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Chapter 1IntroductionThis chapter gives a thorough introduction to the project for this Master Thesis. First, inSection 1.1, a motivation for the topic is given followed by some background knowledge inSection 1.2. The overall objective of the project is presented in Section 1.3. In Section 1.4 thethesis is divided up into tasks and corresponding suggestions for solution of the tasks is givenin Section 1.5.1.1 MotivationThe tyres are the sole part of the vehicle which have contact with the road surface. Thus, theirquality is of great importance for safe driving. Even though tyres are brand new, driving withinsu�cient pressure will have several negative e�ects on safety. Steering properties worsen,there is a higher risk of hydro planning and the stopping distance is increased. There are alsoeconomical and environmental e�ects, fuel consumption will increase and tyres are worn downfaster. Of course there is the most obvious risk of having a �at tyre, which not only can bedangerous but also damaging to the car.Tyres can be underin�ated due to two reasons, damage or natural di�usion. Naturaldi�usion rate is around 0.1 bar per month [1] and therefore tyres need to be checked properlyon a regular basis. Often this is not done, resulting in a substantial number of vehicles onthe road with insu�cient tyre pressure. Hence, there is a need for a reliable tyre pressuremonitoring system, TPMS, in all vehicles.1.2 Problem background1.2.1 Indirect and direct methodsThere are two major approaches to tyre pressure monitoring, direct monitoring and indirectmonitoring. The direct method uses a sensor which measures pressure and temperature di-rectly in the tyre cavity [2]. Indirect pressure monitoring systems takes already providedsensor signals, usually from the ABS 1 system, and use these to derive a relative pressurevalue. There exists several suggested solutions to indirect monitoring.The major advantage with direct pressure monitoring is that the results are in generalmore exact than any indirect method and thus less probable to give false warnings. There1Anti-lock Braking System 1



is also the possibility to detect an equal loss of pressure in all four wheels at the same time,which most existing indirect methods can not do since they rely on relative pressure estimates.Also, a direct method can normally detect pressure loss faster than an indirect method.As good as this sounds, direct methods do have some disadvantages. The main one is thatimplementation costs are a lot higher than for the indirect method. To install this system,four modules, each with pressure and temperature sensors and a transmitter, must be �ttedcorrectly in the tyre cavity. A communication network must be set up with a central unit witha receiver to gather all information from the four tyres. Each module also needs long-lastingpower supply. Existing systems use a durable type of battery, constructed to cope with theharsh environment in the tyre cavity.The indirect method, on the other hand, uses already existing sensor signals and requiresonly a software upgrade, assuming the car is equipped with an ABS system. Also the systemis practically maintenance-free, in contrast to the direct system which could meet problemswith hardware failure and which also needs special attention in the case of a tyre change.1.2.2 Brief description of existing Tyre Pressure Monitoring SystemThe current indirect TPMS in some of the Mercedes cars is the Warnair DWS 2. The systemis also called the PRW, Plattrollwarner, which will be the term used in this report. This is asystem which uses the most common indirect method of monitoring tyre pressure today. Themethod uses the relationship between tangential velocity at each wheel and angular wheelspeed:
ωi =

vx,i

rdyn,i
(1.1)

i = 1...4 (see Figure 1.1), where ω is angular wheel speed, vx is velocity and rdyn is thedynamic radius.An underin�ated tyre has a smaller radius than a correctly in�ated tyre and the angularwheel speed of an underin�ated tyre will thus be faster than the other tyres. Somewhatsimpli�ed, a low tyre pressure is detected by comparing the wheel speeds of all four wheels.There exists however some particular cases when this method can give false warnings, forexample, during strong lateral acceleration or heavy braking. To prevent false warnings thePRW algorithm can therefore identify these situations and compensate for them. The PRWis further described in Section 2.1.1.2.3 WarpWarp is the altering of a vehicle's direction of motion without actually changing the steeringwheel angle. This is performed by manipulating the wheel loads such that torque equilibriumremains around the vertical and longitudinal axis but net load on the individual wheel willchange, making the vehicle turn. See Figure 1.2 and Equation 1.2. The wheel loads are changedthrough the ABC 3 system. This is an active suspension system aimed to dampen the vehicle'sbody movements by controlling the vertical forces at each wheel. Warp is described as:
warp = Fz,1 − Fz,2 − Fz,3 + Fz,4 (1.2)2De�ation Warning System3Active Body Control 2



