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Abstract

The goal of this Bachelor Final Project is to improve the method for brake testing on the
TR3 test rig at the Eindhoven University of Technology (TU/e). This setup consists of a
combustion engine, a CVT transmission, a flywheel and a retarder. It was originally built for
investigation of CVT’s. However, it has been expanded such that the brakes for a Formula
Student-class racing car can be tested.

Previous experiments on this setup were performed to study the braking torques under a
range of loading conditions of the brake. However, the friction torque induced could not be
measured directly in these measurements. Therefore, the current study has the following two
objectives.

Firstly, recommendations for the improvement of the setup will be defined, such that more
accurate friction measurements can be performed.

Secondly, a model of the setup is constructed and its parameters identified. Using this model
the earlier measurements are analyzed to produce more accurate estimations of the real brak-
ing (friction) torques in these measurements. These model-based estimations of the braking
torque deviate significantly from the ’'indirect’ measurements (due to inertial effects neglected
in the measurements), thereby indicating the importance of the adaptation of the measure-
ment setup.






Samenvatting

Het doel van dit Bachelor Eindproject is om de methode voor het testen van remmen op de
TR23 proefstand op de Technische Universiteit Eindhoven te verbeteren. De proefstand bestaat
uit een verbrandingsmotor, een CVT overbrenging, een vliegwiel en een wervelstroomrem. De
proefstand is oorspronkelijk gebouwd voor onderzoek aan CV'T’s, maar is later uitgebreid voor
het testen van remmen.

Er zijn reeds eerder experimenten uitgevoerd op deze opstelling om het remkoppel te meten
onder verschillende omstandigheden, maar het wrijvingskoppel dat opgewekt wordt door de
rem werd niet direct gemeten. Daarom heeft dit project de volgende twee doelen.

Ten eerste zullen er aanbevelingen worden gedefinieerd om de opstelling aan te passen, zodat
exactere wrijvingsmetingen verricht kunnen worden.

Ten tweede zal er een model geconstrueerd worden en zullen bijbehorende systeemparameters
geldentificeerd worden. Met dit model kunnen eerdere metingen geanalyseerd worden om
nauwkeurigere schattingen te verkrijgen voor het rem (frictie-) koppel. Deze op het model
gebaseerde schattingen van het remkoppel verschillen significant van de ’indirecte’ metin-
gen (door traagheidseffecten die in de metingen verwaarloosd zijn), waardoor blijkt dat het
belangrijk is om de meetopstelling aan te passen.
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Chapter 1

Introduction

1.1 Background

Brakes are very important components on a car, because they help controlling the vehicle’s
speed. Especially on fast racing cars, they need to be of high quality. The car’s kinetic energy
is converted into thermal energy in the brakes. This energy conversion is realized by friction
due to activation of the brakes. The brake pads are pressed onto the brake disc causing friction.

To investigate the behavior of different brakes (i.e., the friction torques induced by these
brakes), a test rig on which different sets of brake discs and brake pads can be tested in
different conditions is desired. In the Bachelor Final Project ”Measuring brake pad friction
behavior using the TR3 test bench” [1], an already existing test rig for CVT’s is converted in
such a way that it can be used for brake testing.

For example, University Racing Eindhoven (URE) takes part in the Formula Student-class
and wants to determine which disc/pad-combination is most suitable for their racing car next
season. This combination should provide enough braking force, but should also be light in
order to keep the car’s weight as low as possible. Different disc materials, friction pad mate-
rials and also disc coatings can be tested on this test rig.

However, the measurements that were performed on this rig can only be used for qualitative
comparison of different brake sets. Due to the fact that the measurements are not very ac-
curate. A lot of the influences on the system are not taken into account and, therefore, the
measurements do not provide an accurate prediction of the braking torque.

A specific case for such inaccuracy is the fact that the friction torque was not measured at
the brake but elsewhere in the setup. Combined with the fact that the setup is powered by
a combustion engine, which typically provides non-constant torques, inertial effects play a
significant role.



