the controller sleep mod#2[ p. 4650] has to be configured within
the configuration section of the controller software (Chapter 5.1.1) and is activated at
in the endless loop main routine. Exact timer interval triggering and sleep modes enable

anexact timing of the controller software according to the application.
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If the measured recurrence interval of the controller software is found td@ldie
application for example with desired higher precision in the deflector positioning and
thereforerequired higher measuring interval) it might be necessary to change the
microcontroller. The used AT90CAN128Ht controller does not feature a floating
point calculation unit (FPU). The lack of a FPU requires the software compiler to
compile floating pait calculationsto be executed with théogical unit of the
microcontroller. This workaround in the compiler leads to a significantly increased
calculation time for floating point calculations compared to calculation time with a
controller that featuresEPU. Applicable controllers that feature a FPU are likely to be
ARM chip architecture controllers. Changing the controller architecture to ARM with
FPU requires a full revision of the controller software and controller dmardffers

significant improvenent in floating point calculation performance
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Appendices

Al Five hole probe calib ration parameters

Figure Al: Five hole probe calibration parameters for Settor
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Figure A2: Five hole probe calibration parameters for Se2tor
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Figure A3: Five hoke probe calibration parameters for Se@or
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Figure A4: Five hole probe calibration parameters for Sedtor
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Figure A5: Five hole probe calibration parameters for Sebtor
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A2 Control system main cir cuit board

Figure A6: Control system main circuit board schematic
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Figure A7: Control system main circuit board layout
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A3 Table with compiled CFD Results

Figure A8: CFD results for a trailer reference height of 4.2 m
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Figure A9: CFD results for a trailer reference height ¢ s

120



Figure A10: CFD results for d@railer reference height of 418
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A4 Source Code

CRD_v60.c
/
* Author: Jan Berkenbusch
* Controller: Atmel AT90CAN128 on CRD Board v6.0
* Dev Software: AVR Studio 4.19 (2011) with WIinAVR Library (RC Oct/2010)
*
* Subject: Controlle  r for Automatic Cab Roof Deflector for trucks
* /
/
* Arrangement for the 5 pitot Tubes and use of ADC channels
*
* 1 ADCO = IR Edge detection
* ADC1 = 5HP Hole 1
* 4 5 2 ADC2 = 5HP Hole 2
* ADC3 = 5HP Hole 3
* 3 ADC4 = 5HP Hole 4
* ADCS5 = 5HP Hole 5
* 5 Hole Probe front view ADC6 = IR  deflector height
*

/
/
*
* Pin Configuration:
*
* PBO ouT INA H Bridge
* PB1 ouT INB H Bridge
* PB2 IN Error H Bridge
*
* PCO ADC IR Distance Sensor 1
* PC1 ADC Pressure Sensor 1
* PC2 ADC Pressure Sensor 2
* PC3 ADC Pressure Sensor 3
* PC4 ADC Pressure Sensor 4
* PC5 ADC Pressure Sensor 5
* PC6 ADC IR Distance sensor 2
*
* PD2 ouT Display EN
* PD3 ouT Display RS
* PD4 ouT Dis play Datal
* PD5 ouT Display Data2
* PD6 ouT Display Data3
* PD7 ouT Display Data4
*

/

/I =====INCLUDE LIBRARIES =====
/I #include <math.h>
#include <avr/io.h>
#include <stdio.h >
#include <stdint.h>
#include <avr/interrupt.h>
#include <avr/sleep.h>
#include "LCD_routines.h"
#include <util/delay.h>
#include "CRD_config.h"
/| =====DEFINING VALUES =====
I ##### CPU Frequency = 8MHz using internal 8MHz clock without div8 Fuse! not accurate!

11 ##### For External 12MHz/16MHz Crystal set Clock Fuse CKSEL to Ext. Crystal 8+
I ##### in >Connect Window >Fuses >SUT_CKSEL
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struct DATA

{

uintl6_t PS1;
uintl6_t PS2;
uintl6_t PS3;
uintl6_t PS4;
uintl6_t PS5;
uintl6_t IR;
uintl6_t IR2;
uintl6_t SORTME [5];
double P1;

double P2;

double P3;

double P4,

double  P5;

double CPalpha;
double CPbeta;

double CPstatic;
double CPtotal;

double Pstatic;
double Ptotal;

double Alpha;
double Beta;
double V;

double CRD _REFERENCE;
double CRD_TARGET;
double CRD_HEIGHT;
double CRD_DELTA_H;

k%

struct DATA VALUES;

[/l ===== CREATING GLOBAL VARIABLES FOR USE IN ISR =====
volatile uint16_t pitot_read = 0;
volatile uint8_t channel = 0;
volatile uint8_t flag = 0;

vo latile char *buffer [15];

volatile double temp_double;
volatile int16_t temp_int16;

volatile uint8_t sortme_counter = 0;
volatile uint16_t avg_PS1 [6];
volatile uint16_t avg_PS2 [6];
volatile uint16_t avg_PS3 [6];
volatile uint16_t avg_PS4 [6];

vo latile uint16_t avg_PS5 [6];
volatile uint16_t avg_IR2 [6];

volatile uint8_t avgctr = 0;

volatile int8_t Offset_PS1;

volatile int8_t Offset_PS2;

volatile int8_t Offset_PS3;

volatile int8_t Offset_PS4;

volatile int8_t Offset_PS5;

volatile struct DAT A VALUES;

volatile uint8_t cycle=0;

/I FUNCTION PROTOTYPES:
void DEFLECTOR_UP (void);
void DEFLECTOR_DOWN (void);
void DEFLECTOR_STOP(void);
void Icd_send_float (double);
void sortme (void);

void wind_calculation(void);

void optimum_position(void);

voi d ps_referencing(void);
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/I ===== Main Programm=====
int main (void)

/I ===== CREATING LOCAL VARIABLES FOR FUNCTION MAIN. NOT TO BE USED IN ISR =====
volatile double temp_double;
volatile int16_t temp_int16;

/IPIN CONFIGURATION

/IDDRA
DDRB |= ( 1<<HB_IN_A|1<<HB_IN_B | 1<<HB_EN | 1<<HB_PWM); /IH - Bridge Outputs
/IDDRC
/IDDRD
/IDDRE
/IDDRF
/l==="==INITIALIZING 16BIT TIMER TO 500 m s INTERRUPT =====
/I for register descriptions see datasheet p. 13 6 + 144
TCCR1A = 0x00; // 0000 0000
TCCR1B = (1<<WGM12 | 1<<CS12); // 0000 1100 CTC Mode, Prescaler 256
TCCR1C = 0x00; // 0000 0000
TIMSK1 = (1<<OCIE1A); // 0000 0010 compare Match RegA enabled
/I => interrupt generated

OCR1A = 0x3D09; //3D09 = 500ms, 7A13 = 1000ms, F4A4 = 2000m s
/IOCR1AH = 0x00; // 8MHz : 256 = 15625 = 500ms
/IOCR1AL = OxFF; lIF424 or 7A12 or 3D09
/ICS11+CS10 = PS 64, => 6250 = 50ms
/I =====INITIALIZING ADC CONVERTER =====
/I for register descriptions see datasheet p. 289 ff.
ADCSRA = (1<<ADEN | 1<<A DPS2 | 1<<ADPS1 | 1<<ADIE ); /I (1<<ADEN | 1<<ADPS?2 | 1<<ADPS0
ADCSRA &= ~(1<<ADATE);
ADCSRA |= (1<<ADSC); /11001 1111 Write 1 to Bit 6 to start ADC conversion,

/I ADG Prescaler=64
ADMUX |= (1<<MUX1); //0000 0010 ADC Multiplexer. last 4 bits a re channel selection

/ILCD_Display intialization
led_init();

/Ishow installed version for 1s
Icd_string("CRD_v6.0a");
sei();

_delay_ms (1000);
lcd_setcursor(0,2);

ADCSRA |= (1<<ADSC);
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/Il FINDING TRAILER REFERENCE HEIGHT
while (VALUES.IR >= 100 )

DEFLECTOR_UP(); /Imoving top edge over the trailer top edge
lcd_setcursor(0,1);

lcd_string ("UP ");

lcd_send_float(VALUES.IR);

lcd_setcursor(0,2);

Icd_send_float (VALUES.CRD_HEIGHT);

ADCSRA |= (1<<ADSC);

} /lend while

DEFLECTOR_SODP();
_delay_ms(2000);
lcd_clear();

while (VALUES.IR < 150)

{

DEFLECTOR_DOWN(); /I move down till trailer edge is detected
lcd_setcursor(0,1);

lcd_string ("DOWN ");

lcd_send_float(VALUES.IR);

lcd_setcursor(0,2);

Icd_send_float (VALUES. CRD_HEIGHT);

ADCSRA |= (1<<ADSC);

} /lend while

DEFLECTOR_STOP();

VALUES.CRD_REFERENCE= VALUES.CRD_HEIGHID;
lcd_clear();

lcd_string ("Ref. Height:");

lcd_setcursor(0,2);
lcd_send_float(VALUES.CRD_REFERENCE);
_delay_ms (2000);

/lauto refe rencing ADC Inputs for pressure sensors to 900 ADC tics

Offset_PS1 = Ref Volts_PS1 - VALUES.PS1 +1;
Offset_PS2 = Ref Volts_PS2 - VALUES.PS2 +1;
Offset_PS3 = Ref_Volts_PS3 - VALUES.PS3 +1;
Offset_PS4 = Ref_Volts_PS4 - VALUES.PS4 +1;
Offset_PS5 = Ref Volts_ PS5 - VALUES.PS5 +1;
while (1)
if (flag == 1)
flag = 0;

wind_calculation();
} /lendifflag=1
} /lend while

} //lend main
/I CREATE INTERRUPT ROUTINE FOR STARTING AN ADC CONVERSION

/| ===== CREATE INTERRUPT ROUTINE FOR 1s TIMER =====
ISR (TIMERL_COMPA vect) //TIMERL_OVF_vect TIMER1_COMPA_vect

{
ADCSRA |= (1<<ADSC); /ISTART ADC CONVERSION
} //'end Timer ISR
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ISR (ADC_vect)
{

cycle++;

switch (channel)

case 0:

case 1:

case 2:

case 3:

case 4:

IR 1

{

temp_intl6 = ADCL,;

temp_int16 |= (ADCH<<8);
VALUES.SORTME[avgctr] = temp_int16;
sortme();

channel++;

ADMUX++;

ADCSRA |= (1<<ADSC);

break;

}
/IPS1

{
temp_intl6 = ADCL,;
temp_int16 |= (ADCH<<8);

avg_PS1[avgctr] = (temp_int16+Offset_PS1) ;

VALUES.PS1 = (avg_PS 1[0] +avg_PS1[1] + avg_PS1[2] + avg_PS1[3]
+avg_PS1[4])/5;

channel++;

ADMUX++;

ADCSRA |= (1<<ADSC);

break;

}
/IPS2

temp_intl6 = ADCL,;

temp_int16 |= (ADCH<<8);

avg_PS2[avgctr] = (temp_int16+Offset_PS2) ;

VALUES.PS2 = (avg_PS2[0] + avg_PS2[1] + avg_PS2[2] + avg_PS2[3] +
avg_PS2[4])/5;

channel++;

ADMUX++;

ADCSRA |= (1<<ADSC);

break;

}
/IPS3

{

temp_int16 = ADCL,;

temp_int16 |= (ADCH<<8);

avg_PS3[avgctr] = (temp_int16+0ff set_PS3);

VALUES.PS3 = (avg_PS3[0] + avg_PS3[1] + avg_PS3[2] + avg_PS3[3] +
avg_PS3[4])/5;

channel++;

ADMUX++;