1 2

3 4

Front

RearFigure 1.1: Basic car illustrating numbering of wheels.where Fz,i, i = 1...4 are the wheel loads for each wheel respectively.
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- FzFigure 1.2: Overview of positive and negative warp. The dotted arrows represent normalwheel load.Since warp in�uences the handling properties of the vehicle it can be used to assist thedriver with, for example, lane-keeping and road bank. Chapter 5 brings up more about warpand these two applications.1.2.4 Warp's in�uence on the PRWWhen driving with constant warp, the PRW will incorrectly warn for low tyre pressure. Warpalters the wheel loads, in order to make the vehicle turn, at the same time causing a changein dynamic radius of the tyres which a�ects the wheel speeds, see Equation 1.1. Since thePRW relies on the wheel speeds for low tyre pressure warning, driving with warp will a�ectthe system and can cause false warnings. The PRW algorithm already compensates for somedriving situations which could incorrectly trigger a warning and it is evident that some sort3



of compensation is needed for driving with warp as well. The in�uence on the PRW due towarp will be fully investigated in Chapter 3.1.3 ObjectiveThe goal for this Master Thesis is to design a tyre pressure monitoring system that will functioncorrectly while driving with warp. It is desirable that the system is reliable and does not issuefalse warnings. Even though a false warning is not in itself something critical, it will lead tolack of trust for the system and eventually end-users will start to ignore the warning.1.4 Problem de�nition1. Establish the relationship between wheel load and dynamic radius, explaining why thePRW can incorrectly issue a warning when driving with warp.2. Suggest a compensation strategy for warp and analyse the bene�ts of this compensationas a part of the PRW algorithm.3. Find an alternative method for tyre pressure monitoring and investigate how this couldbe used successfully instead of the current TPMS.1.5 Suggested solution1. Study software description of current system and measurements from test track withdi�erent warp levels. Analyse the relationship between wheel load, dynamic radius andother important variables.2. Develop a warp compensation using the results from the analysis. Build a Simulinkmodel containing the basic logic of the PRW and simulate with �eld measurements,captured with a real vehicle. Analyse the a�ect on the PRW due to warp and thebene�ts of the compensation.3. The alternative method chosen for tyre pressure monitoring is:- Resonance frequency method: Observing the change of the resonance frequency ofthe unsprung mass 4 caused by de�ation of tyre.1.5.1 Equipment and work methodAll work has been performed at Daimler Chrysler in Stuttgart, Germany. The software usedthroughout the project is Matlab and the models are built in Simulink. All �eld measurementcapturing and testing have been done on a test track with a Mercedes S-class vehicle equippedwith ABS, ABC, ESP 5 and warp. The tyres used are Continental Sport Contact 2 with thedimensions 255/40 R19 96Y for the front tyres and 275/40 101Y for the rear tyres.4Everything not carried by the suspension, i.e. wheels, tyres, brakes, axles and components belonging tothe suspension5Elektronisches Stabilitäts Programm, Electronic Stability Control4



Chapter 2The PRW algorithmIn this chapter the PRW algorithm is described in more detail. Section 2.1 explains how thePRW strategy works and Section 2.2 discusses some of the limitations of the PRW function-ality. Finally, the corrections and data rejections made in the algorithm are brought up inSection 2.3 and 2.4 respectively.2.1 Tyre pressure monitoring strategyAs mentioned in the introduction, the PRW uses the angular wheel speed signals from theABS system in order to detect a low tyre pressure. The main principle is that if one wheel isincorrectly in�ated it will turn faster than the other wheels due to the relationship betweenthe tangential velocity at each wheel, the individual angular wheel speeds and the dynamicradius of the tyre, see Equation 1.1.Tyre de�ation is recognized by comparison of three di�erent variables [3],
• diag � Evaluation of wheel speeds diagonal to each other.
• fr � Front/rear wheel speeds.
• lr � Left/right wheel speeds.according to Equations 2.1, 2.2, 2.3 and Figure 2.1.