2 Introduction

1.2 Research goal and approach

The goal of this Bachelor Final Project (BFP) is to improve the method for brake testing on
the TR3 test rig. Hereto the following two objectives are defined:

e Recommendations for the improvement of the setup should be defined such that more
accurate measurements of the braking torque can be performed.

e Earlier measurements should be analyzed in detail, such that more accurate estimations
of the braking torque can be provided. The approach towards the latter goal is to build
a model of the setup and identify its parameters. The combination of this model and
the earlier measurements of the braking torque will yield more accurate braking torque
estimations.

1.3 Outline of this report

Chapter Pldescribes the shortcomings of the current setup of the TR3 test rig and several ways
to improve the quality of measurements will be discussed. Chapter [3lintroduces a new model
for the test rig and a parametric identification of its parameters is performed. Moreover, using
the newly obtained model previous braking experiments are analyzed. Finally, the conclusions
are treated in chapter 4l and several recommendations are being made.



Chapter 2

The TR3 test rig

2.1 Overview of the setup

The TR3 test rig (as shown in Figure[2]) basically consists of two parts. The power source and
the transmission on the one hand and the simulated vehicle on the other (also see Appendix[BI).
The system is controlled and measurements are performed using a dSPACE data acquisition
system [I].

torque sensor Missan engine + CWT

brake calliper I
|:P — ]

half-shaft half-shatt

differential
brake disc

fly wheel and
retarder

|
cardan axle

reduction reduction

Figure 2.1: Schematic overview of the TR3 test rig.

2.1.1 Engine and transmission

The TR3 test rig is powered by a 103kW 2.0-liter Nissan combustion engine, coming from
a Nissan Primera 2.0 M6 Hypertronic (model P11, October 2000). The rig was originally
built for testing different CVT-transmissions, so the power is transduced via a CVT. The
torque coming from the drive shaft out of the CVT is split in the differential and leads to
both half-shafts (see Figure 2Z1]). In a real car, the driven wheels are attached to the ends
of these half-shafts, but on the test rig, the vehicle’s inertia is represented by a flywheel and
reduction sets.
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2.1.2 Mechanical substitute for the vehicle’s inertia

On the TR3 test rig, a fly wheel is installed as a substitute for the vehicle’s inertia while
driving. However, to simulate the real vehicle’s mass inertia, the flywheel would have to be of
an unmanageable size. Therefore, it is chosen to introduce a set of reduction gears, referred
to as the reduction of the system. This reduction makes the flywheel spin faster than the two
half-shafts. It is symbolized by the reduction ratio ¢ = 1.74. In this way, a seemingly larger
inertia is effectuated:

r
Jvehicle - 77”01)ehicle(g)2 (21)

The inertia of the vehicle (Jyenicie) as it is simulated on the test rig is defined in Equation
(270), where myepicie is the vehicle’s mass, r is the flywheel radius.

In real-life conditions, a car is loaded by different forces, such as friction (due to the tyre/road
contact and driving wind) and gravity (due to slopes). To simulate loads on the vehicle, a
retarder is installed on the same axle as the fly wheel.

2.2 Recommended adjustments for the setup

In order to approximate real driving conditions (influencing the brake in the setup), some
adjustments to the original test rig can be introduced.

2.2.1 Measuring the brake’s temperature

Temperature is one of the most important parameters influencing the behavior of the brake.
The brake disc is heated by operating the brake, since friction generates heat. In earlier
experiments [I], one aimed at identifying the dependence of the brake torque on the temper-
ature at the brake surface. However, in these experiments, the temperature is measured at
the opposite side of the disc, not close to the brake pads. To obtain a more accurate result,
the temperature should be measured closer to the brake pads.