ADCSRA |= (1<<ADSC);

break;

1IPS4

{

temp_intl6 = ADCL,;

temp_int16 |= (ADCH<<8);

avg_PS4[avgctr] = (temp_int16+Offset_PS4) ;

VALUES.PS4 = (avg_PS4[0] + avg_PS4[1] + avg_PS4[2] + avg_PS4[3] +
avg_PS4[4])/5;

channel++;

ADMUX++,

ADCSRA |= (1<<ADSC);

break;

}
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case 5:

case 6:

/IPS5

{

temp_int16 = ADCL;

temp_int16 |= (ADCH<<8);

avg_PS5[avgctr] = (temp_int16+Offset_PS5) ;

VALUES.PS5 = (avg_PS5[0] + avg_PS5[1] + avg_PS5[2] + avg_PS5[3] +

avg_PS5[4])/5;
channel++;
ADMUX++;
ADCSRA |= (1<<ADSC);
break;

}

IR2

{

temp_int16 = ADCL;

temp_in t16 |= (ADCH<<8);
avg_IR2[avgctr] = (temp_int16) ;
channel=0;

ADMUX &=0xFO0;

VALUES.IR2 = ((avg_IR2[0] + avg_IR2[1] + avg_IR2[2] + avg_IR2[3] +
avg_IR2[4])/5);

temp_double = (VALUES.IR2 * 0.00283 * 27.27);

VALUES.CRD_HEIGHT =119.0 - temp_double + cab_roof_height;

flag = 1;
avgctr++;
break;
}
} /lend switch
if (avgctr >= 5)
avgctr = 0;
cycle++;
if (cycle >200)
cycle = 0;
}/lend isr
void wind_calculation(void)
volatile uint8_t sector = 1;
volatile uintl 6_t highest = 0;
cli();
1 DEFLECTOR_STOP();

/ffinding the sector for the given set of readings
highest = VALUES.PS1;

if (highest < VALUES.P2)
{

highest = VALUES.P2;
sector = 2;

}
if (highest < VALUES.P3)
{

highest = VALUES.P3;
secto r=3;

}
if (highest < VALUES.P4)
{

highest = VALUES.P4;
sector = 4;

}
if (highest < VALUES.P5)

{
highest = VALUES.P5;
sector = 5;

}
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/I transforming ADC readings into absolute Pressures.

/IVALUES.P1
temp_int16
temp_double
temp_double
VALUES.P1
IIVALUES.P2
temp_int1l6
temp_double
temp_double
VALUES.P2
/IVALUES.P3
temp_int16
temp_double
temp_double
VALUES.P3
/IIVALUES.P4
temp_int16
temp_double
temp_double
VALUES.P4
IIVALUES.P5
temp_int1l6
temp_double
temp_double
VALUES.P5

(VALUES.PS1 - Ref Volts_PS1);
temp_int16*283;
temp_double/10000;

1013.0 + temp_double;

(VALUES.PS2 - Ref Volts_PS2);
temp_int16*283;
temp_double/10000;

1013.0 + temp_double;

(VALUES.PS3 - Ref Volts_PS3);
temp_int16*283;
temp_double/10000;

1013.0 + temp_double;

(VALUES.PS4 - Ref_Volts_PS4);

temp_int16*283;
temp_double/10000;
1013.0 + temp_double;

(VALUES.PS5 - Ref Volts_PS5);
temp_int16*283;
temp_double/10000;

1013.0 + temp_double;

[* === Sending values to LCD for debugging === */

lcd_setcursor (0,1);
lcd_send_float (VALUES.PS1);
lcd_string (" ");

lcd_send_float (VALUES.PS2);
led_string (" ");

lcd_send_float (VALUES.PS3);
lcd_setcursor (0,2);
lcd_send_float (VALUES.PS4);
led_string (" ");

lcd_send_float (VALUES.PS5);
lcd_string (" ");

lcd_send_float (cycle);
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/[calculation of pressure coefficients based on related sectors:
switch (sector)

case 1:
{
temp_double = ((VALUES.P4 + VALU

temp_double = (VALUES.P1 - temp_double);
VALUES.CPalpha = ((VALUES.P1

ES.P5 + VALUES.P2)/3);

- VALUES.P5) / temp_double);

/ICp_alpha = (P1-P5) / (P1 -((P4 + P5+P2)/3))

VALUES.CPbeta = ((VALUES.P2
/I Cp_beta = (P2-P4)  /(P1 - (P4

/ICalculation for angle alpha:
t emp_double

PS1_pitch_a0 ;

- VALUES.P4) / temp_double);

+ P5 + P2)/3))

temp_double = temp_double + (PS1_pitch_al * VALUES.CPalpha);

temp_double

temp_d ouble
VALUES.CPalpha);

temp_double
VALUES.CPbeta );

temp_double
VALUES.CPbeta );

temp_dou ble
VALUES.CPalpha * VALUES.CPbeta );

temp_double
VALUES.CPbeta * VALUES.CPbeta );

= temp_double + (PS1_pitch_a2 * VALUES.CPbeta) ;

=temp_double + (PS1_pitch_a3 * VALUES.CPalpha *

=temp_double + (PS1_pitch_a4 * VALUES.CPbeta *

=temp_double + (PS1_pitch_a5 * VALUES.CPalpha *

= temp_double + (PS1_pitch_a6 * VALUES.CPalpha *

= temp_double + (PS1_pitch_a7 * VALUES.CPalpha *

temp_double = temp_double + (PS1_pitch_a8 * VALUES.CPalpha *

VALUES.CPalpha * VALUES.CPalpha);

temp_double
VALUES.CPbeta * VALUES.CPbeta );

temp_double

= temp_double + (PS1_pitch_a9 * VALUES.CPbeta *

= temp_double + (PS1_pitch_al0 * VALUES.CPalpha *

VALUES.CPalpha * VALUES.CPbeta * VALUES.CPbet a);

temp_double
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPbeta );

temp_double
VALUES.CPbeta * VALUES.CPbeta * VALUES.CPbeta );

temp_doub le
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPalpha);

= temp_double + (PS1_pitch_all * VALUES.CPalpha *

=temp_double + (PS1_pitch_al2 * VALUES.CPalpha *

=temp_double + (PS1_pitch_al3 * VALUES.CPalpha *

VALUES.Alpha = temp_double + (PS1_pitch_al4 * VALUES.CPbeta *

VALUES.CPbeta * VALUES.CPbeta * VALUES.CPbeta );

/[Calculation for angle b eta:

temp_double =PS1 yaw_a0 ;

temp_double = temp_double + (PS1_yaw al
temp_double = temp_double + (PS1_yaw_a2
temp_double =temp_double + (PS1_yaw_a3
VALUES.CPalpha);

temp_ double = temp_double + (PS1_yaw_a4
VALUES.CPbeta );

temp_double = temp_double + (PS1_yaw_a5

VALUES.CPbeta );

* VALUES.CPalpha);
* VALUES.CPbeta );

* VALUES.CPalpha *

*VALUES.CPbeta *

* VALUES.CPalpha *
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temp_double = temp_double + (PS1_yaw_a6 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPbet a);

temp_double = temp_double + (PS1_yaw_a7 * VALUES.CPalpha *
VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + (PS1_yaw_a8 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha);

temp_double =temp_double + (PS1_yaw_a9 *VAL UES.CPbeta *
VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS1_yaw_alO * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS1_yaw_all * VALUES.CPalpha *
VALUES.CPalpha * VALU ES.CPalpha * VALUES.CPbeta );

temp_double =temp_double + (PS1_yaw_al2 * VALUES.CPalpha *
VALUES.CPbeta * VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + (PS1_yaw_al3 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.C Palpha);

VALUES.Beta = temp_double + (PS1_yaw_al4 * VALUES.CPbeta * VALUES.CPbeta *
VALUES.CPbeta * VALUES.CPbeta );

/[Calculation for P_total:

temp_double =PS1 total_a0 ;

temp_double = temp_double + (PS1_total_al * VALUES.CPalpha);

temp_double =temp_double + (PS1_total_a2 * VALUES.CPbeta );

temp_double = temp_double + (PS1_total_a3 * VALUES.CPalpha *

VALUES.CPalpha);

temp_double =temp_double + (PS1_total_a4 * VALUES.CPbeta * VALUES.CPbeta
)i

temp_double =temp_d ouble + (PS1_total_a5 * VALUES.CPalpha * VALUES.CPbeta

)i

temp_double = temp_double + (PS1_total_a6 * VALUES.CPalpha * VALUES.CPalpha

*VALUES.CPbeta );

temp_double =temp_double + (PS1_total_a7 * VALUES.CPalpha * VALUES.CPbeta
* VALUES .CPbeta );

temp_double =temp_double + (PS1_total_a8 * VALUES.CPalpha * VALUES.CPalpha
* VALUES.CPalpha);

temp_double = temp_double + (PS1_total_a9 * VALUES.CPbeta * VALUES.CPbeta
* VALUES.CPbeta );

temp_double = temp_double + (PS1_tot al_al0 * VALUES.CPalpha * VALUES.CPalpha
* VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + (PS1_total_all * VALUES.CPalpha * VALUES.CPalpha
* VALUES.CPalpha * VALUES.CPbeta );

temp_double =temp_double + (PS1_total_al2 * VALUES.CP alpha * VALUES.CPbeta
* VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + (PS1_total_al3 * VALUES.CPalpha * VALUES.CPalpha
* VALUES.CPalpha * VALUES.CPalpha);

VALUES.CPtotal =temp_double+ (PS1_total_al4 * VALUES.CPbeta * VALUES.CP beta *
VALUES.CPbeta * VALUES.CPbeta );
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/[Calculation for P_static:

/[Calculation

temp_double = PS1_static_ a0 ;

temp_double =temp_double + (PS1_static_al * VALUES.CPalpha);

temp_double = temp_double + (PS1_static_a2 * VALUES.CPbeta );

temp_dou ble =temp_double + (PS1_static_a3 * VALUES.CPalpha *
VALUES.CPalpha);

temp_double =temp_double + (PS1_static_a4 * VALUES.CPbeta * VALUES.CPbeta
)i

temp_double = temp_double + (PS1_static_a5 * VALUES.CPalpha * VALUES.CPbeta
)i

temp_ double = temp_double + (PS1_static_a6 * VALUES.CPalpha *

VALUES.CPalpha * VALUES.CPbeta );

temp_double =temp_double + (PS1_static_a7 * VALUES.CPalpha * VALUES.CPbeta
*VALUES.CPbeta );

temp_double =temp_double + (PS1_static_a8 * VALUES.CP alpha *
VALUES.CPalpha * VALUES.CPalpha);

temp_double = temp_double + (PS1_static_a9 * VALUES.CPbeta * VALUES.CPbeta
* VALUES.CPbeta );

temp_double =temp_double + (PS1_static_al0 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPbeta * VAL UES.CPbeta );

temp_double =temp_double + (PS1_static_all * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPbeta );

temp_double = temp_double + (PS1_static_al2 * VALUES.CPalpha *
VALUES.CPbeta * VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS1_static_al3 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPalpha);

VALUES.CPstatic=temp_double+ (PS1_static_al4 * VALUES.CPbeta * VALUES.CPbeta
* VALUES.CPbeta * VALUES.CPbeta );

for Windspeed V:

VALUES.Pstatic = (VALUES.CPstatic * ( -1)*(VALUES.P1 - ((VALUES.P2 + VALUES.P4
+ VALUES.P5)/3))) + ((VALUES.P2 + VALUES.P4 + VALUES.P5)/3);

