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Abstract

The task of this project was to develop a software which calculates the coefficients of drag and rolling resistance using the coastdown method. This method estimates the drag forces that act on a vehicle when operating in its natural environment. 
To get a coastdown data set, the vehicle is accelerated to a certain speed, declutched, and then allowed to decelerate under the action of the various drag forces. 

The mathematical model used to describe the coastdown is the equation of motion for the vehicle traveling in a straight horizontal line. For input data, only the vehicle velocity has to be recorded during the coastdown.

The main difficulties were the handling of the big amount of data, the usability and the from the user required flexibility regarding the comparison and the calculation of the coefficients.

These difficulties are solved by using a multiple document interface for optimal comparability, data transfer to MS Excel™ and the possibility of reading coastdown data in various formats.

Zusammenfassung

Die Aufgabe dieses Projekts war die Entwicklung einer Software zur Berechnung des Luft- und Rollwiderstandes unter Verwendung der Coastdown Methode. Diese Methode ermittelt die Widerstände, welche auf das Fahrzeug in seiner natürlichen Umgebung wirken. 
Um eine Coastdown Messreihe zu erhalten, wird das Fahrzeug auf eine gewünschte Geschwindigkeit beschleunigt, ausgekuppelt und aufgrund der unterschiedlichen Widerstände verzögert.

Die Bewegungsgleichung eines Fahrzeuges auf einer ebenen Strecke dient als mathematisches Modell zur Beschreibung der Coastdown Methode. Als Eingangsparameter muss nur der Fahrzeuggeschwindigkeitsverlauf während der Testzeit aufgezeichnet werden. 

Die Hauptschwierigkeiten waren die Handhabung der großen Datenmengen, das Erstellen einer benutzerfreundlichen Oberfläche, das Anbieten größtmöglicher Flexibilität hinsichtlich Vergleichbarkeit  für den Benutzer und die Berechnung der Widerstandswerte.

Diese Schwierigkeiten wurden mittels Verwendung eines MDI für optimale Vergleichbarkeit, Datentransfer zu MS Excel™ und der Möglichkeit des Einlesens unterschiedlicher Datenformate gelöst.

Terms of reference

The coastdown method can be used to estimate the drag forces that act on a vehicle when operating in its natural environment. The experimental technique is remarkable in its simplicity. The vehicle is accelerated to a desired upper speed, declutched, and then allowed to decelerate under the action of the various drag forces. Primarily only the vehicle velocity has to be recorded during the coastdown, but most contemporary coastdown investigations make use of additional measurement data (see e.g. [1, 2]). In a recent approach the aerodynamic drag of different vehicle configurations is investigated by only considering the motorcar’s speed data retrieved from the control area network data bus during the coastdown. The velocity data of all configurations are reduced simultaneously by constrained linear inversion of the equation of motion.

[1] Buckley, F.T., ABCD – An Improved Coast Down Test and Analysis Method, SAE technical paper 950626 (1995)

[2] Passmore, M. A., Le Good, G. M., A Detailed Drag Study Using the Coastdown Method, SAE technical

paper 940420 (1994)
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The task is to develop a C-program with VB GUI that enables the user to calculate the drag coefficients by simultaneous constrained linear inversion of coastdowndata. 
The quality of the thus obtained coefficients shall be examined by thecomparison of the measured speed-time history with the integrated equation of motion.

Input

For calculation, several parameters have to be entered. Before the vehicle velocity is read in from a datafile, several input settings have to be chosen. These are the sample rate, air pressure, air temperature, vehicle mass and frontal area. 
A big problem is that the velocity values are not always at the same position in the datafile, which depends on the hardware. Therefore several reading settings are available. For a complete documentation it would be good to enter the date, weather, road condition, car type, car configuration and the name of the tester. 

Output

The output parameters of the calculation are the drag coefficient and the rolling resistance. Furthermore several datasets should be coupled to a series. For that the rolling resistance (or eventually the drag coefficient) is constrained to be equal.
A diagram should enable the visualization of different coastdowns and their solution of the equation of motion.
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Introduction

In times of high fuel prices the development of aerodynamic improvements is getting more and more important. Since aerodynamics became essential in automobile design, the principal development tool has been the full-scale wind tunnel.

Because of the simplicity and the practicability of the evaluation of the measured data, also on-road methods like coastdown analysis are frequently desired.