In real-life conditions, the brakes are cooled by driving wind. In the current setup, this is
simulated by blowing pressurized air along the brake. To make this effect more realistic as
well, it should be dependent on the car’s velocity. This would ask for an air valve, controlled
by dSPACE.

2.2.2 The torque sensor

In traditional brake testing, an electro motor is used to drive the inertia on which the brake is
mounted. In this way, the brake torque can be measured directly, avoiding influence from the
drive itself (such as inertia from axles and friction in gears and bearings). Moreover, there
is no fluctuation of the speed, which is the case when using a combustion engine [2] (thereby
introducing inertial effects). At the TU /e, a powerful electro motor is available. However, it
is supposed to be used as a no-load drive. So exposing it to the high torques from a brake did
not seem to be a prudent option. Although at first, it seems to be a good option to use this
electro motor, it would demand so much time and money to explore the possibilities and to
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convert the system, that it is not realistic to do so within the scope of the current Bachelor
Final Project (BFP). Therefore, the question remains how much the experiment is influenced
by the drive in the current setup. Hence, one should analyze the torques in the test rig first.

In earlier experiments, the torque in the half-shaft is measured both before and after applying
the brake. It is assumed that the brake torque (Mpqke) is the half-shaft torque when the
brake is applied (M}s1) minus the half-shaft torque when the brake is not applied (Mps0),
because that is the torque provided to maintain the vehicle speed: My qre = Mps1 — Mpso.
However, the principle of a differential is not taken into account. The power of the engine is
transduced via the gearbox (in this case a CVT) to the differential (see Figure 2.1]). In this
differential the torque is split and divided over the two half-shafts (which are attached to the
driven wheels). If one wheel would lose its grip, the total torque would be delivered to this
half-shaft due to the differential. To overcome this, a cardan axle is installed, which couples
the two half-shafts so that they both transduce the same amount of torque. Consequently,
the torque in one half-shaft is only half of the torque coming from the gearbox and is always
dependent on what happens in the rest of the drive. So the complete drive between these
half-shafts influences the measurements.

During brake tests, the engine speed is controlled by a cruise control. The combination of
a combustion engine and a cruise control can not respond infinitively fast to differences in
the load (when the brake is applied). Therefore, the engine speed is not constant. Due to
acceleration and deceleration, the inertia of the drive will influence the measured torque. This
influence will be analyzed in Chapter 3]

There are two options to tackle this problem. First, the position of the torque sensor can be
replaced. If the torque is measured on the axle of the brake itself, the influence of the whole
drive can be excluded. It seemed a serious option to place a new sensor; however, it appeared
to be very expensive and time-consuming to find, calibrate and place a new sensor.

Second, a model which corrects the measurement results can be developed.

In this project, the last option has been chosen, taking into account the relatively small
amount of time and money available for a BFP. In Chapter [3, the modeling and identification
of the system is discussed in detail.

2.2.3 The test program

In the previous experiments, measurements were based on a relatively simple test program.
As shown in Table 1], the brake was tested in different circumstances. For pressures varying
from 10 to 40 bar, the disc was heated to just above the specified temperature by applying
the break. After cooling down again to the specified heat, the brake was applied for 3 (in
some cases just 2) seconds. It might be useful to extend the test program by implementing
real driving conditions, for example data records of a vehicle’s deceleration during a race.
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Table 2.1: The test program as it is used in previous experiments.

p = 10bar

p = 20bar

p = 30bar

p = 40bar

60 km/h, 3 sec

60 km/h, 3 sec

60 km/h, 3 sec

60 km/h, 3 sec

60 km/h, 3 sec

60 km/h, 3 sec

60 km/h, 3 sec

60 km/h, 3 sec

60 km/h, 3 sec

60 km/h, 3 sec

60 km/h, 3 sec

60 km/h, 3 sec

T =95°C
T = 1559C
T = 21559C
T =2759C

60 km/h, 3 sec

60 km/h, 3 sec

60 km/h, 2 and 3 sec

60 km/h, 2 sec




Chapter 3

Modeling and identification of the
test rig

In this chapter, a new method for estimating the brake torque at the TR3 test rig is introduced.
In Section B.I], a model for the test rig is presented and in Section [3.2] the most important
parameters of the current setup are identified for use in the new model. Finally, the new
method is used to convert measurement data from previous experiments into more accurate
estimations of the braking torque in Section B.3]