VALUES.Ptotal = (VALUES.CPtotal * ( - 1) * (VALUES.P1 - ((VALUES.P2 + VALUES.P4
+ VAL UES.P5)/3))) + VALUES.P1;

temp_double = (VALUES.Ptotal - VALUES.Pstatic)*2/rho_air;

VALUES.V = sqrt (temp_double);

break;

}
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case 2:

{
temp_double =  ((VALUES.P1 + VALUES.P5 + VALUES.P3)/3);

temp_double = (VALUES.P2 - temp_doubl e);

VALUES.CPalpha = ((VALUES.P1 - VALUES.P3)/ temp_double);

/[Cp_alpha = (P1 - P3) /(P2 -((PL+P5+P3)/3)
VALUES.CPbeta = ((VALUES.P2 - VALUES.P5) / temp_double);

/ICp_beta = (P2 - P5) /(P2 -((P1L+P5 + P3)/3))

/[Calculation for angle alpha:

temp_double = PS2_pitch_a0 ;

temp_double = temp_double + (PS2_pitch_al * VALUES.CPalpha);

temp_double = temp_double + (PS2_pitch_a2 * VALUES.CPbeta) ;

temp_double = temp_double + (PS2_pi tch_a3 * VALUES.CPalpha *
VALUES.CPalpha);

temp_double = temp_double + (PS2_pitch_a4 * VALUES.CPbeta * VALUES.CPbeta
)i

temp_double = temp_double + (PS2_pitch_a5 * VALUES.CPalpha * VALUES.CPbeta
)i

temp_double = temp_double + (PS2_ pitch_a6 * VALUES.CPalpha *

VALUES.CPalpha * VALUES.CPbeta );

temp_double = temp_double + (PS2_pitch_a7 * VALUES.CPalpha * VALUES.CPbeta
* VALUES.CPbeta );

temp_double = temp_double + (PS2_pitch_a8 * VALUES.CPalpha *
VALUES.CPalpha* VALUES.CPalpha);

temp_double = temp_double + (PS2_pitch_a9 * VALUES.CPbeta * VALUES.CPbeta
* VALUES.CPbeta );

temp_double = temp_double + (PS2_pitch_al0 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPbeta * VALUES.CPbeta );

temp_doubl e = temp_double + (PS2_pitch_all * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPbeta );

temp_double = temp_double + (PS2_pitch_al2 * VALUES.CPalpha * VALUES.CPbeta
* VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_doubl e + (PS2_pitch_al3 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPalpha);

VALUES.Alpha = temp_double + (PS2_pitch_al4 * VALUES.CPbeta * VALUES.CPbeta *
VALUES.CPbeta * VALUES.CPbeta );

/ICalculation for angle beta:

temp_dou ble = PS2_yaw_a0 ;

temp_double =temp_double + (PS2_yaw_al * VALUES.CPalpha);
temp_double = temp_double + (PS2_yaw_a2 * VALUES.CPbeta );
temp_double =temp_double + (PS2_yaw_a3 * VALUES.CPalpha *

VALUES.CPalpha);

temp_double =temp_d ouble + (PS2_yaw_a4 * VALUES.CPbeta *
VALUES.CPbeta );

temp_double =temp_double + (PS2_yaw_a5 * VALUES.CPalpha *
VALUES.CPbeta );

temp_double = temp_double + (PS2_yaw_a6 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPbeta );
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temp_dou ble = temp_double + (PS2_yaw_a7 * VALUES.CPalpha *
VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS2_yaw_a8 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha);

temp_double =temp_double + (PS2_yaw_a9 * VALUES.CPbeta *
VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + (PS2_yaw_al0 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS2_yaw_all * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALU ES.CPbeta );

temp_double = temp_double + (PS2_yaw_al2 * VALUES.CPalpha *
VALUES.CPbeta * VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + (PS2_yaw_al3 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPalpha);

VALLES.Beta = temp_double + (PS2_yaw_al4 * VALUES.CPbeta * VALUES.CPbeta *
VALUES.CPbeta * VALUES.CPbeta );

/ICalculation for P_total:

temp_double =PS2_total_a0 ;

temp_double = temp_double + (PS2_total_al * VALUES.CPalpha);

temp_double = temp_double + (PS2_total_a2 * VALUES.CPbeta);

temp_double = temp_double + (PS2_total_a3 * VALUES.CPalpha *

VALUES.CPalpha);

temp_double = temp_double + (PS2_total_a4 * VALUES.CPbeta * VALUES.CPbeta

)i

temp_double =temp_double + (PS2_t otal_a5 * VALUES.CPalpha * VALUES.CPbeta
)i

temp_double =temp_double + (PS2_total_a6 * VALUES.CPalpha * VALUES.CPalpha

*VALUES.CPbeta );

temp_double = temp_double + (PS2_total_a7 * VALUES.CPalpha * VALUES.CPbeta
* VALUES.CPbeta );

temp_double =temp_double + (PS2_total_a8 * VALUES.CPalpha * VALUES.CPalpha
* VALUES.CPalpha);

temp_double =temp_double + (PS2_total_a9 * VALUES.CPbeta * VALUES.CPbeta
* VALUES.CPbeta );

temp_double = temp_double + (PS2_total_al0 * VALUES.CPa Ipha * VALUES.CPalpha
* VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS2_total_all * VALUES.CPalpha * VALUES.CPalpha
* VALUES.CPalpha * VALUES.CPbeta );

temp_double =temp_double + (PS2_total_al2 * VALUES.CPalpha * VALUES.CPbeta
* VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + (PS2_total_al3 * VALUES.CPalpha * VALUES.CPalpha
* VALUES.CPalpha * VALUES.CPalpha);

VALUES.CPtotal =temp_double+ (PS2_total_al4 * VALUES.CPbeta * VALUES.CPbeta *
VALUES.CPbeta * VALUES.CPbeta );

/[Calculation for P_static:
temp_double = PS2_static_a0 ;
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temp_double = temp_double + (PS2_static_al * VALUES.CPalpha);

temp_double =temp_double + (PS2_static_a2 * VALUES.CPbeta );
temp_double =temp_double + (PS2_static_a3 * VALUES.CPalpha *
VALUES.CPalpha);

temp_double =temp_double + (PS2_static_a4 * VALUES.CPbeta * VALUES.CPbeta
)i

temp_double = temp_double + (PS2_static_a5 * VALUES.CPalpha * VALUES.CPbeta
)i

temp_double = temp_double + (PS2_static_a6 * VALUES.CPalpha *

VALUES.CPalpha * VALUES.CPbeta );

temp_double =temp_double + (PS2_static_a7 * VALUES.CPalpha *
VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + (PS2_static_a8 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha);

temp_double = temp_double + (PS2_static_a9 * VALUES.CPbeta *
VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS2_static_al0 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPbeta * VALUES.CPbeta );

temp_doub le =temp_double + (PS2_static_all * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPbeta );

temp_double = temp_double + (PS2_static_al2 * VALUES.CPalpha *
VALUES.CPbeta * VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_doub le + (PS2_static_al3 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPalpha);

VALUES.CPstatic=temp_double+ (PS2_static_al4 * VALUES.CPbeta * VALUES.CPbeta
* VALUES.CPbeta * VALUES.CPbeta );

/ICalculation for Windspeed V:
VALLUES.Pstatic = (VALUES.CPstatic * ( -1) * (VALUES.P2 - ((VALUES.P1 + VALUES.P3
+ VALUES.P5)/3))) + ((VALUES.P1 + VALUES.P3 + VALUES.P5)/3);

VALUES.Ptotal = (VALUES.CPtotal * ( -1) * (VALUES.P2 - ((VALUES.P1 + VALUES.P3
+ VALUES.P5)/3))) + VALUES.P2;

temp_double = (VALUES.Ptotal - VALUES.Pstatic)*2/rho_air;

VALUES.V = sqrt (temp_double);

break;

}
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P5

P5

case 3:

{
temp_double = ((VALUES.P4 + VALUES.P5 + VALUES.P2)/3);
VALUES.CPalpha = (VALUES.P5 - VALUES.P3)/(VALUES.P3 -temp_double);
/ICp_alpha = (P5 - P3) / P3 -(( P4+
P2 )/3))
Iftemp_double = ((VALUES.PS4+VALUES.PS5+VALUES.PS2)/3);
VALUES.CPbeta = (VALUES.P2 - VALUES.P4)/(VALUES.P3 -temp_double);
/ICp_beta =(P2 - P4) | (P3 -(( P4+
P2 )/3))

/[Calculation for angle alpha:

PS3 pitch_a0

temp_double

temp_double temp_double + (PS3_pitch_al * VALUES.CPalpha);

temp_double + (PS3 _pitch_a2 * VALUES.CPbeta) ;

temp_double

temp_double temp_double + (PS3_pitch_a3 * VALUES.CPalpha *

VALUES.CPalpha);

temp_double = temp_double + (PS3_pitch_a4 * VALUES.CPbeta * VALUES.CPbeta

)i

temp_double = temp_double + (PS3_pitch_a5 * VALU ES.CPalpha * VALUES.CPbeta
)i

temp_double = temp_double + (PS3_pitch_a6 * VALUES.CPalpha *

VALUES.CPalpha * VALUES.CPbeta );

temp_double = temp_double + (PS3_pitch_a7 * VALUES.CPalpha * VALUES.CPbeta
* VALUES.CPbeta );

temp_double = temp_double + (PS3_pitch_a8 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha);

temp_double = temp_double + (PS3_pitch_a9 * VALUES.CPbeta * VALUES.CPbeta
* VALUES.CPbeta );

temp_double = temp_double + (PS3_pitch_al0 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS3_pitch_all * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPbeta );

temp_double = temp_double + (PS3_pitch_al2 * VALUES.CPalpha * VALUES.CPbe ta
* VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS3_pitch_al3 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPalpha);

VALUES.Alpha = temp_double + (PS3_pitch_al4 * VALUES.CPbeta * VALUES.CPbeta *
VALUES.CPbeta * VALUES.CPbeta );

/ICalculation for angle beta:

temp_double = PS3_yaw_a0 ;

temp_double =temp_double + (PS3_yaw_al * VALUES.CPalpha);
temp_double = temp_double + (PS3_yaw_a2 * VALUES.CPbeta );
temp_double =temp_double + (PS3_yaw_a3 * VALUES.CPalpha *

VALUES.CPalpha);

temp_double =temp_double + (PS3_yaw_a4 * VALUES.CPbeta *
VALUES.CPbeta );

temp_double =temp_double + (PS3_yaw_a5 * VALUES.CPalpha *
VALUES.CPbeta );
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temp_double = temp_double + (PS3_yaw_a6 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPbeta );

temp_double =temp_double + (PS3_yaw_a7 * VALUES.CPalpha *
VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + (PS3_yaw_a8 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha );

temp_double = temp_double + (PS3_yaw_a9 * VALUES.CPbeta *
VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS3_yaw_al0 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + (PS3_yaw_all * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPbeta );

temp_double =temp_double + (PS3_yaw_al2 * VALUES.CPalpha *
VALUES.CPbeta * VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS3_yaw_al3 * VALUES.CP alpha*
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPalpha);

VALUES.Beta = temp_double + (PS3_yaw_al4 * VALUES.CPbeta * VALUES.CPbeta *
VALUES.CPbeta * VALUES.CPbeta );