diag = (
ω1 + ω4

ω2 + ω3
− 1) · 100 (2.1)

fr = (
ω1 + ω2

ω3 + ω4
− 1) · 100 (2.2)

lr = (
ω1 + ω3

ω2 + ω4
− 1) · 100 (2.3)The diag variable is really the true indicator for tyre de�ation. If its value exceeds a certainthreshold, a warning could be triggered. The exact threshold value varies depending on thevehicle. Whether the warning is set or not depends on fr and lr, which act as safety variables to5
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LrFigure 2.1: Illustration of how the wheel speeds that constitute the PRW variables are picked.prevent false warnings. The PRW warning strategy is presented in Table 2.1. The thr variablestands for the threshold value associated with the diag variable. The FL variable stands for thede�ation warning concerning the Front Left tyre, the FR variable for the de�ation warningconcerning the Front Right tyre, the RL variable for the de�ation warning concerning theRear Left tyre and the RR variable for the de�ation warning concerning the Rear Right tyre.Should the values of all three variables diag, fr and lr, at one point in time, match any of thecases FL, FR, RL or RR, a warning will be issued.If all angular wheel speeds are the same the variables diag, fr and lr should be equal tozero meaning that none of the conditions in any of the cases for de�ation warning seen inTable 2.1 are ful�lled and thus no warning is issued. If, for example, the rear left tyre isde�ated the value of the diag and fr variable will decrease below zero, and the lr variable willincrease above zero which will, according to Table 2.1, cause the RL warning to be triggered.Table 2.1: PRW warning strategy, thr = threshold value.FL FR RL RRdiag > thr < -thr < -thr > thrfr > 0 > 0 < 0 < 0lr > 0 < 0 > 0 < 0
2.2 Limits of the algorithmWith an indirect tyre pressure monitoring system, such as the PRW, the possibility of detectinga pressure loss depends on how many tyres that are de�ated and by how much.2.2.1 One tyre de�atedThe PRW algorithm can detect if one tyre is de�ated by around 30% or more. For example,if the front right tyre is de�ated, its angular wheel speed will increase compared to the othertyres and evoke a change of the PRW variables as:6
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lr ↓











⇒ FR warningwhere ωi is the angular wheel speed for the i:th wheel. See Table 2.1 for how the change inthe PRW variables caused by the de�ation generates the FR warning.This behaviour can also be seen in Figure 2.2 which illustrates how the diag, fr and lrbehave with one underin�ated tyre. Here, the angular wheel speeds from a measurementcaptured with the front right tyre of the vehicle around 50% de�ated, have been used too�ine calculate the PRW variables according to Equations 2.1, 2.2, 2.3.
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Figure 2.2: The PRW variables diag (top, blue), fr (middle, red) and lr (bottom, green) withone tyre, wheel 2 (FR), about 50% de�ated.2.2.2 Two tyres � equally de�atedIf two tyres are de�ated the outcome is immediately more uncertain. It is possible that thePRW does not react at all, depending on which two tyres that are de�ated and by how much.For two equally de�ated tyres to stand a chance of being detected they have to be located onthe diagonal opposite of each other. Consider for example two equally de�ated tyres locatedon the right side of the vehicle: 7
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⇒ no warningThe problem here is that the variable diag does not change. In reality it will �uctuate somedue to noise from the wheel speed sensors but not enough to exceed the threshold value,see Figure 2.3. For this �gure, the angular wheel speed data from a measurement with twotyres, the front right and the rear right, around 50% de�ated have been evaluated o�ine usingEquations 2.1, 2.2, 2.3. A similar situation arises for two equally de�ated tyres on the leftside, front or rear of the vehicle.
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Figure 2.3: The PRW variables diag (top, blue), fr (middle, red) and lr (bottom, green) withthe two tyres, wheel 2 (FR) and wheel 4 (RR), about 50% de�ated.2.2.3 Two tyres � not equally de�atedFor two unequally de�ated tyres the outcome again depends on which tyres that are de�atedbut also by how much in comparison to each other. For example, say the tyre on wheel 2 (FR)is 50% de�ated and on wheel 4 (RR) is 75% de�ated:
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⇒ RR warning8