3.1 Modeling the test rig

As described in Chapter 2], it is desired to have a model which can be used to correct the
results of previous experiments in order to obtain reliable information about the brakes.
Because the fly wheel of the test rig simulates a complete vehicle’s inertia, it is of great influ-
ence on the test results. The gears and axles in the system also contribute to the total inertia
and cause friction in the system, other than the friction induced by the brake.

The system can be split into two parts; a slow spinning part before the reduction and a
fast spinning part after the reduction, indicated with the numbers 1 and 2, respectively (see
FigureB.d]). The equation of motion for the setup will be derived using a Lagrangian approach.

Below, the system wil be approached using the Lagrangian equation, which is defined as

d

a(Tvg') - Tvg +va = (an)Tv (3.1)

where g is the vector containing the generalized coordinates (only the angle ¢ of the half-shaft
in this case), ¢ is then 0 = w, T is the kinetic energy, V is the potential energy and Q"¢ is
the column containing the generalized non-conservative forces in the system, i.e. the motor
torque (in the half-shaft), the friction torque in the gear sets and the bearings and the brake

torque.
The kinetic energy T of the system can be defined as

1 1
T = §J1w% + §J2w§, (3.2)
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Figure 3.1: New model of brake testing.

where T is the rig’s kinetic energy, J; is the system’s slow spinning inertia, Js is the system’s
fast spinning inertia, w; is the slow angular velocity and ws is the fast angular velocity. Using
wo = w1, the effective inertia, denoted by J.sy, of the system can be defined as

Jopp = Ji + Jai%, (3.3)

which, in turn, leads to the following expression for the kinetic energy:

1

T=-
2

Jeffwf. (3.4)

No conservative forces are present, so V' = 0. Moreover, the generalized non-conservative
forces are given by

an = Mys — Myrqre — bwi, (35)

where M is twice the torque in the half-shaft (this will ba explained in Section B22.1l This
represents the incoming torque in the setup. Mp,qke is the brake torque and b is a coefficient
of friction representing the viscous friction torque bw; in the gear sets.

Substituting (3.4) and (B.H) in BI)), yields:

Jeffwl = Mhs - Mbrake - bwla (36)

or:

Myrake = Mps — (Jeffwl + bwl)- (37)
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Figure 3.2: Experimental measurements of the half-shaft velocity and moment.

3.2 Parametric identification of the model of the test rig

In the previous section, a new model has been constructed, but the system parameters J.sr
and b are still unknown. In order to determine these parameters, measurement data of a
previous experiment can be used [I]. That experiment included some no-load tests (i.e., the
brake was not applied). The graphs of the velocity and the half-shaft torque are displayed in
Figure These can be used to estimate both J.r¢ and b.

3.2.1 Identification approach

Before the identification can be performed, the measurement data have to be converted into
useful units. First, the measured torque at one half-shaft has to be doubled, because of the
differential’s nature: the torque measured in one half-shaft is half the torque coming into the
differential and therefore only half the torque that is applied to the system. In the model, it
is assumed that there is only one torque coming from the half-shafts, namely Mj;:

Mhs = 2Mmeasured- (38)

Moreover, measurement data of the half-shaft velocity is expressed in rotations per minute
(rpm). In this model, it is more useful to express this velocity in radians per second:

2w
w1 = %nsteekas’ (39)

where Ngieekas is the measured half-shaft speed in rpm.

Then the angular acceleration for a no-load situation can be determined, following from
Equation (3.6]) and assuming a no-load situation (Mpqxe = 0):

Mps — bwy

(3.10)
Jess

wp =
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Now, the measurement data can be used to estimate .J.;y and b.