/ICalculation for P_total:

temp_double =PS3 total_a0 ;

temp_doub le =temp_double + (PS3_total_al * VALUES.CPalpha);

temp_double = temp_double + (PS3_total_a2 * VALUES.CPbeta );

temp_double =temp_double + (PS3_total_a3 * VALUES.CPalpha *

VALUES.CPalpha);

temp_double =temp_double + (PS3_total_a4 * VAL UES.CPbeta * VALUES.CPbeta
)i

temp_double = temp_double + (PS3_total_a5 * VALUES.CPalpha * VALUES.CPbeta

)i

temp_double = temp_double + (PS3_total_a6 * VALUES.CPalpha * VALUES.CPalpha

* VALUES.CPbeta );

temp_double =temp_double + (PS3_t otal_a7 * VALUES.CPalpha * VALUES.CPbeta
* VALUES.CPbeta );

temp_double = temp_double + (PS3_total_a8 * VALUES.CPalpha * VALUES.CPalpha
* VALUES.CPalpha);

temp_double = temp_double + (PS3_total_a9 * VALUES.CPbeta * VALUES.CPbeta
* VALUES .CPbeta );

temp_double =temp_double + (PS3_total_al0 * VALUES.CPalpha * VALUES.CPalpha
* VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + (PS3_total_all * VALUES.CPalpha * VALUES.CPalpha
* VALUES.CPalpha * VALUES.CPbeta );

temp_ double = temp_double + (PS3_total_al2 * VALUES.CPalpha * VALUES.CPbeta
* VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + (PS3_total_al3 * VALUES.CPalpha * VALUES.CPalpha
* VALUES.CPalpha * VALUES.CPalpha);

VALUES.CPtotal =temp_doub  le+ (PS3_total_al4 * VALUES.CPbeta * VALUES.CPbeta *
VALUES.CPbeta * VALUES.CPbeta );

/ICalculation for P_static:
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temp_double = PS3_static_a0 ;

temp_double =temp_double + (PS3_static_al * VALUES.CPalpha);

temp_double = temp_double + (PS3_static_a2 * VALUES.CPbeta );

temp_double =temp_double + (PS3_static_a3 * VALUES.CPalpha *
VALUES.CPalpha);

temp_double = temp_double + (PS3_static_a4 * VALUES.CPbeta * VALUES.CPbeta

)i

temp_double = temp_double + (PS3_static_a5 *V ALUES.CPalpha * VALUES.CPbeta
)i

temp_double =temp_double + (PS3_static_a6 * VALUES.CPalpha *

VALUES.CPalpha * VALUES.CPbeta );

temp_double =temp_double + (PS3_static_a7 * VALUES.CPalpha *
VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS3_static_a8 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha);

temp_double =temp_double + (PS3_static_a9 * VALUES.CPbeta *
VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + (PS3_static_al0 * VALUES.CPalp ha *
VALUES.CPalpha * VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS3_static_all * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPbeta );

temp_double = temp_double + (PS3_static_al2 * VALUES.CPalpha *
VALUESCPbeta * VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + (PS3_static_al3 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPalpha);

VALUES.CPstatic=temp_double+ (PS3_static_al4 * VALUES.CPbeta * VALUES.CPbeta
* VAL UES.CPbeta * VALUES.CPbeta );

/ICalculation for Windspeed V:
VALUES.Pstatic = (VALUES.CPstatic * ( -1) * (VALUES.P3 - ((VALUES.P2 + VALUES.P4
+ VALUES.P5)/3))) + ((VALUES.P2 + VALUES.P4 + VALUES.P5)/3);

VALUES.Ptotal = (VALUES.CPtotal * ( -1)* (VALUES.P3 - ((VALUES.P2 + VALUES.P4
+ VALUES.P5)/3))) + VALUES.P3;

temp_double = (VALUES.Ptotal - VALUES.Pstatic)*2/rho_air;

VALUES.V = sqrt (temp_double);

break;

}
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case 4.

{
temp_double = ((VALUES.P1 + VALUES.P5 + VALUES.P3)/3);

VALUES.CPalpha = (VALUES.P1 - VALUES.P3)/(VALUES.P4 -temp_double);

/ICp_alpha =(P1 - P3) / (P4 -(( P1L + P5 +
P3 )/3))

Iftemp_double = ((VALUES.PS1+VALUES.PS5+VALUES.PS3)/3);

VALUES.CPbeta = (VAL UES.P5- VALUES.P4) / (VALUES.P4  -temp_double);

/ICp_beta = (P5 - P4) | (P4 -(( PL + P5
+  P3 )/3))

/[Calculation for angle alpha:
temp_double

PS4 _pitch_a0 ;

temp_double + (PS4_pitch_al * VALUES.CPalpha);

temp_double

temp_double temp_double + (PS4_pitch_a2 * VALUES.CPbeta) ;

temp_double + (PS4_pitch_a3 * VALUES.CPalpha *

temp_double
VALUES.CPalpha);

temp_double = temp_double + (PS4_pitch_a4 * VALUES.CPbeta *V ALUES.CPbeta
)i

temp_double = temp_double + (PS4_pitch_a5 * VALUES.CPalpha * VALUES.CPbeta

)i

temp_double = temp_double + (PS4_pitch_a6 * VALUES.CPalpha *

VALUES.CPalpha * VALUES.CPbeta );

temp_double = temp_double + (PS4_pitch_a7 * VALUES.CPalpha * VALUES.CPbeta
* VALUES.CPbeta );

temp_double = temp_double + (PS4_pitch_a8 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha);

temp_double = temp_double + (PS4_pitch_a9 * VALUES.CPbeta * VALUES.CPbeta
* VALUES.CPbe ta);

temp_double = temp_double + (PS4_pitch_al0 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS4_pitch_all * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPbeta );

temp_double = temp_double + (PS4_pitch_al2 * VALUES.CPalpha * VALUES.CPbeta
* VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS4_pitch_al3 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPalpha);

VALUES.Alpha =tem p_double + (PS4_pitch_al4 * VALUES.CPbeta * VALUES.CPbeta *
VALUES.CPbeta * VALUES.CPbeta );

/ICalculation for angle beta:

temp_double = PS4_yaw_a0 ;

temp_double =temp_double + (PS4_yaw_al * VALUES.CPalpha);
temp_double = temp_double + (PS4_yaw_a2 * VALUES.CPbeta );
temp_double =temp_double + (PS4_yaw_a3 * VALUES.CPalpha *

VALUES.CPalpha);

temp_double =temp_double + (PS4_yaw_a4 * VALUES.CPbeta *
VALUES.CPbeta );

temp_double =temp_double + (PS4_yaw_a5 * VALUES.CPal pha *
VALUES.CPbeta );

temp_double =temp_double + (PS4_yaw_a6 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPbeta );

temp_double = temp_double + (PS4_yaw_a7 * VALUES.CPalpha *
VALUES.CPbeta * VALUES.CPbeta );
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temp_double =temp_double  + (PS4_yaw_a8 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha);

temp_double =temp_double + (PS4_yaw_a9 * VALUES.CPbeta *
VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + (PS4_yaw_al0 * VALUES.CPalpha *
VALUES.CPalpha* VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS4_yaw_all * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPbeta );

temp_double = temp_double + (PS4_yaw_al2 * VALUES.CPalpha *
VALUES.CPbeta * VALUES.CPbeta * VALU ES.CPbeta );

temp_double =temp_double + (PS4_yaw_al3 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPalpha);

VALUES.Beta = temp_double + (PS4_yaw_al4 * VALUES.CPbeta * VALUES.CPbeta *
VALUES.CPbeta * VALUES.CPbeta );

/ICalc ulation for P_total:

temp_double =PS4 total_a0 ;

temp_double = temp_double + (PS4_total_al * VALUES.CPalpha);

temp_double =temp_double + (PS4_total_a2 * VALUES.CPbeta );

temp_double = temp_double + (PS4_total_a3 * VALUES.CPalpha *

VALUES.CPalphay;

temp_double = temp_double + (PS4_total_a4 * VALUES.CPbeta * VALUES.CPbeta

)i

temp_double =temp_double + (PS4_total_a5 * VALUES.CPalpha * VALUES.CPbeta

)i

temp_double =temp_double + (PS4_total_a6 * VALUES.CPalpha * VALUE S.CPalpha

*VALUES.CPbeta );

temp_double = temp_double + (PS4_total_a7 * VALUES.CPalpha * VALUES.CPbeta
* VALUES.CPbeta );

temp_double = temp_double + (PS4_total_a8 * VALUES.CPalpha * VALUES.CPalpha
* VALUES.CPalpha);

temp_double =temp_ double + (PS4_total_a9 * VALUES.CPbeta * VALUES.CPbeta
* VALUES.CPbeta );

temp_double = temp_double + (PS4_total_al0 * VALUES.CPalpha * VALUES.CPalpha
* VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS4_total_all * VALUES.CPa Ipha * VALUES.CPalpha
* VALUES.CPalpha * VALUES.CPbeta );

temp_double =temp_double + (PS4_total_al2 * VALUES.CPalpha * VALUES.CPbeta
* VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + (PS4_total_al3 * VALUES.CPalpha * VALUES.CPalph a
* VALUES.CPalpha * VALUES.CPalpha);

VALUES.CPtotal =temp_double+ (PS4_total_al4 * VALUES.CPbeta * VALUES.CPbeta *
VALUES.CPbeta * VALUES.CPbeta );

/ICalculation for P_static:

temp_double = PS4 _static_a0 ;
temp_double =temp_double + (PS4_static_al * VALUES.CPalpha);
temp_double =temp_double + (PS4_static_a2 * VALUES.CPbeta );
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temp_double = temp_double + (PS4 _static_a3 * VALUES.CPalpha *

VALUES.CPalpha);

temp_double =temp_double + (PS4_static_a4 * VALUES.CPbeta * VA LUES.CPbeta
)i

temp_double =temp_double + (PS4_static_a5 * VALUES.CPalpha * VALUES.CPbeta

)i

temp_double = temp_double + (PS4 _static_a6 * VALUES.CPalpha *

VALUES.CPalpha * VALUES.CPbeta );

temp_double = temp_double + (PS4 _static_a7 *V ALUES.CPalpha *
VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + (PS4_static_a8 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha);

temp_double =temp_double + (PS4_static_a9 * VALUES.CPbeta *
VALUES.CPbeta * VALUES.CPbet a);

temp_double = temp_double + (PS4 _static_al0 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + (PS4_static_all * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPbeta );

temp_ double = temp_double + (PS4 _static_al2 * VALUES.CPalpha *
VALUES.CPbeta * VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS4_static_al3 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPalpha);

VALUES.CPstatic=tem p_double+ (PS4_static_al4 * VALUES.CPbeta * VALUES.CPbeta
* VALUES.CPbeta * VALUES.CPbeta );

/ICalculation for Windspeed V:

VALUES.Pstatic = (VALUES.CPstatic * ( -1) * (VALUES.P1 - ((VALUES.P1 + VALUES.P3
+ VALUES.P5)/3))) + ((VALUES.P1 + VALUES .P3 + VALUES.P5)/3);

VALUES.Ptotal = (VALUES.CPtotal * ( -1)*(VALUES.P1 - ((VALUES.P1+VALUES.P3
+ VALUES.P5)/3))) + VALUES.P4;

temp_double = (VALUES.Ptotal - VALUES.Pstatic)*2/rho_air;

VALUES.V = sgrt (temp_double);

break;

}
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case 5:

{
temp_double = ((VALUES.P1 + VALUES.P2 + VALUES.P3 + VALUES.P4)/4);

VALUES.CPalpha = (VALUES.P1 - VALUES.P3)/(VALUES.P5 -temp_double);
/ICp_alpha =(P1 - P3) / (P5 -(( P1L + P2
+ P3 + P4 ) 14))

/ltemp_double = ((VALUES.PS1+VALUES.PS2+VALUES.PS3+VALUES.PS4)/4);

VALUES.CPbeta = (VALUES.P2 - VALUES.P4) / (VALUES.P5 - temp_double);