The coastdown method is an independent and preferably inexpensive method for the identification of differences in aerodynamic drag. It estimates the drag forces that act on a vehicle when operating in its natural environment. 
To get a coastdown data set, the vehicle is accelerated to a certain speed, declutched, and then allowed to decelerate under the action of the various drag forces.

The mathematical model used to describe the coastdown is the equation of motion for the vehicle traveling in a straight horizontal line. The results of the calculation are the drag coefficient and the coefficient of rolling resistance, which can be calculated by simultaneous constrained linear inversion of coastdown data.
In many applications only comparative analyses are necessary for, for example, the selection of optimized spoilers, coverings or underfloor panels. 

By using this method it is possible to compare different aerodynamic vehicle configurations or even different types of tires. For such a comparison, the different coastdowns have to be matched to a series. 
To compare e.g. the drag coefficient of different coastdowns, the rolling resistance can  be constrained to be equal or vice versa.
Method description

The problem of aerodynamic and rolling resistance characteristics of cars is of considerable importance to vehicle engineers as the two major contributions to external vehicle drag.

Numerous techniques have been developed for their experimental determination each with particular advantages and disadvantages.

Wind tunnel
For a true simulation of the conditions on the road, the conventional full- scale wind tunnel has limitations. The ground is fixed relative to the vehicle and the wheels of the test vehicle do not rotate. Also the costs are very high.
Nevertheless, just wind tunnel measurements deliver reproducible results.
Coastdown method
In contrast, the coastdown technique, which avoids these problems, is affected by the limited accuracy due to environmental influences. But its simplicity and inexpensiveness make it most attractive.

Furthermore on-road measurements are important because investigated parameters can be measured under real conditions.  

Our background information includes methods which are based on the equation of motion or conservation of energy. The required equipment varies according to the method. 

Parameters like yaw-angle, wind direction and velocity, etc. are included in their calculation. The more parameters are included, the more complex the measurement is. 

For our analysis of the coastdown, only the velocity-time history is necessary.

Therefore relatively little instrumentation is required. The minimum testing equipment comprises an A/D converter module and some intelligent storage modules with an interface to the PC. The velocity signal can be retrieved from a CAN data bus. There may be a variation of the velocity sample rate at the CAN data bus, but it is not considered because of its minimal amount.

The coastdown run should be repeated in the opposite direction in order to compensate for the downwind direction and the gradient of the road. The speed range should be chosen higher than 80 km/h because aerodynamic resistance starts to dominate rolling resistance above this point.

The calculation is based on the equation of motion. For more information read through the mathematical description on the following pages.

Mathematical description

The mathematical model used to describe the coastdown is the equation of 

motion for the vehicle travelling in a straight horizontal line. 

Equation of motion:
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Input parameters:

· md or m   ( md =1.03 * m)

· ρ

· A

Define coefficients:
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Equation of motion for different moments: 
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Single Coastdown:
The equations can be written in matrix form:
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Including a residuum vector :
This vector (r) contains the differences between the coastdown data and the solution of equation of motion.
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Quality value Q:
It describes the quality of the solution of the equation of motion. For the best solution, the minimum of Q has to be found.
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Minimisation of Q:
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From these coefficients (a0 and a2) the aerodynamic drag coefficient cw and the rolling resistance fr0 can be calculated.

Solving the equation of motion with a0 and a2 at different moments t:
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Solution:
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This equation could be solved analytically to avoid errors which would be included when using a numerical method.
Coupled coastdowns:

The equations of motion can be written as sub matrices and rearranged like shown below: 
Example for 3 coastdowns(A,B,C):
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The further procedure is almost the same:

Including residuum vector:

This vector contains the differences between the coastdown data and the solution of equation of motion.
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Quality value Q:

It describes the quality of the solution of equation of motion. For the best solution, the minimum of Q has to be found.
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Minimisation of Q:
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Boundary conditions:
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Including a residuum vector q:
[image: image53.emf]Coefficients of aerodynamic drag
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Two possibilities of coupling:
For coupling of rolling resistance:
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H for n configurations:

For coupling of drag resistance:

[image: image57.emf]Aerodynamic drag improvement
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H for n configurations:
Minimisation of |q|:
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Coupling equation with H:
A factor  is included to vary the strength of coupling. 
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 ... strength of coupling
0 

=                ... completely coupled

= 0                ... decoupled
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Solving the equation of motion with a0 and a2 at different moments t and for several configurations (A, B, C):
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Solution:

Program Development
Structure of the program:

· Data administration
· ADD-file

· ADS-file

· Calculation
· Data display
· MDI

· Tree-view
· Diagram
· Graph-view
· Tables

· Report
Data administration:
For easier data handling, we created our own file formats.
Aerodynamic drag-file (ADD-file):

An ADD-file is a special file type which is designed to store the velocity data of a coastdown together with the used parameters when recording it.