Therefore, a mathematical program (MATLAB) is used. The measurement data have to be
implemented in Equation (BI0) and are used in the following way:

1. The measurement data (containing M ,easured(t) and ngieeras(t)) are loaded in MATLAB,

2. Mpeasured and nNgieeras are converted to Mps and wy eqp, respectively, using (3.8) and

B39),

3. Initial estimations for J.¢y and b are defined by the user,

4. The 'measured’ torque M}4(t) is applied to the model (BI0) (using these initial param-
eter estimations for J and b) and the differential equation is numerically integrated to
obtain w1y gim, the simulated velocity.

5. The deviation of the simulated velocity wg;,, from the measured velocity is now known.
This can be used to determine a quadratic error criterium for a certain estimation of
the parameters J. ;s and b:

p_ Z?:l(wé‘;mz_i - wemp,z‘)Q’ (3.11)

where n is the length of the measurement series.

6. The function fminsearch minimizes P and returns the optimal values of J.s¢ and b.

In MATLAB, the function fminsearch makes it possible to find estimated values for the system
parameters. fminsearch finds the minimum of a scalar function of several variables, starting
at an initial estimate. This is generally referred to as unconstrained nonlinear optimization.
It uses a simplex search method [4]. The simplex search method is a direct search method
that does not use numerical or analytic gradients.

3.2.2 Estimation of the system parameters

According to information about the TR3 test rig [3], the inertia of the fly wheel is approxi-
mately 11,5 kgm?. Together with the inertia of the axles and gears in the system, this leads
to the total inertia of the fast spinning part Jo = 14 kgm?. Because the inertia of the two
half-shafts is relatively small, this is neglected: J; = 0 kgm?. Moreover, the reduction ratio
is i = 1,74. Equation (3.3)) gives Jesrp = 42,4 kgm?.

Simulating the system with this parameter value for J.;y and b = 0 does not lead to a good
approximation of the experimental results, as can be seen in Figure B3l Therefore, friction
torque is included and to estimate the variable b, the measurement data will have to be used.
From the graphs of the half-shaft moment and half-shaft speed in time (see also Figure B.2]).
Around 130s, the velocity appears to be constant, so there is no acceleration. Then, Equation

B10Q) is reduced to

My 59,5 N
= —hs 290 g g 8 (3.12)

b
w1 230 rad
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Figure 3.3: Simulation of the angular velocity with only the identified J.z.

Now initial estimations for J.y; and b are available and by applying the measured torque
to the model ([B.I0), the simulated velocity wj sim can be obtained. This simulated velocity
(w1,sim) is shown in Figure[3.4l The estimated inertia seems to be too low, since the simulated
velocity (dashed) is higher than the experimentally determined velocity. However, the iner-
tial parameter estimation can serve as a reliable starting-point for the identification procedure.

Application of the optimization procedure described in Section B.2.1] results in the parameter
estimations J.ry = 56, 45kgm? and b = 2,69 ]X —*. The identified value of the effective inertia
is higher than the initial estimation. This probably means that the inertia of axles and gears
in the system is higher than expected and can not be neglected.

The result of the simulated velocity, using these parameters, is depicted in Figure As the
graph is much closer to the experimentally determined values (than for the initial parameter
estimation), it seems to be a good result. However, after about 180 seconds, it doesn’t seem
to rise enough. It might be a result of a phenomenon that is not described in the new model.

Nevertheless, the identification results are considered to be satisfactory.