/iCp_beta = (P2 - P4) ! (P5 - PL + P2
+ P3 + P4 )/4))

/[Calculation for angle alpha:

temp_double = PS5_pitch_a0

temp_double = temp_double + (PS5_pitch_al * VALUES.CPalpha);

temp_double = temp_double + (PS5_pitch_a2 * VALUES.CPbeta) ;

temp_double = temp_double + (PS5_pitch_a3 * VALUES.CPalpha *
VALUES.CPalpha);

temp_double = temp_double + (PS5_pitch_a4 * VALUES.CPbeta * VALUES.CPbeta
)i

temp_double = temp_double + (PS5_pitch_a5 * VALUES.CPalpha * VALUES.CPbeta
)i

temp_double = temp_double + (PS5_pitch_a6 * VALUES.CPalpha *

VALUES.CPalpha * VALUES.CPbeta );

temp_double = temp_double + (PS5_pitch_a7 * VALUES.CPalpha * VALUES.CPbeta
* VALUES.CPbeta );

temp_double = temp_double + (PS5_pitch_a8 * VALUES.CPalpha *
VALUES.CPalpha * VALUES. CPalpha);

temp_double = temp_double + (PS5_pitch_a9 * VALUES.CPbeta * VALUES.CPbeta
* VALUES.CPbeta );

temp_double = temp_double + (PS5_pitch_al0 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPbeta * VALUES.CPbeta );

temp_double = tem p_double + (PS5_pitch_all * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPbeta );

temp_double = temp_double + (PS5_pitch_al2 * VALUES.CPalpha * VALUES.CPbeta
* VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS5 _pitch_a13 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPalpha);

VALUES.Alpha = temp_double + (PS5_pitch_al4 * VALUES.CPbeta * VALUES.CPbeta *
VALUES.CPbeta * VALUES.CPbeta );

/ICalculation for angle beta:

temp_double =PS5_yaw a0 ;

temp_double =temp_double + (PS5_yaw_al * VALUES.CPalpha);
temp_double = temp_double + (PS5_yaw_a2 * VALUES.CPbeta );
temp_double =temp_double + (PS5_yaw_a3 * VALUES.CPalpha *

VALUES.CPalpha);

temp_double =temp_double + (PS5_yaw_a4 * VALUES.CPbeta *
VALUES.CPbeta );

temp_double =temp_double + (PS5_yaw_a5 * VALUES.CPalpha *
VALUES.CPbeta );
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temp_double = temp_double + (PS5_yaw__
VALUES.CPalpha * VALUES.CPbeta );

temp_double =te mp_double + (PS5_yaw_
VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + (PS5_yaw_
VALUES.CPalpha * VALUES.CPalpha);

temp_double = temp_double + (PS5_yaw_;
VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS5_yaw_;

VALUES.CPalpha * VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double +
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPbet

temp_double =temp_double +
VALUES.CPbeta * VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double +
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPalpha);

VALUES.Beta =temp_double +
VALUES.CPbeta * VALUES.CPbeta );

/ICalculation for P_total:

temp_double = PS5 total_a0 ;
temp_double
temp_double

temp_double
VALUES.CPalpha);

temp_double

);

temp_double

);

temp_double
* VALUES.CPbeta );

= temp_double + (PS5_total_a5

temp_double
* VALUES.CPbeta );

temp_doubl e
* VALUES.CPalpha);

temp_double
* VALUES.CPbeta );

temp_double
* VALUES.CPbeta * VALUES.CPbeta );

temp_double
* VALUES.CPalpha * VALUES.CPbeta );

temp_double
*\V ALUES.CPbeta * VALUES.CPbeta );

temp_double
* VALUES.CPalpha * VALUES.CPalpha);

VALUES.CPtotal =temp_double+ (PS5 _total_al4 * VALUES.CPbeta * VALUES.CPbeta *

VALUES.CPbeta * VAL UES.CPbeta );

/ICalculation for P_static:

(PS5_yaw_

(PS5_yaw_

(PS5_yaw_;

a6 * VALUES.CPalpha *

a7 * VALUES.CPalpha *

a8 * VALUES.CPalpha *

a9 * VALUES.CPbeta *

al0 * VALUES.CPalpha *

all* VALUES.CPalpha *

a);

al2 * VALUES.CPalpha *

al3 * VALUES.CPalpha *

(PS5_yaw_al4 * VALUES.CPbeta * VALUES.CPbeta *

=temp_double + (PS5_total_al * VALUES.CPalpha);
=temp_dou ble + (PS5_total_a2 * VALUES.CPbeta );

=temp_double + (PS5_total_a3 * VALUES.CPalpha *

= temp_double + (PS5_total_a4 * VALUES.CPbeta * VALUES.CPbeta

* VALUES.CPalpha * VALUES.CPbeta

= temp_double + (PS5_total_a6 * VALUES.CPalpha * VALUES.CPalpha

=temp_double + (PS5_total_a7 * VALUES.CPalpha * VALUES.CPbeta

= temp_double + (PS5_total_a8 * VALUES.CPalpha * VALUES.CPalpha

= temp_double + (PS5_total_a9 * VALUES.CPbeta * VALUES.CPbeta

=temp_double + (PS5_total_al0 * VALUES.CPalpha *

=temp_double + (PS5_total_all * VALUES.CPalpha * VALUES.CPalpha

= temp_double + (PS5_total_al2 * VALUES.CPalpha * VALUES.CPbeta

=temp_double + (PS5_total_al3 * VALUES.CPalpha * VALUES.CPalpha

VALUES.CPalpha
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temp_double = PS5_static_a0 ;

temp_double =temp_double + (PS5_static_al * VALUES.CPalpha);
temp_double = temp_double + (PS5_static_a2 * VALUES.CPbeta );
temp_double =temp_double + (PS5_static  _a3 * VALUES.CPalpha *
VALUES.CPalpha);

temp_double = temp_double + (PS5_static_a4 * VALUES.CPbeta * VALUES.CPbeta
)i

temp_double = temp_double + (PS5_static_a5 * VALUES.CPalpha * VALUES.CPbeta
)i

temp_double =temp_double + (PS5_stati  c_a6 * VALUES.CPalpha *

VALUES.CPalpha * VALUES.CPbeta );

temp_double =temp_double + (PS5_static_a7 * VALUES.CPalpha *
VALUES.CPbeta * VALUES.CPbeta );

temp_double = temp_double + (PS5_static_a8 * VALUES.CPalpha *
VALUES.CPalpha * VALU ES.CPalpha);

temp_double =temp_double + (PS5_static_a9 * VALUES.CPbeta *
VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + (PS5_static_al0 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPbeta * VALUES.CPbeta );

temp_double =t emp_double + (PS5_static_all * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPbeta );

temp_double = temp_double + (PS5_static_al2 * VALUES.CPalpha *
VALUES.CPbeta * VALUES.CPbeta * VALUES.CPbeta );

temp_double =temp_double + ( PS5_static_al3 * VALUES.CPalpha *
VALUES.CPalpha * VALUES.CPalpha * VALUES.CPalpha);

VALUES.CPstatic=temp_double+ (PS5_static_al4 * VALUES.CPbeta * VALUES.CPbeta
*VALUES.CPbeta * VALUES.CPbeta );

/ICalculation for Windspeed V:

default:

sei();

VALUES.Pst atic = (VALUES.CPstatic * ( -1)* (VALUES.P5 - ((VALUES.P1+

VALUES.P2 + VALUES.P3 + VALUES.P4)/4))) + ((VALUES.P1 + VALUES.P2 + VALUES.P4 +

VALUES.P5)/4));

VALUES.Ptotal = ((VALUES.CPtotal * ( -1)* (VALUES.P5 - ((VALUES.P1+
VALUES.P2 + VAL UES.P3 + VALUES.P4)/4))) + VALUES.P5);

temp_double = ((VALUES.Ptotal) - (VALUES.Pstatic))*200/rho_air;

VALUES.V = sqrt (temp_double);

break;

}

{

sprintf (buffer, "Calc. Error");
lcd_string (buffer);
_delay_ms(5000);

break;

}

} /I 'end switch (sector)

optimum_position();
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void optimum_position(void)

{
double MPH;
/~k

=== MANUAL INPUT FOR TESTING EQUATION SELECTION ===

VALUES.CRD_REFERENCE = 4.72;
VALUES.Alpha = 13.0;
VALUES.Beta = 13.0;
VALUES.V = 20.0;
*
if (VALUES.Beta < 0.0)
VALUES.Beta = VALUES.Beta * ( -1);
/Im/s in mph conversion: *3600/1000/1.6 = *2.25
MPH = (VALUES.V*2.25);
/*selecting height in steps. 4.2m 46m - 4.8m
4.2 0 10 20 30 alpha
# i # # =#
I | I | I
40 | 4.4 | 4.4 | 4.4 | 4.4 |
I I I I I
1 3 5 f > height in m
I I I I I
50 | 4.4 | 4.4 | 4.4 | 4.4 |
I I I | I
2 4 6
I I I I I
56 | 4.4 | 4.4 | 4.4 | 4.4 |
| | | ! |
speed
4.6 0 10 20 30 alpha
I I I I I
40 | 4.5 | 4.7 | 438 | 4.8 |
I I I | I
1 3 5 > height in m
I I I I I
50 | 4.6 | 4.7 | 438 | 4.8 |
I I I | I
2 4 6
I I I I I
56 | 4.5 | 4.7 | 438 | 4.8 |
| | | | !
speed
438 0 10 20 30 alpha
I I I I I
40 | 4.6 | 47 | 4.9 | 4.9 |
I I I I I
# 1 3 5 f > height in m
I I I I I
50 | 4.6 | 4.7 | 4.9 | 4.9 |
I I I I I
# 2 4 6
I I I I I
56 | 4.6 | 4.7 | 4.9 | 4.9 |
I I I I I
# # # # ==#
speed

%
if ((VALUES.CRD_REFERENCE > 410) &

{
if (VALUES Alpha < 10)

(VALUES.CRD_REFERENCE < 440)) //4.1 10 4.4 = ref 4.2

VALUES.CRD_TARGET =eq4_2_1;

if (VALUES.Alpha >= 10) & (VALUES.Alpha < 20))
VALUES.CRD_TARGET =eq4_2__3;
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if (VALU ES.Alpha >= 20) & (VALUES.Alpha < 30))
VALUES.CRD_TARGET =eq4_2__5;
}

if (VALUES.CRD_REFERENCE >= 440) &  (VALUES.CRD_REFERENCE < 470)) //4.4t04.7 = ref 4.6

{
if (VALUES.Alpha < 10)
VALUES.CRD_TARGET =eq4_6_ 1;

if (VALUES.Alpha >= 10) & ( VALUES.Alpha < 20))
VALUES.CRD_TARGET =eq4_6__3;

if (VALUES.Alpha >= 20) & (VALUES.Alpha < 30))
VALUES.CRD_TARGET =eq4_6__5;
}

if VALUES.CRD_REFERENCE >=470) Il greater 4.7 =ref4.8

{
if (VALUES.Alpha < 10)
VALUES.CRD_TARGET =eg4 8 1;

if (VALUES.Alpha >= 10) & (VALUES.Alpha < 20))
VALUES.CRD_TARGET =eq4_8_3;

if (VALUES.Alpha >= 20) & (VALUES.Alpha < 30))
VALUES.CRD_TARGET =eq4_8__5;
}

VALUES.CRD_DELTA_H = VALUES.CRD_TARGET VALUES.CRD_HEIGHT; / /calculating height d