As soon as an ADD-file is created, the parameter-values are always connected to the investigated data and are loaded automatically.

Aerodynamic drag series-file (ADS-file):
An ADS-file is a special file type which is designed to combine several ADD-files to a group. The purpose is to couple them in a way that either the drag coefficient or the rolling resistance is regarded as constant for all files.
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Create add-file:

The coastdown data is read in from a file. The problem is that the velocity values are not always at the same position in the text file and in the same format, which depends on the hardware. In such cases the software automatically gives information about the data format when opening a datafile shown in the “Input for ADD-file”- window. Also a short preview of the file data is shown in this window. If there is some information text at the top of the coastdown row it can be separated from the data. In addition the MS Editor™ can be started to do necessary changing. After that the project name, time, sample rate, air pressure, air temperature, vehicle mass and frontal area have to be entered. With all this information a standard file with a special format is created, called ADD-file (*.add). The advantage of this system is that the required parameters for calculation are always connected with the appropriate coastdown.

Create ads-file:

Several ADD – files can be connected to a series. After loading they can be sorted and comments can be added. The velocity ranges and the sample rate of the coastdown files are compared, and an overall velocity range of the series is determined by searching the smallest velocity maximum and the biggest velocity minimum of all ADD - files.
If ranges or sample rate are different from each other, no ADS - file can be created.
Calculation:

The output parameters of the calculation are the drag coefficient and the rolling resistance. To use another advantage of this system, series have to be created and the coastdowns have to be coupled. This advantage is the possibility to compare different tyre configurations or aerodynamic vehicle configurations.
To get information about the drag coefficient the rolling resistance can be constrained to be equal and for the rolling resistance the aerodynamic drag. The strength of constraining can be chosen by using different lambda values.

The calculation algorithm according to the mathematical model described before is programmed in a C-Dll which is implemented in the Visual Basic GUI. 

Data Display:

Multiple Document Interface (MDI):

The MDI enables an optimal comparability of different coastdowns or series. Because of the MDI-system the different windows can be arranged in different ways.

Tree-view:

The usability is provided by using a tree-view control for an optimal overview. It gives a maximum of flexibility and it is known to the user from several Windows applications. In the tree-view the name of the ADD-file/ADS-file and the belonging link to graph, calculation and protocol are shown.

Diagram:

To see the differences between different coastdowns or their relevant solution of the equation of motion, a diagram with a time history of velocity can be shown. The drawn graphs in the diagram of a series can individually be added and also the solution of the equation of motion of every data row. To see small changes of velocity the part of interest can be individually zoomed out and moved.
Graph view:

The graph view is a separated diagram view which helps the user to keep the overview of the diagram. The current position of the zoom window is shown as a red rectangle over the graph. A navigation tool enables the user to move the zoom window between the graph view borders.

Tables:

A clear overview of the main calculation parameters and of the coastdown data of an ADD-file they can be seen in a table.  

Another table shows the velocity ranges of the coastdown data and how they are matched together.
Report:

Coupled coastdown files with the same configuration can be connected to a mean-value-group to reduce the impact of wind or other effects which disturb the measurement.
A tree-view element and a table with all the results help to keep an overview.
To solve the problem of data layout and documentation, the results of the calculation are exported to the commonly used MS Excel™.
This solution was chosen to make the program as user friendly as possible.

All functions of MS Excel™ can be used, existing diagrams can be edited and further diagrams or tables can be added.

To enable that, an object of the type “excelsheet” is created in Visual Basic™. The object calls its application itself. Now the layout of the worksheet can be created by executing modified VBA-macros which have been recorded before.
There the investigated groups or single files are added to a new worksheet.

A diagram of each, aerodynamic drag values and the coefficient of rolling resistance with their standard deviations, is included. 

Another worksheet gives all the necessary information about the investigated input data.