3.3 Using the new model to correct experiment results

The new model, along with the identified system parameters, can be used to correct mea-
surement data from the TR3 test rig. These data are retrieved from earlier experiments, as
performed in [I]. First, the measured velocity will be converted into the right units (rad/s)
and the moment measured in one half-shaft will be multiplied by two, so that it can be used
as Mps. Afterwards, the influence of the system’s effective inertia and friction coefficient (Jes¢
and b) will be calculated and subtracted from the measured data. The result is the actual
brake torque (Mp.qre) and is obtained using (B.7]).
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Figure 3.4: Simulation of the angular velocity with the initial parameter estimation.
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Figure 3.5: Simulation of the angular velocity with the identified parameters.
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Figure 3.6: Total moment and brake moment after correction.

Previous experiments consisted of a series of tests in which the brake was actuated for 3
seconds after reaching the desired brake disc temperature. This results in the fact that the
graph of the brake torque contains peaks. The small fluctuation between the peaks is due to
the slow response of the cruise control to speed variations.

A first attempt to calculate the brake torque shows that the signal contains a lot of noise
(Figure [3.0]).

The acceleration wy is calculated by using numerical differentiation of wy gim(t). Due to the
large number of measurement points, the gradient between two points of the simulated ac-
celeration (%:‘:f”“) can be very high, while overall, the derivative is relatively small.
To avoid this "noise”, a step size is introduced. This step size defines the number of points
between the points that are used to calculate the new signal. This gradient (wg’”yi;‘;’;) :‘;IS”“)
results in a much more fluent signal, as can be seen in Figure and 3.7 It appears that the
brake moment is in fact only 26 percent of the moment in the half-shaft. For the measure-
ment data from some other experiments of [I], the brake moment is sometimes below zero. In

fact, the brake moment can not be negative; so this indicates a shortcoming of the new model.
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Figure 3.7: Total moment and brake moment after correction.



Chapter 4

Conclusions and recommendations

4.1 Conclusion

The TR3 test rig of the Eindhoven University of Technology can be used for brake testing.
However, the method that is used in previous experiments [I] differs from traditional brake
testing and is not very accurate.

Traditionally, brake testing is done by using an electro motor. In this way, influences from the
drive train and potentially other parts of the test rig are avoided. Therefore, it is obvious that
the TR3 test rig, which is based on a combustion engine, is not the best platform for brake
testing. However, an almost complete test rig was at hand and after a few modifications, it
could be used for brake testing, although the results would not be very accurate.

As stated in Chapter @] the TR3 has its shortcomings as it comes to accurate brake ex-
periments. In order to realize more accurate measurements, one should measure the disc
temperature closer to the brake pads, where the disc has not cooled down. Also, the simula-
tion of driving wind could be more accurate, for example by making the flow speed-dependant
instead of a primitive constant flow.

In previous experiments [I], it is assumed that the torque sensor in the drive shaft was close
enough to the brake itself to achieve accurate measurements of the braking torque. However,
the combustion engine can not retain a constant speed. Due to acceleration and deceleration
of the system’s inertia, the torque sensor does not accurately measure the braking torque.
Also, the system’s incoming moment was assumed to be the measured half-shaft moment.
However, because of the differential, this is only half of the incoming moment.

In order to relate the torque measurements (of the experiments in [1]) to friction torques at
the brake, a simple dynamic model of the test rig has been constructed. Using experimental
data from previous experiments (without the brake applied), the system parameters (moment
of inertia and a friction coefficient modeling the friction in the gear sets and bearings) have
been identified.

Next, the identified model is used to estimate the braking torque in experiments (with the
brake applied) performed in [I]. It appears that the amount of brake moment in the half-shaft
is only about 26 percent of the total moment. In future experiments, the new model can be

15
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used, taking into account the recommendations following below.

4.2 Recommendations

Several recommendations follow from this report, specifically in relation to the setup, the
torque sensor and the model itself.

4.2.1 Setup recommendations

As mentioned in Chapter 2], several recommendations can be done for improvement of the
test rig if it is to be used for measurements of the braking torque.

First of all, the temperature sensor should be positioned closer to the brake calliper. Also,
the driving wind can be simulated in an improved manner, for example by making it speed
dependant.