//if (VALUES.CRD_DELTA_H < 0.0)
I VALUES.CRD_DELTA_H = (VALUES.CRD_DELTA_H*(- 1)); // height difference delta_h

if (VALUES.CRD_TARGET > IR_upper_limit)
VALUES.CRD_TARGET = IR_upper_limit;

if VALUES.CRD_TARGET < IR_lower_limit)
VALUES.CRD_TARGET = IR_lower_limit;

/Ichecks for delta_h. if delta_j is greater than 3cm readjustments take place
if ((VALUES.CRD_DELTA_H > 3.0) | (VALUES.CRD_DELTA_H < -3.0))

{
if (VALUES.CRD_DELTA_H > 1.0) llcmziel - st
DEFLECTOR_UP();

else if (VALUES.CR D_DELTA H<1.0) /lcm ziel - st
DEFLECTOR_DOWN();

else DEFLECTOR_STOP();
}

/I Keeps the display updated with current wind - and deflector conditions
lcd_clear;
lcd_send_float (VALUES.Alpha);
lcd_string (" ");
lcd_send_float (VALUES.Beta);
led _string (" ");
Icd_send_float (MPH);
lcd_setcursor (0,2);
lcd_send_float (VALUES.CRD_HEIGHT);
lcd_string (" ");
lcd_send_float (VALUES.CRD_TARGET);
led_string (" ");
lcd_send_float (VALUES.CRD_DELTA_H);

} /lend void optimum_position(void)

ifference
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void DEFLECTOR_UP (void)
{
if (VALUES.CRD_HEIGHT <= IR_upper_limit)

{
HB_PORT &= ~(1<<HB_IN_B);
HB_PORT |= ((1<<HB_IN_A)| (1<<HB_EN) | (1<<HB_PWM));

else DEFLECTOR_STOP();

}

/*

#define HB_IN_A PB7 DOWN
#define HB_IN_B PB4 uP
#define HB_EN PB5 ENABIE
#define HB_PWM PB6 PWM
#define HB_PORT PORTB

*/

void DEFLECTOR_DOWN (void)
{
if (VALUES.CRD_HEIGHT >= IR_lower_limit)

{

HB_PORT &= ~(1<<HB_IN_A);

HB_PORT |= ((1<<HB_IN_B) | (1<<HB_EN) | (1<<HB_PWM));
}

else DEFLECTOR_STOP():
}

void DEFLECTOR _STOP(void)

{
HB_PORT &= ~(1<<HB_IN_A | 1<<HB_IN_B | 1<<HB_EN | 1<<HB_PWM);

}

// this function is for smoothing out the IR Sensor reads.

/I The ADC takes 10 reads of the ADC in about 0.3 ms.

/I The read values get sorted from low to high and only the me dium are averaged to an actual
read.

void sortme (void)
for (uint8_t n=0; n<5; ++n)
#or (uint8_t i=0; i<(5 - n- 1); ++i)
i{f (VALUES.SORTME[i]> VALUES.SORTME]i+1])

temp_int16 = VALUES.SORTMEIi];
VALUES.SORTMEJi] = VALUES.SORTME[i+1];
VALUES.SORTME[i+1] = temp_int16;
}

}

}
VALUES.IR = (( VALUES.SORTME[1] + VALUES.SORTME[2] + VALUES.SORTME[3] ) / 3);

void lcd_send_float (double f)

{

char *buffer [11];

intl6_t templ = (int) f;
int8_t n;

sprintf (buffer, "%i.", temp1);
led_str  ing (buffer);

for (n=0; n<1; n++)

f=f - (long double) temp1;
f=f*10; // 1000 <>10
if (f<0)

146



f=f(C -1
templ=(int) f;
sprintf (buffer, "%i", temp1);
lcd_string (buffer);
}

}

/I === the following lines are part of an open library for LCD di splays based on HD44780
/I display controllers. The display was used for debugging only. ===

/ /

/ /

/I Ansteuerung eines HD44780 kompatiblen LCD im 4 - Bit - Interfacemodus

/I http:/lwww.mikrocontroller.net/articles/HD44780

I/ http://lwww.mikrocontroller.net/articles/AVR - GCC Tutorial/lLCD - Ansteuerung

1

/I Die Pinbelegung ist Uber defines in Icd - routines.h ein stellbar

/l#include <avr/io.h>
/l#include "lcd - routines.h"
Il#include <util/delay.h>

T T T ]
/I Erzeugt einen Enable - Puls
static void lcd_enable( void )

LCD_PORT |= (1<<LCD_ EN); /I Enable auf 1 setzen
_delay_us( LCD_ENABLE_US); I kurze Pause
LCD_PORT &= ~(1<<LCD_EN); /I Enable auf 0 setzen

}

T T T ]

/I Sendet eine 4 - bit Ausgabeoperati on an das LCD

static void lcd_out( uint8_t data )

{
data &= OxFO; /I obere 4 Bit maskieren
LCD_PORT &= ~(0xF0>>(4 - LCD_DB)); /I Maske l6schen
LCD_PORT |= (data>>(4 - LCD_DB)); /I Bits setzen
Icd_enable();

}

L
/I Initialisierung: muss ganz am Anfang des Programms aufgerufen werden.
void lcd_init( void )

{
/I verwendete Pins auf Ausgang schalten
uint8_t pins = (OxOF << LCD_DB) | /I 4 Datenleitungen
(1<<LCD_RS) | /I RIS Leitung
(1<<LCD_EN); /I Enable Leitung

LCD_DDR |= pins;

/I initial alle Ausgéange auf Null
LCD_PORT &= ~pins;

/I war ten auf die Bereitschaft des LCD
_delay_ms(LCD_BOOTUP_MS);

/I Soft - Reset muss 3mal hintereinander gesendet werden zur Initialisierung
lcd_out( LCD_SOFT_RESET );
_delay_ms(LCD_SOFT_RESET_MS1);

Icd_enable();
_delay_ms(LCD_SOF T_RESET_MS2);

Icd_enable();
_delay_ms(LCD_SOFT_RESET_MS3);

/I'4 - bit Modus aktivieren

lcd_out( LCD_SET_FUNCTION |
LCD_FUNCTION_4BIT);

_delay_ms(LCD_SET_4BITMODE_MS);

/4 - bit Modus / 2 Zeilen / 5x7
lcd_c ommand( LCD_SET_FUNCTION |

147



LCD_FUNCTION_4BIT |
LCD_FUNCTION_2LINE |
LCD_FUNCTION_5X7 )

/I Display ein / Cursor aus / Blinken aus

lcd_command( LCD_SET_DISPLAY |
LCD_DISPLAY_ON |
LCD_CURSOR_OFF |
LCD_BLINKING_OFF);

/I Cursor inkrement / kein Scrollen

lcd_command( LCD_SET_ENTRY |
LCD_ENTRY_INCREASE |
LCD_ENTRY_NOSHIFT);

lcd_clear();
i e

/I Sendet ein Datenbyte an das LCD
void Icd_data( uint8_t data )

{
LCD_PORT |= (1<<LCD_RS); /I RS auf 1 setzen
lcd_out( data ); /I zuerst die oberen,
lcd_out( data<<4); /I dann die unteren 4 Bit senden
_delay_us(LCD_WRITEDATA_US);
}

T T T T
/I Sendet einen Befehl an das LCD
void lcd_command( uint8_t data )

{
LCD_PORT&= ~(1<<LCD_RS); /I RS auf 0 setzen
lcd_out( data ); /I zuerst die oberen,
lcd_out( data<<4); /l dann die unteren 4 Bit senden
_delay_us(LCD_COMMAND_US);
}
T T M

/I Sendet den Befehl zur Loschung des Displays
void Icd_clear( void )

lcd_command( LCD_CLEAR_DISPLAY );
_delay_ms(LCD_CLEAR_DISPLAY_MS);

M T
/I Sendet den Befehl: Cursor Home
void lcd_home( void )

lcd_command( LCD_CURSOR_HOME );
_delay_ms(LCD_CURSOR_HOME_MS);

T T T

/I Setzt den Cursor in Spalte x (O ..15) Zeile y (1..4)
void lcd_setcursor( uint8_t x, uint8_ty)
{
uint8_t data;
switch (y)
{
case 1 II'1. Zeile
data = LCD_SET_DDADR + LCD_DDADR_LINE1 + X;
break;
case 2: I1'2. Zeile
data = LCD_SET_DDADR + LCD_DDADR_LINE2 + X;
break;
case 3: 11'3. Zeile

data = LCD_SET_DDADR + LCD_DDADR_LINE3 + x:

1
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break;

case 4: Il 4. Zeile
data = LCD_SET_DDADR + LCD_DDADR_LINE 4 + x;
break;
default:
return; /[ fir den Fall einer falschen Zeile

}

lcd_command( data );

}

s
/I Schreibt einen String auf das LCD

void lcd_string( const char *data )
while( *data !=" \0") 85

lcd_data( *data++ );

}

T T T T
/I Schreibt ein Zeichen in den Charact er Generator RAM

void lcd_generatechar( uint8_t code, const uint8_t *data )

{
/I Startposition des Zeichens einstellen
lcd_command( LCD_SET_CGADR | (code<<3) );
/I Bitmuster Ubertragen
for (uint8_t i=0; i<8; i++)
lcd_dat a( datali] );
}
}
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CRD_config.h

/
* Author:

* Controller:

* Dev Software:

*

* Subject:
*

* CRD Config File

*

* Content:

- Implementation of five hole probe calibration parameters

Jan Berkenbusch
Atmel AT90CAN128 on CRD Board v6.0
AVR Studio 4.19 (2011) with

for CRD_v60.c

- Definition of deflector geometry

- Threshold values

for software end switch

WInAVR Library (RC Oct/2010)

Controller for Automatic Cab Roof Deflector for trucks

- Equations that describe the surfaces for CRD optimum position calculation

1IPS1

/ISet of 5HP calibration parameters for pitch

#define  PS1_pitch_a0 -7.4780
#define PS1_pitch_al - 140.02
#define PS1_pitch_a2 1.6198
#define PS1_pitch_a3 380.76
#define PS1_pitch_a4 -0.6431
#define PS1_pitch_a5 -23.259
#define PS1_pitch_a6 62.475
#define PS1_pitch_a7 11.629
#define PS1_pit ch_a8 -507.42
#define PS1_pitch_a9 0.5384
#define PS1_pitch_al0 -7.8622
#define PS1_pitch_all - 39.266
#define PS1_pitch_al2 -1.2780
#define PS1_pitch_al3 227.77
#define PS1_pitch_al4 - 0.1965
/laccuracy pitch: 0.8844

/IPS1

/ISet of 5HP ¢ alibration parameters for yaw
#define PS1_yaw_a0 -34. 743
#define PS1_yaw_al 383.17
#define PS1_yaw_a2 8. 9267
#define PS1_yaw_a3 -1205.9
#define PS1_yaw_a4 7. 0635
#define PS1_yaw_a5 64. 967
#define PS1_yaw_a6 -167. 00
#define PS1_yaw_a7 -49. 970
#define PS1_yaw_a8 1596. 3
#define PS1_yaw_a9 -2.3112
#define PS1_yaw_al0 55. 355
#define PS1_yaw_all 126. 12
#define PS1_yaw_al2 0.6 970
#define PS1_yaw_al3 -785. 03
#define PS1_yaw_al4 0.2 337
/laccuracy yaw: 0.