Also a velocity time history is shown.
Structure of program:
[image: image68.emf]Coefficients of aerodynamic drag

Nr 1

Nr 2

Nr 3

Nr 4

Nr 5

0,22

0,24

0,26

0,28

0,3

0,32

0,34

0,36

0,38

Coastdown data

Cd, 1 

[image: image69.emf]Coefficients of rolling resistance

Nr 1

Nr 2

Nr 3

Nr 4 Nr 5

0,004

0,006

0,008

0,01

0,012

0,014

0,016

0,018

0,02

0,022

0,024

Coastdown data

fR 0, 1 


Discussion of results
Influence of coupling:

When data files in a series are coupled, either the rolling resistance coefficients, or the coefficients of drag of all data files are constrained to be equal. Therefore differences in e.g. rolling resistance for tests on the same road under same testing conditions, can be reduced.

Since the strength of coupling can be changed, the degree of constraining can be adjusted individually for each case. 

The influence on the datafiles increases with the growing difference between the original value of e.g.  rolling resistance, and the later result of rolling resistance after coupling. 
If there is a big difference, there may be a change which investigated coastdown file is the better one.
The remaining difference of the rolling resistance after total constraining results from the various dynamic masses.
Smoothed/original data files:

The differences between the aerodynamic drag coefficients from original data and smoothed data are about 3% with coupling and 3-5% without coupling. This can be seen in the following pictures below.

The aerodynamic drag coefficients from original data are lower than these of smoothed data. 

The smoothing of the data has a minimal impact on the standard deviation of the aerodynamic drag. 
The order of the aerodynamic improvements seems to be insensitive to smoothing influences. 

Comparison of aerodynamic drag and rolling resistance between original data and smoothed data in WO-direction on the first test day:
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Original data, decoupled:
Smoothed data, decoupled:
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Original data, coupled:
Smoothed data, coupled:

Results:

With the following example the results of our project will be discussed:

We got coastdown datasets from an investigation about how different underfloor covers influence the aerodynamic drag of a car. This investigation was done by the BMW Forschung und Technik GmbH, to optimize the aerodynamics of the BMW 3 Series.

All the coastdown tests were conducted on the horizontal two-way straights at an BMW testing ground. Because the lanes have different pavements in the opposite directions, different fits for each direction have to be calculated. Two testing series on two different days, with varying environmental conditions, were performed.

To be able to compare the series, all underbody configurations were tested on each of the days. Each configuration was investigated two times in both directions, West-East and East West.

On the following pictures you can see the results after calculating the mentioned datasets with our software. Independent fits were calculated, for each day and each direction.

Then the average of both directions with belonging standard deviation was determined for both days.
Finally the results are shown in figure 7, where you can see the aerodynamic drag coefficients for each configuration and each day compared to wind tunnel measurements of the same configurations.



West-East direction, first day:
East-West direction, first day: 



Average of both directions, first day:
Average of both directions, first day:





The blue sqares represent the results of our coastdown calculation of day one, the green squares show day two, and can be compared to the results of wind tunnel measurement with the same configurations in red. The error bars represent the standard deviation.

 It seems that the trend of the wind tunnel measurement is confirmed by the on-road measurements. Due to the fact that each configuration was just tested twice, there remains a high standard deviation at the results. Furthermore the standard deviation is linked to the  changing wind conditions.
Anyway, the results give sufficient information about the aerodynamical improvement between the configurations.

A remarkable conformity of on-road and wind tunnel results can be seen already after measuring twice. 
Conclusion

This method for extracting aerodynamic drag coefficients and rolling resistance data from coastdown experiments is shown to yield good results.
The calculation could be automated and included in a user-friendly GUI, including a multiple document interface for optimal comparability, data transfer to MS Excel™ and the possibility of reading coastdown data in various formats.
Altogether, the information resulting from our method of analysis appears to be in reasonable agreement with the wind tunnel results and sufficiently accurate in aerodynamic drag and rolling resistance.
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The bars show the improvement of every configuration compared to the worst configuration.





The filled squares with error bars represent the mean value of every configuration and its standard deviation.
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Figure � SEQ Figure \* ARABIC �1�: Data format structure





Figure � SEQ Figure \* ARABIC �2�: Structure of program





Figure � SEQ Figure \* ARABIC �3�: Comparison between original data and smoothed data, decoupled. 
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Figure � SEQ Figure \* ARABIC �4�: Comparison of original data and smoothed data, coupled.
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Figure � SEQ Figure \* ARABIC �5�: Results of first day in both directions.





Figure � SEQ Figure \* ARABIC �6�: Results after calculating the average values of both days.





Figure � SEQ Figure \* ARABIC �7�:  Final results
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