4.2.2 Torque sensor recommendations

The torque sensor position is not very well chosen in the current setup. As explained in
Chapter 2] it would be useful to position the sensor on the brake axle itself. This would
exclude the influence of the inertia of the driveline.

Dependant on the purpose of the brakes that are to be tested, it should be taken into account
what the role of the brakes is and how they are loaded in a real-life situation. For example, the
brakes of a URE racing car are most important during a sprint event, where fast deceleration
is desired for fast manoeuvres. If the real-life conditions can be recorded or simulated, this
information can be used as a test program for the test rig. It might appear that a certain
brake temperature leads to the best performance in race conditions (so the brakes should be
warmed up before the race starts)

4.2.3 Shortcomings of the model

Moreover, the identification of the test rig still has its shortcomings (as explained in Chapter
[B). If the current setup is to be used for accurate brake torque testing, it might be useful to
investigate its properties more, so that other parameters can be implemented in a new model.
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Appendix A

Nomenclature

b Coeflicient of friction Nms/rad]
E Energy Joule
Eior Total error square of radians per second

Rate of reduction (1.74)

[
[
[
[
J Moment of inertia [kgm?| kilograms per square meter
J1 Slow-spinning moment of inertia [kgm?] kilograms per square meter
Jo Fast-spinning moment of inertia [kgm?] kilograms per square meter
Jefy Effective moment of inertia [kgm?| kilograms per square meter
Jvehicle Vehicle’s moment of inertia [kgmz] kilograms per square meter
m Mass [kg] kilograms
Myehicle Vehicle’s mass [kg] kilograms
My, Torque in the half-shaft [Nm)] Newtonmetre
M0 Torque without brake applied [Nm] Newtonmetre
Mps1 Torque with brake applied [Nm)] Newtonmetre
My ke Braking torque [Nm] Newtonmetre
M neasurea  Measured torque of experimental data  [Nm)] Newtonmetre
Miotal Total torque [Nm] Newtonmetre
n Number of Error iterations -]
D Pressure [bar] bars
P Error standard [(rad/s)?]  square of radians per second
r Wheel radius (0.25) [m] meters
T Temperature [°C] degrees Celsius
Trig Kinetic energy of the test rig [Joule] Joule
v Velocity [m/s] meters per second
w1 Slow-spinning angular velocity [rad/s] radians per second
wa Fast-spinning angular velocity [rad/s] radians per second
Weap Experimental angular velocity [rad/s] radians per second
Wsim Simulated angular velocity [rad/s] radians per second
w1 Angular acceleration [rad/s?] radians per squared second
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Appendix B

Pictures of the TR3 test rig

Figure [B.1]l shows the 2.0-liter Nissan engine of the test rig.

Figure [B.2 shows the brake together with a heat sensor (infrared) and a holder. The holder
is used for a pressurized air hose, which simulated driving wind in previous experiments.

In figure [B.3] the reduction is shown. On the right is also the cardan axle, which couples the
two half-shafts.

Figure [B.4] the torque sensor is depicted. It is positioned on one half-shaft, the right side of
it coming out of the differential.

Figure [B.5 shows the fly wheel, but the wheel itself is invisible. The safety casing takes away
the view on it.
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22 Pictures of the TR3 test rig

Figure B.1: The 2.0-liter Nissan engine that drives the test rig.

Figure B.2: The brake, consisting of a brake caliper with pads and a brake disc.
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Figure B.3: The reduction casing, which contains the reduction gears.

Figure B.4: The torque (or moment) sensor, on one half-shaft.
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|

Figure B.5: The fly wheel, simulating the vehicle’s inertia.

Figure B.6: The retarder, simulating the load on the vehicle.



Appendix C

MATLAB files

In this appendix, the MATLAB-files (m-files) used for the simulation are shown.