/IPS1

//Set of 5HP ¢ alibration parameters for static
#define PS1_static_a0 1.8436
#define PS1_static_al -6.1882
#define PS1_static_a2 0.0454
#define PS1_static_a3 12.113
#define PS1_static_a4 - 0.0866
#define PS1_static_a5 - 0.6369
#define PS1_static_a6 2.0496
#define PS1_static_a7 0.6638
#define PS1_static_a8 -15.8834
#define PS1_static_a9 0.0172
#define PS1_static_al0 -0.6264
#define PS1_static_all -1.4913
#define PS1_static_al2 -0.0221
#define PS1_static_al3 7.9097

/
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#define PS1_st  atic_al4 - 0.0030
/laccuracy static: 0.9730

/IPS1

/ISet of 5HP calibration parameters for total
#define PS1_total_a0 -0.3977
#define PS1_total_al 0.7382
#define PS1_total_a2 0.0887
#define PS1_total_a3 1.5033
#define PS1_total_a4 -0.15 48
#define PS1_total_a5 - 0.5966
#define PS1_total_a6 0.8134
#define PS1_total_a7 0.3077
#define PS1_total_a8 -4.1015
#define PS1_total_a9 -0.0111
#define PS1_total_al0 - 0.4755
#define PS1_total_all -0.3240
#define PS1_total_al2 0.0335
#define PS1_total_al3 2.2998
#define PS1_total_al4 0.1010

/laccuracy total: 0.9702

1IPS2

/ISet of 5HP calibration parameters for pitch
#define PS2_pitch_a0 -0. 1672
#define PS2_pitch_al 4.1847
#define PS2_pitch_a2 - 0.9292
#define P S2_pitch_a3 2.3388
#define PS2_pitch_a4 34.652
#define PS2_pitch_a5 -53.882
#define PS2_pitch_a6 - 9.6557
#define PS2_pitch_a7 11.776
#define PS2_pitch_a8 -4.6777
#define PS2_pitch_a9 -48.616
#define PS2_pitch_al0 1.5559
#define PS2_  pitch_all 14.584
#define PS2_pitch_al2 -12.026
#define PS2_pitch_al3 0.4634
#define PS2_pitch_al4 26.918
/laccuracy pitch: 0.9 534

/IPS2

/ISet of 5HP calibration parameters for yaw

#define PS2_yaw_a0 12. 314
#define PS2_yaw_al 3.8515
#def ine PS2_yaw_a2 68.881
#define PS2_yaw_a3 -0.5018
#define PS2_yaw_a4 - 145.95
#define PS2_yaw_ab5 -13.869
#define PS2_yaw_a6 -5.1924
#define PS2_yaw_a7 32.882
#define PS2_yaw_a8 -2.7119
#define PS2_yaw_a9 189.05
#define PS2_yaw_al0 - 5. 4480
#define PS2_yaw_all 3. 3510
#define PS2_yaw_al2 -21.090
#define PS2_yaw_al3 0. 9802
#define PS2_yaw_al4 -69.913
/laccuracy yaw: 0.9 301

1IPS2

/ISet of 5HP calibration parameters for static
#define PS2_static_a0 2.2888
#define PS2_static _al 0.0 503
#define PS2_static_a2 - 7.9608
#define PS2_static_a3 -0.0 821
#define PS2_static_a4 13.472
#define PS2_static_a5 -0.0344
#define PS2_static_a6 0. 3182
#define PS2_static_a7 -0. 1219
#define PS2_static_a8 - 0. 0187
#define PS2 _static_a9 -12.729
#define PS2_static_al0 -0. 0795
#define PS2_static_all 0.007 0
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#define PS2_static_al2 0. 1114

#define PS2_static_al3 0.0033
#define PS2_static_al4 4.2727
/laccuracy static: 0. 9631

11PS2

/ISet of 5HP calibration paramet ers for total
#define PS2_total_a0 -0.4 271
#define PS2_total_al -0.0 205
#define PS2_total_a2 0.9630
#define PS2_total_a3 - 0.0 266
#define PS2_total_a4 0.7005
#define PS2_total_a5 -0.2337
#define PS2_total_a6 -0. 5041
#define PS2_total _ar 1.0253
#define PS2_total_a8 - 0. 0457
#define PS2_total_a9 - 2.7005
#define PS2_total_al0 0. 3262
#define PS2_total_all 0.0 660
#define PS2_total_al2 - 0.9085
#define PS2_total_al3 0.0 176
#define PS2_total_al4 1.2982

/laccuracy t otal: 0.92 12

/IPS3

/ISet of 5HP calibration parameters for pitch
#define PS3_pitch_a0 14.888
#define PS3_pitch_al -78.082
#define PS3_pitch_a2 10.595
#define PS3_pitch_a3 -214.36
#define PS3_pitch_a4 -2.9218
#define PS3_pitch_a5 51.918
#define PS3_pitch_a6 91.457
#define PS3_pitch_a7 -7.246
#define PS3_pitch_a8 -311.77
#define PS3_pitch_a9 -2. 3119
#define PS3_pitch_al0 -4.9910
#define PS3_pitch_all 56.161
#define PS3_pitch_al2 -3. 8576
#define PS3_pitch_al3 -149.91
#defi ne PS3_pitch_al4 -0. 3026
/laccuracy pitch: 0.9 441

/IPS3

/ISet of 5HP calibration parameters for yaw

#define PS3_yaw_a0 9.3471
#define PS3_yaw_al 129.48
#define PS3_yaw_a2 -13.367
#define PS3_yaw_a3 351.84
#define PS3_yaw_a4 10.046
#define  PS3_yaw_a5 -156.33
#define PS3_yaw_a6 -261.70
#define PS3_yaw_a7 21.517
#define PS3_yaw_a8 365.23
#define PS3_yaw_a9 -0.7826
#define PS3_yaw_al0 15.855
#define PS3_yaw_all - 146.65
#define PS3_yaw_al2 2.3714
#define PS3_yaw_al3 125.70
#define PS3_yaw_al4 - 0. 7562
/laccuracy yaw: 0.9 700

1IPS3

/ISet of 5HP calibration parameters for static
#define PS3_static_a0 2.3002
#define PS3_static_al 8.4418
#define PS3_static_a2 0. 1830
#define PS3_static_a3 16.413
#define PS3_static_ a4 0.0987
#define PS3_static_ab5 0.1892
#define PS3_static_a6 0.1717
#define PS3_static_a7 -0.1659
#define PS3_static_a8 18.265
#define PS3_static_a9 -0.1 038
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#define PS3_static_al0 -0.1815

#define PS3_static_all 0.2409
#define P S3_static_al2 -0.1234
#define PS3_static_al3 7.9327
#define PS3_static_al4 -0.0290
/laccuracy static: 0. 9635

1IPS3

/ISet of 5HP calibration parameters for total
#define PS3_total_a0 - 0.8690
#define PS3_total_al -6.9112
#define PS3_total_a2 0.2467
#define PS3_total_a3 -20.395
#define PS3_total_a4 -0.2634
#define PS3_total_a5 2.1813
#define PS3_total_a6 4.4046
#define PS3_total_a7 -0.7103
#define PS3_total_a8 -24.329
#define PS3_total_a9 -0.0638
#define PS3_total_al0 - 0.6089
#define PS3_total_all 2.6885
#define PS3_total_al2 -0.0638
#define PS3_total_al3 -10.234
#define PS3_total_al4 - 0.0069
/laccuracy total: 0. 7422

1IPS4

/ISet of 5HP calibration parameters for pitch
#define PS4_pit ch_a0 - 6.4497
#define PS4_pitch_al 0.8049
#define PS4_pitch_a2 - 74.553
#define PS4_pitch_a3 -6.7172
#define PS4_pitch_a4 -299.77
#define PS4_pitch_a5 64.761
#define PS4_pitch_a6 - 38.036
#define PS4_pitch_a7 61.637
#define PS4_pitch_a8 - 0.5949
#define PS4_pitch_a9 - 396.82
#define PS4_pitch_al0 -28.722
#define PS4_pitch_all -7.4823
#define PS4_pitch_al2 42.983
#define PS4_pitch_al3 -1.2536
#define PS4_pitch_al4 - 164.96

/laccuracy pitch: 0.9

1IPS4
//Set of 5HP calibrat

688

ion parameters for yaw

#define PS4_yaw_a0 -17.379
#define PS4_yaw_al 2.2 395
#define PS4_yaw_a2 6.8369
#define PS4_yaw_a3 -1.7426
#define PS4_yaw_a4 - 30.307
#define PS4_yaw_a5 -5.0776
#define PS4_yaw_a6 - 20.946
#define PS4_yaw_a7 -14.6 832
#define PS4_yaw_a8 -0.7876
#define PS4_yaw_a9 52.991
#define PS4_yaw_al0 -12.595
#define PS4_yaw_all -0.8519
#define PS4_yaw_al2 - 6.0930
#define PS4_yaw_al3 -0. 8125
#define PS4_yaw_al4 61.621

/laccuracy yaw: 0.9

11PS4

120

/ISet of 5 HP calibration parameters for static

#define PS4 _static_a0 1.0470
#define PS4_static_al 0.3515
#define PS4_static_a2 -1.7409
#define PS4 _static_a3 -0.3018
#define PS4_static_a4 -14.765

#define PS4 _static_a5 2.3481
#define PS4_static_a6 -1.1733
#define PS4_static_a7 4.2419

153



#define PS4_static_a8 - 0.0305

#define PS4 _static_a9 -19.417
#define PS4 _static_al0 -0.9271
#define PS4_static_all - 0.0316
#define PS4 _static_al2 2.3790
#define PS4 _static_al3 0.0126
#define PS4 _static_al4 - 7.8853
/laccuracy static: 0.9 320

11PS4

/ISet of 5HP calibration parameters for total
#define PS4 _total_a0 - 0. 4001
#define PS4_total_al 0.0525
#define PS4 _total_a2 -1.8167
#define PS4 _total_a3 - 0.0255
#define PS4_total_a4 -4.5453
#define PS4_total_a5 1.0172
#define PS4_total_a6 0.3039
#define PS4_total_a7 2.0429
#define PS4_total_a8 0.0320
#define PS4_total_a9 - 6.4020
#define PS4_total_al0 0.1771
#define PS4_total_all 0.0383
#define PS4_total_al2 1.0871
#define PS4_total_al3 0.0097
#define PS4_total_al4 - 3.5651
/laccuracy total: 0. 7851

/IPS5

//Set of 5HP calibration parameters for pitch
#define PS5_pitch_a0 -7.3199
#define PS5_pitch_al -11. 296
#define PS5_pitch_a2 - 3.3788
#define  PS5_pitch_a3 6.9392
#define PS5_pitch_a4 4.0673
#define PS5_pitch_a5 -0.8078
#define PS5_pitch_a6 0.8611
#define PS5_pitch_a7 0.2196
#define PS5_pitch_a8 0.4604
#define PS5_pitch_a9 1.6814
#define PS5_pitch_al0 -1.6895
#defi ne PS5_pitch_all -0.0141
#define PS5_pitch_al2 0.1998
#define PS5_pitch_al3 -1.4920
#define PS5_pitch_al4 -0.4371
/laccuracy pitch: 0. 8416

/IPS5

/ISet of 5HP calibration parameters for yaw
#define PS5_yaw_a0 1.9431
#define PS5_yaw_al 0. 7818
#define PS5_yaw_a2 9.5566
#define PS5_yaw_a3 -1.7473
#define PS5_yaw_a4 -2.0807
#define PS5_yaw_a5 0.4104
#define PS5_yaw_a6 0.0696
#define PS5_yaw_a7 0.0467
#define PS5_yaw_a8 -0.0129
#define PS5_yaw_a9 0.0510
#define PS5_yaw_al0 0.0393
#define PS5_yaw_all -0.3343
#define PS5_yaw_al2 -0.4451
#define PS5_yaw_al3 0.4842
#define PS5_yaw_al4 0.7851
/laccuracy yaw: 0. 9786

1IPS5

/ISet of 5HP calibration parameters for static
#define PS5_static_a0 0.7636
#define PS5_stat ic_al -0.2388
#define PS5_static_a2 -0.1338
#define PS5_static_a3 0.3105
#define PS5_static_a4 0.1840
#define PS5_static_a5 0.0117
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#define PS5_static_a6 0.0601

#define PS5_static_a7 0.0703
#define PS5_static_a8 0.0819
#define PS5_stat ic_a9 0.0657
#define PS5_static_al0 -0.1007
#define PS5_static_all 0.0248
#define PS5_static_al2 - 010302
#define PS5_static_al3 -0.0970
#define PS5_static_al4 - 0.0568
/laccuracy static: 0. 2369

1IPS5

/ISet of 5HP calibration parameters for to tal
#define PS5_total_a0 -0.0621
#define PS5_total_al - 0.0257
#define PS5_total_a2 - 0.0909
#define PS5_total_a3 0.0340
#define PS5_total_a4 -0.0515
#define PS5_total_a5 - 0.0550
#define PS5_total_a6 0.0014
#define PS5_total_a7 - 0.0 046
#define PS5_total_a8 0.0098
#define PS5_total_a9 0.0301
#define PS5_total_al0 - 0.0580
#define PS5_total_all 0.0159
#define PS5_total_al2 0.0219
#define PS5_total_al3 -0.0254
#define PS5_total_al4 0.0193
/laccuracy total: 0. 7067

//define "zero" values for ACD reads

#define Ref_Volts_PS1 900 //ADC TICS
#define Ref_Volts_PS2 900 //ADC TICS
#define Ref_Volts_PS3 900 //ADC TICS
#define Ref_Volts_PS4 900 //ADC TICS
#define Ref_Volts_PS5 900 //ADC TICS
/I positioni ng tolerance for CRD heightin c m
#define Positioning_window 10 /lin cm
#define Roof_height 400 /lin cm

/I density of air in kg/m3
#define rho_air 1.225

/lcab dimensions

#define IR_upper_limit (78.0 + cab_roof_height)
#define IR_lower_limit (62.0 + cab  _roof_height)
#define cab_roof _height 400.0

/Ideclaration of HBridge Output Ports

#define HB_IN_A PB7
#define HB_IN_B PB4
#define HB_EN PB5
#define HB_PWM PB6
#define HB_PORT PORTB
[*selecting height in steps. 4.2m - 46 m-
4.2 0 10

| | |
40 [ 4.4 | 4.4 |

| | |

1 3 5

| | |
50 | 4.4 | 4.4 |

| | |

H====== D ===== 4 ==== =0 ======#

| |

56 4.4 | 4.4 |

4.8m
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4.4
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4.4

4.4

/lin cm

/lin cm /[ was 59.0
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4.4

4.4
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155



speed

4.6 0 10 20
| | |

40 | 45 | 47 | 48
| | |
H======1] ===== 3 ==== =5 =====c=H > he|ght
| | |

50 | 45 | 4.7 | 4.8
| | |
- 2 4 6 -
| | |

56 | 45 | 4.7 | 4.8
| | |

speed

4.8 0 10 20
| | |

40 | 46 | 47 | 49
| | |
” 1 3 5 4 > height
| | |

50 | 4.6 | 47 | 4.9
| | |
= 2 4 6 -
| | |

56 | 4.6 | 47 | 4.9
| I I

speed

*

/I Equations that describe the surfaces for CRD optimum position calculation

#defineeqd 21
#defineeqd 2 2
#defineeqd_2__ 3
#defineeqd 24
#defineeqd 25

#defineeqd 26

#defineeqd 6 1
#defineeqd 6 2
#defineeq4 _6__ 3
#defineeqd 64
#defineeq4 6_ 5

#define eqd_6__ 6

#defineeqd 8 1

fh=h_

h=h_

Ih=

Ih=

Ih=

Ih=

II'h

Ih=

30

alpha

48 |

48 |

48 |

30 alpha

4.9 |

4.9 |

4.9 |

(VALUES.CRD_REFERENCE + 20)

h_ref +20 in cm

(VALUES.CRD_REFERENCE + 20)

h_ref +20 in cm

(VALUES.CRD_REFERENCE + 20)

h_ref +20 in cm

(VALUES.CRD_REFERENCE + 20)

h_ref +20 in cm

(VALUES.CRD_REFERENCE + 20)

=h_ref +20 in cm

(VALUES.CRD_REFERENCE + 20)

h_ref +20 in cm

(VALUES.CRD_REFERENCE 10) + (2 * VALUES.Beta)
ref - 10 + 2*alpha in cm

(VALUES.CRD_REFERENCE 10) + (2 * VAL

ref - 10 + 2*alpha in cm
(VALUES.CRD_REFERENCE + 10) + (VALUES.Beta)

/lI'h =h_ref +10 + alpha in cm

UES.Beta)

(VALUES.CRD_REFERENCE + 10) + (VALUES.Beta)

/l'h =h_ref +10 + alpha in cm

fh=h_

#defineeqd_ 8 2

#defineeqd 8 3
#defineeqd 8 4
#defineeqd 8 5

#defineeqd 8 6

Ih=h_
fh=h_
lh=h_
fh=h_

h=h_

Ih=

Ih=

(VALUES.CRD_REFERENCE + 20)

h_ref +20 in cm

(VALUES.CRD_REFERENCE + 20)

h_ref +20 in cm

(VALUES.CRD_REFERENCE 20) + (1 * VALUES.Beta)

ref -20+ 1 *alphaincm

(VALUES.CRD_REFERENCE 20) + (1 * VALUES.Beta)
ref -20+ 1 *alphaincm

(VALUES.CRD_REFERENCE 30) + (2 * VALUES.Beta)
ref - 30 + 2 *alphain cm

(VALUES.CRD_REFERENCE 30) + (2 * VALUES .Beta)
ref -30+2*alphaincm

(VALUES.CRD_REFERENCE + 10)
ref +10 in cm

(VALUES.CRD_REFERENCE + 10)
ref +10 in cm
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LCD_routines.h

/I Ansteuerung eines HD44780 kompatiblen LC Dim4 -Bit - Interfacemodus
I/ http://lwww.mikrocontroller.net/articles/AVR - GCC Tutorial/lLCD - Ansteuerung
1

#ifndef LCD_ROUTINES_H
#define LCD_ROUTINES_H

e /
/I Hier die verwendete Taktfrequ enz in Hz eintragen, wichtig!

#ifndef F_CPU
#define F_CPU 8000000
#endif

[T T

/I Pinbelegung flr das LCD, an verwendete Pins anpassen

/I Alle LCD Pins mussen an einem Port angeschlossen se in und die 4
/I Datenleitungen mussen auf aufeinanderfolgenden Pins liegen

/I LCDDB4 -DB7<-- > PORTD BitPD4 -PD7
#define LCD_PORT  PORTC

#define LCD_DDR DDRC

#define LCD_DB PCO

/I LCDRS < -- > PORTD Bit PD4 (RS: 1=Data, 0=C ommand)
#define LCD_RS PC4

/I LCDEN < -- > PORTDBIitPD5 (EN: 1 - Impuls fir Daten)
#define LCD_EN PC5

[T T

/I LCD Ausfiihrungszeiten (MS=Millisekunden, US=Mikrosekund en)
#define LCD_BOOTUP_MS 15

#define LCD_ENABLE_US 30 1120

#define LCD_WRITEDATA_US 46

#define LCD_COMMAND_US 42 1142

#define LCD_SOFT_RESET_MS1 5
#define LCD_SOFT_RESET_MS2 1
#define LCD_SOFT_RESET_MS3 1
#define LCD_SET_4BITMODE_MS 5

#define LCD_CLEAR_DISPLAY_MS 4 12
#define LCD_CURSOR_HOME_MS 2

T T T

/I Zeilendefinitionen des verwendeten LCD

/I Die Eintrége hier sollten fu r ein LCD mit einer Zeilenlange von 16 Zeichen passen
/I Bei anderen Zeilenlangen mussen diese Eintrdge angepasst werden

#define LCD_DDADR_LINE1 0x00
#define LCD_DDADR_LINE2 0x40
#define LCD_DDADR_LINE3 0x10
#define LCD_DDADR_LINE 4 0x50

M T
/I Initialisierung: muss ganz am Anfang des Programms aufgerufen werden.
void led_init( void );

[T T
/I LCD léschen
void lcd_clear( void );

M T
/I Cursor in die 1. Zeile, 0 - te Spalte
void lcd_home( void );

[T T
/I Cursor an ein e beliebige Position
void lcd_setcursor (uint8_t spalte, uint8_t zeile );
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[T T T T

/I Ausgabe eines einzelnen Zeichens an der aktuellen Cursorposition

void Icd_data( uint8_t data );

i I T T
/I Ausgabe eines Strings an der aktuellen Cursorposition
void lcd_string( const char *data );

T LT |
/I Definition eines benutzerd efinierten Sonderzeichens.

/I data muss auf ein Array[8] mit den Zeilencodes des zu definierenden Zeichens

I zeigen
void lcd_generatechar( uint8_t code, const uint8_t *data );

o
/I Ausga be eines Kommandos an das LCD.
void lcd_command( uint8_t data );

T n T
/I LCD Befehle und Argumente.
/I Zur Verwendung in lcd_command

/I Clear Display =~ --=-==-m-mmm- 0b00000001
#define LC D_CLEAR_DISPLAY 0x01

/I Cursor Home ~ —----mmmmmemeee 0b0000001x
#define LCD_CURSOR_HOME 0x02

/I Set Entry Mode ~ -----eeeeee- 0b000001xx
#define LCD_SET_ENTRY 0x04

#define LCD_ENTRY_DECREASE  0x00
#define LCD_ENTRY_INCREASE 0x02
#define LCD_ENTRY_NOSHIFT 0x00
#define LCD_ENTRY_SHIFT 0x01

/I Set Display ~ —-—--mmmmmeeeee- 0b00001xxx
#define LCD_SET_DISPLAY 0x08

#define LCD_DISPLAY_OFF 0x00
#define LCD_DISPLAY_ON 0x04
#define LCD_C URSOR_OFF 0x00
#define LCD_CURSOR_ON 0x02
#define LCD_BLINKING_OFF  0x00
#define LCD_BLINKING_ON 0x01

/] Set Shift  —-memmeeee- 0b0001xxxX
#define LCD_SET_SHIFT 0x10

#define LCD_CURSOR_MOVE 0x00
#define LCD_DISPLAY_SHIFT 0x08
#define LCD_SHIFT_LEFT 0x00
#define LCD_SHIFT_RIGHT 0x04

/I Set Function =~ —--emememeeeee 0b00LxxXXX
#define LCD_SET_FUNCTION 0x20

#define LCD_FUNCTION_4BIT  0x00
#define LCD_FUNCTION 8Bl T  0x10
#define LCD_FUNCTION_1LINE  0x00
#define LCD_FUNCTION_2LINE  0x08
#define LCD_FUNCTION_5X7  0x00
#define LCD_FUNCTION_5X10  0x04

#define LCD_SOFT_RESET 0x30

/I Set CG RAM Address ~ --------- 0b01xxxxxx (Character
#define LCD_SET_CGADR 0x40

#define LCD_GC_CHARO
#define LCD_GC_CHAR1
#define LCD_GC_CHAR2
#define LCD_GC_CHARS3

wWN RO

Generator RAM)
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#define LCD_GC_CHAR4 4

#define LCD_GC_CHARS 5

#define LCD_GC_CHARG 6

#define LCD_GC_CHAR7 7

/I Set DD RAM Address ~ --------- Ob1xxxxxxx (Display Data RAM)
#define LCD_SET_DDADR 0x80

#endif
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A5 DVD with CFD results files

stick DVD sleeve here
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