5 Main m file.m

(In thizs w-file the hegin valuses of I and b are defined and an optimi=zation
t1iz ocalled to determine the hest approximation of the real walues of I and
th, using a least-sguars mwethod. I and b have to be determined by hand (or
tat least outside of this simulation), to avoid finding & local minimnao.
clear all

close all

cle

global o PIb wector
oq=1;

Ieff=4z .4
b=3.9

¥=[Ieff, b]:

Xopt = fminsearch(lsimulatie, )

25
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MATLAB files

2,

% simulatie.m

function P = simulatie (X)

%In this function-file, the the simulation of omega is carried out
(wotordv.m) and the error walue P is determined.

global g PIb_wvector
load data

Ieff=X(1):
b=X(z);

L time span:
£i=0;
£L2=250;

% Cmegs =Zero:
wl=21.6545;

cwst=[time' wst']:

options=odeset (' ibsTol' ,1le-3, 'EelTol',1le-4) ;

tBelow, Ieff and b are used to determine the simulated omedga

save Ieff

% figure
save b

mwaim, w=im] =ode otordwv!', [l £2],wd,options) ;
i i ded45('H ! 1 tZ2 u] i

twsim=[t=im w=siw] -

Etot = 0O:

(Error calculation

for n=1:length (msim)
Ein, :)=Error (twsim(n,}),twst);
Etot=Etot+E (n,1):

end

P=Etot/ (n-1):

(Wariasble o helps storing P in the wector

PIb wvectorigq,:)=[F Ieff b]l:
save PIh_wvector
og=o+1;
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¥ Motordv.m
function wstdot = Motordwit,x=)

tIn this function-file, the walues of t, I and b are printed to the screen,
tto see the progress of the simulation. Llso, for a given point in time,
tthe half-shaft moment is determined by interpolating in the measuring
tdata. With this informstion, omega dot i= calculated.

FVariables:
clo, t©
load Ieff
load b

Ieff

h

3 loading measuring data:
load Tabel Twst

Y Interpolation:
M = interpl(Tabel Twst(:,1l),Tabel Tvst(:,2),t):

3calculation of omega dot:
watdot = [ (M-h¥*x)/Ieff]:;

% Error.m

function £ = Error (twsimn,twst)

tIn thiz function-file, the =simwulated wvelocity (wl) iz compared to the
sexperimentally determined welocity (wZ). As the wl-data consists of
3zignificant fewer points, there has to ke interpolated in the experimental
tveloclity, usSing points in time.

tdefinition of local wariasbles (Simulated welocity and time)
wl=twsimnil,2);
t=twsimn(l, 1)

3 Interpolation in experimental w, using simulated points in time
we = interplitwsti:,1),twst(:,2),t):

3error calculation
f={wl-w2)"Z:
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And for the correction of experimental data in order to find the resulting brake moment:
% This m-file converts the measuring data from the TR3 test rig into useful
% data for the hrake moment when a brake is tested.

clear =all

close all

ole

% loading measuring data fromw the test rig (which is called
5 measuring data.mwat)

load measuring data

Defining new wariables in 231 units:
The total moment is egual to twice the torgue in the half-shaft.
I eff and b are previously determined and the angular wvelocity is

B
25
25
% recovered from the rotational speed (in rotatlions per minute)

M h==z2+Tsteck;
w=[2*pi/o0) *n_steekas:
J eff=56.45;

h=2.69;

step=1000;
q=1:
t=cputime;

for p=l:step:lengthitime) ;
clo
ttime (o) =time(p)
td hs (gl =M h=si(p):
twigi=wipl:
o=+l
elapsed time=cputime-t
end

delta t=ttime (Z2]-ttime(l);
w_dot=diffitw)/delta t;
w_dot=[w dot 0];

M rig=Jd eff*w dot+b*tu;

M brake=(tM hs-HN rig):

figure
plot(ttime, M brake,'r',ttime,tl_hs,'--')
legend('H_{brake}','H_{hs}')

¥label ('=xlakbel")

vlabel ['vlakbel")
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