In this case, since the tyre on wheel 4 (RR) is more de�ated than the tyre on wheel 2 (FR)the diag variable will change and a detection is possible. This is of course only one simpli�edexample, a complete analyse of the outcome is far more complicated. The amount of di�erentcombinations of selecting two tyres from four is six and by adding variants with di�erentpressure levels, the number of possible scenarios that could arise become too many to gothrough in detail here. What is important to notice is that for two unequally de�ated tyres itis possible that the PRW detects the de�ation but it is not certain.2.2.4 Three or four tyres de�atedFor three or four de�ated tyres the outcome again depends on how large the pressure di�erenceis amongst the de�ated tyres. Certain, however, is that four equally de�ated tyres can not bedetected.2.3 CorrectionsThe following corrections are made in the PRW algorithm [3].
• O�set correction. Initial di�erences in angular wheel speed between the wheels, dueto small variance in tyre pressure and possible di�erence in tyre size between front andrear tyres, are compensated for. These o�sets will change with speed and therefore thereare di�erent o�set values depending on how fast the vehicle moving.
• Cornering correction. When cornering, the angular wheel speeds will di�er since theouter wheels travel a longer distance than the inner wheels. Also, there is a shift inweight from left to right or right to left, depending on the direction of turn, in�uencingthe tyre dynamic radius for the non-drive axle and the tyre slip for the drive axle. Thiswill also be compensated for in the PRW algorithm.2.4 RejectionsFor some conditions, the angular wheel speed signals are unsuitable for tyre de�ation moni-toring. These situations are recognized by the PRW and the signal data captured during thistime is rejected, i.e. not used in any calculations. The di�erent states are [3]:
• Low speed. At a very low speed, the angular wheel speed signals tend to contain toomany errors and the signals should therefore not be used.
• Strong longitudinal acceleration. The angular wheel speed signals are error pronewhen the vehicle is undergoing heavy braking or strong acceleration.
• Strong lateral acceleration. The di�erence between outer and inner angular wheelspeeds can trigger a false warning. This is normally compensated for with corneringcorrection, however this is not valid when the acceleration is too strong.

9



• Extreme road conditions. With the following road conditions the angular wheelspeed data should be rejected:- Driving on a rough road.- Di�erent road conditions between left and right wheel pair, that is, one side expe-riences higher slip than the other side, causes angular wheel speeds on the di�erentsides to di�er.- Road bank is too steep.
• Extreme vehicle maneuver. In the case of extreme driving the angular wheel speeddata should be rejected.2.5 SummaryThis chapter was intended to give an insight to the main functionality of the PRW. The basicparts of the algorithm was presented and analysed for some di�erent combinations of tyrepressure loss, with logical reasoning and o�ine evaluation of the PRW variables.
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Chapter 3PRW and warpIn this chapter the in�uences of warp on the PRW is discussed and investigated. Section 3.1brings up important aspects of the problem which are then analysed in Section 3.2. Theissue of di�erent tyres is analysed in Section 3.3 and some concluding remarks are made inSection 3.4.3.1 In�uences from warpSince warp changes wheel load, the tyre's dynamic radius is a�ected when driving with warp.The magnitude of the radius will deviate from its normal value depending on whether thewheel load has increased or decreased on that wheel. An increasing wheel load will cause thedynamic radius to decrease and vice versa. To analyse why driving with warp triggers falsewarnings and if it is possible to compensate for this in the PRW algorithm, it is important toestablish:
• How the dynamic radius changes with tyre pressure.
• How the dynamic radius changes with wheel load (warp).
• How the variables diag, fr and lr change with tyre pressure.
• How the variables diag, fr and lr change with warp.
• For the all the above items: Is the behaviour velocity dependent?
• Is the behaviour independent of tyre make and dimensions?3.1.1 Theoretical reasoningWarp's in�uence on the PRW is similar to the case of two equally de�ated tyres located on thediagonal to each other. The two wheels undergoing increased wheel load due to warp will reactsimilar to the two de�ated wheels, they will start to turn faster. The di�erence between thesetwo cases is that warp a�ects all four wheels, there are two wheels that will experience lesswheel load than normal and thus turn slower. In theory, positive warp will have the followinge�ect on the wheel loads, dynamic radii, wheel speeds and PRW variables:11
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=⇒
diag ⇓
fr →
lr →Hence, according to this reasoning, diag is the only variable a�ected by warp.3.2 Test resultsWarp's in�uence on dynamic radius can not be observed in any of the tyre models currentlyavailable. Thus, a number of measurements have been captured and analysed in order toestablish the in�uence of warp compared to tyre pressure. The di�erent situations, accordingto the list in the beginning of Section 3.1, are analysed below using the results from thesemeasurements.3.2.1 Measurements detailsAll measurements are captured driving on a test track. Since the PRW has some limits, as wasshown in Section 2.2, only a pressure loss in one tyre can be detected for certain. Consequently,for parts where the in�uence of tyre pressure is analysed, only the case when one tyre undergoespressure loss is investigated. All in all, the following situations are considered in this chapter:

• Low pressure on one tyre without warp. Driving straight ahead with decreasedpressure on one tyre. Three di�erent pressure levels are considered: 2.8 bar (normal),2.1 bar and 1.5 bar.
• Normal pressure on all tyres with warp. Applying a sinusoid warp, see Figure 3.5,while driving at 60, 80 and 120 km/h. The turning force due to warp is compensatedfor by the driver such that the vehicle is kept in a straight line. All tyres have a normalpressure level (2.8 bar).
• Di�erent tyres. Comparison between di�erent tyre brands and dimensions is done inSection 3.3.The angular wheel speed signals are taken from the ABS system. The velocity, whichactually is an estimate of the average velocity of the vehicle since there is no signal availableto measure the tangential velocity at each wheel, is derived from the wheel speeds. A referencevelocity has also been used which was captured with an optical sensor, mounted on on the sideof the vehicle. The errors introduced when using the average velocity of the vehicle insteadof the tangential velocities are minor with the style of driving in these tests, no strong lateralacceleration or cornering, and can be neglected for the purpose of this investigation. Thedynamic radius is calculated according to Equation 1.1.12



3.2.2 Dynamic radius dependence on tyre pressureFirst, it is desirable to establish how much the dynamic radius changes with tyre pressure.The dynamic radius is calculated with the angular wheel speeds and the average velocity ofthe vehicle. For these calculations, the reference velocity signal from the optical sensor hasbeen used. Three velocities are considered � 60 km/h, 80 km/h and 120 km/h � as well asthree di�erent pressure levels:- 2.8 bar � normal pressure- 2.1 bar � 25% de�ation- 1.5 bar � almost 50% de�ation
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Figure 3.1: The dynamic radius of wheel 2 (FR) for three di�erent pressure levels at 80km/h. For the �rst sequence (blue) all tyres are correctly in�ated (2.8 bar), for the secondsequence (red) wheel 2 (FR) has a pressure of 2.1 bar whilst the others remain unchanged andfor the third sequence (green) wheel 2 (FR) is further de�ated to a pressure of 1.5 bar.The calculated dynamic radius of wheel 2 (FR), the wheel with the de�ated tyre, can beseen in Figure 3.1, wheel 1 (FL) in Figure 3.2, wheel 3 (RL) in Figure 3.3 and wheel 4 (RR) inFigure 3.4. In the �gures, the result from three di�erent measurements with di�erent pressurelevels have been plotted together. The velocity was 80 km/h. The �rst part (blue) showsthe result from having all tyres correctly in�ated. For the second part (red) the front righttyre is de�ated to a pressure of 2.1 bar and for the third part (green) the front right tyre isfurther de�ated to a pressure of 1.5 bar. As expected, the front right tyre shows a decrease indynamic radius with lower pressure whilst the other remain unchanged.13
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Mean values from several measurements with di�erent velocities and pressures, from thesame test track, can be seen in Table 3.1 (60 km/h), Table 3.2 (80 km/h) and Table 3.3 (120km/h). The results show that a de�ation of about 50% results in a change in dynamic radiusof around 0.0025 m, for these tyres.Table 3.1: Mean values of the calculated dynamic radius (m) for all tyres at a velocity of 60km/h. First column with 2.8 bar, normal pressure on all tyres, second column with 2.1 baron wheel 2 (FR) and third column with 1.5 bar on wheel 2 (FR).60 km/h 2.8 bar (all) 2.1 bar (FR) 1.5 bar (FR) ∆2.8−2.1 ∆2.8−1.5wheel 1 (FL) 0.3369 0.3371 0.3371 - -wheel 2 (FR) 0.3367 0.3357 0.3345 -0.001 -0.0022wheel 3 (RL) 0.3470 0.3472 0.3471 - -wheel 4 (RR) 0.3460 0.3462 0.3461 - -Table 3.2: Mean values of the calculated dynamic radius (m) for all tyres at a velocity of 80km/h. First column with 2.8 bar, normal pressure on all tyres, second column with 2.1 baron wheel 2 (FR) and third column with 1.5 bar on wheel 2 (FR).80 km/h 2.8 bar (all) 2.1 bar (FR) 1.5 bar (FR) ∆2.8−2.1 ∆2.8−1.5wheel 1 (FL) 0.3378 0.3376 0.3376 - -wheel 2 (FR) 0.3377 0.3362 0.3349 -0.0015 -0.0028wheel 3 (RL) 0.3478 0.3477 0.3476 - -wheel 4 (RR) 0.3469 0.3466 0.3466 - -Table 3.3: Mean values of the calculated dynamic radius (m) for all tyres at a velocity of 120km/h. First column with 2.8 bar, normal pressure on all tyres, second column with 2.1 baron wheel 2 (FR) and third column with 1.5 bar on wheel 2 (FR).120 km/h 2.8 bar (all) 2.1 bar (FR,RR) 1.5 bar (FR,RR) ∆2.8−2.1 ∆2.8−1.5wheel 1 (FL) 0.3367 0.3367 0.3366 - -wheel 2 (FR) 0.3366 0.3352 0.3340 -0.0014 -0.0026wheel 3 (RL) 0.3466 0.3466 0.3465 - -wheel 4 (RR) 0.3457 0.3456 0.3455 - -3.2.3 Dynamic radius as a function of wheel loadA sinusoid warp input with an amplitude of around max warp force, see Figure 3.5, gives agood overview of how the dynamic radius changes with wheel load. With a sinusoid warp inputthe whole spectrum from minimum to maximum warp level is accounted for. The dynamic17
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Figure 3.5: Sinusoid warp, 10 kNradius is calculated from measurements with three di�erent velocities. The result from 60km/h can be seen in Figure 3.6, 80 km/h in Figure 3.7 and 120 km/h in Figure 3.8.From these �gures, the following can be established:
• The behaviour is di�erent for front and rear tyres.
• For the front wheels, with these wheel loads, the relationship is almost linear.
• For the rear wheels, the relationship at negative and positive wheel loads can be ap-proximated with linear functions with di�erent gradients. This is most likely due to thedi�erence in width between the front and the rear tyres. The rear tyres have a width of275 mm and the width of the front tyres are 255 mm.
• The change in dynamic radius is at most around 1.25 mm, on average, for the frontwheels and for the rear wheels with positive wheel load. For negative wheel load at therear wheels the change is on average at most around 0.7 mm.Even though the results derived in this section suggest that the relationship between wheelload and dynamic radius is linear, this is not the case for all possible values of wheel load.Consider, for example, the two extreme cases no wheel load and maximum wheel load, whichcould be the maximum allowed load for the particular tyre. For both cases the dynamic radiuswill reach a limit value and moving towards this limit the rate of change in radius is likely todecrease. The general idea of the complete function can be seen in Figure 3.9. The �gure alsopoints out the area of the curve which applies to having normal wheel load with minimum or18
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Figure 3.6: Change in dynamic radius as a function of wheel load � 60 km/h
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maximum warp. This explains why the relationship between wheel load and dynamic radiusappears to be fairly linear in the previously presented plots derived from �eld measurements.To see if a velocity dependent behaviour can be found, a linear approximation is made forthe two front wheels for all three measurements shown in these �gures. The result can be seenin Table 3.4.Table 3.4: Linear approximation of rdyn over wheel load for the front wheels
∆rdyn = p1 · Fi + p2 p1 p2 norm of residuals60 (FL) −4.6549 · 10−7 1.7666 · 10−15 0.017860 (FR) −4.6137 · 10−7 −1.8432 · 10−15 0.015980 (FL) −4.4013 · 10−7 1.1866 · 10−15 0.017280 (FR) −4.4060 · 10−7 1.8949 · 10−15 0.0180120 (FL) −4.4103 · 10−7 −1.0596 · 10−15 0.0117120 (FR) −4.3598 · 10−7 −1.7245 · 10−15 0.0114The linear approximation suggests that there is a trend towards a less steep gradient withhigher velocities. Thus, the dynamic radius is more a�ected by warp at lower velocities thanat higher. There is, for this particular tyre, however only a small di�erence, comparing ∆rdynfor the front right tyre at 60 km/h and 120 km/h at a wheel load of -2500 N (neglecting thep2 value) gives:

∆r60
dyn = (−4.6137) · 10−7 · (−2500) ≈ 0.0012

∆r120
dyn = (−4.3598) · 10−7 · (−2500) ≈ 0.0011The di�erence is thus only 0.0001 m, around 8%. Hence, the in�uence from velocity seemsto be small.3.2.4 Change in PRW variables due to low tyre pressureThe PRW variables diag, fr and lr are calculated according to Equation 2.1, Equation 2.2 andEquation 2.3, respectively, with wheel speed data from measurements with three di�erent tyrepressure levels:- 2.8 bar � normal pressure- 2.1 bar � 25% de�ation- 1.5 bar � almost 50% de�ationThe diag variable can be seen in Figure 3.10, the variable fr in Figure 3.11 and thevariable lr in Figure 3.12. The velocity was 80 km/h for all of them. Further, to see possiblediscrepancies between di�erent velocities and tyre pressures, the mean values of the PRWvariables from several measurements with three di�erent velocities and tyre pressures arederived. The result can be seen in Table 3.5 for 60 km/h, Table 3.6 for 80 km/h and Table 3.7for 120 km/h. In all plots, the corresponding o�set for the particular variable at 80 km/h has21
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been deducted. For the mean value calculations seen in the tables, however, this is not done.Only the change in value is of interest and not the value itself.When capturing the measurements used in this section, it is the front right tyre that hasbeen de�ated. This can be veri�ed by comparing the results to the PRW warning table, seeTable 2.1, where a negative diag value, a positive fr value and a negative lr value results ina FR warning. When looking at the results showing the in�uence from velocity, it can beconcluded that a higher velocity results in a smaller in�uence by tyre pressure for all PRWvariables. There is only one exception, the value of the fr variable at 60 km/h is smaller thanthe value of the same variable at 80 km/h.3.2.5 Change in PRW variables due to warpAs the diag variable is crucial for the tyre de�ation warning it is necessary to observe howmuch it changes with warp. The fr and lr variables are also of interest, even though, accordingto the theoretical reasoning earlier, these should not be a�ected by warp.
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as diag. An explanation for this can be found by looking at the results from the dynamicradius over wheel load, see for example Figure 3.7. From these results, it was established thatthe change in dynamic radius was less for negative warp on the rear tyres than for all theother cases. The explanation for the di�erent behaviour between the front and the rear tyresis that the rear tyres are wider than the front tyres. The e�ect on diag, fr and lr is thus withpositive warp:
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=⇒
diag ↓
fr ↓
lr ↓A linear function approximation is done for diag as a function of warp. Several measure-ments from the same test track for each velocity have been collected for this purpose and themean results can be seen in Table 3.8. The measurements show that diag is more a�ected bywarp at the lower velocities than at the higher.Table 3.8: The mean gradient for the three di�erent velocities 60, 80 and 120 km/h as a resultof the linear approximation of diag as a function of warp from �ve di�erent measurements.velocity (km/h) mean gradient60 6.126 · 10−580 5.964 · 10−5120 5.606 · 10−5

3.3 Di�erent types of tyresImportant for this thesis is to investigate how much the tyre deforms under the in�uenceof wheel load. The relationship between tyre de�ection and wheel load is referred to as thevertical sti�ness of the tyre. The tyre de�ection is related to the dynamic radius as [4]:
rdyn = r0 −

tyredefl

3
(3.1)where rdyn is the dynamic radius and r0 is the undeformed tyre radius at the same pressurelevel. 27



In the previous chapter, the change in dynamic radius due to wheel load was derived frommeasurements with the tyres Conti Sport Contact 2 with the dimensions 255/40 R19 96Yfor the front tyres and 275/40 R19 101Y for the rear tyres. It is, however, likely that tyreswith other dimensions and/or make will have other vertical sti�ness curves, meaning that thechange in dynamic radius due to wheel load, and therefore the in�uence by warp, will bedi�erent for di�erent tyres. Also, even though the same tyres with the same dimensions areused, it is possible to have di�erent initial pressure levels. For example, in the measurementsin the previous section the 'normal' pressure level was set to 2.8 bar but a perfectly valid levelwould also have been 3.0 bar or 2.6 bar. The amount of pressure in the tyre is known to a�ectthe vertical sti�ness, the question is only by how much.A load-de�ection plot, giving a vertical sti�ness curve, will be investigated for some dif-ferent tyres, covering the following cases:
• Same tyre make and dimensions with di�erent pressure levels.
• Di�erent tyre make with same dimensions.
• Di�erent dimensions with the same tyre make.
• Di�erent tyre make and dimensions.Measurements from the Karlsruhe University will be used, where a test environment fortyres is available. Most of the measurements have been captured in an internal drum testdevice, some with a velocity and some at a stand still.3.3.1 Tyre dimensionsThe numbers and letters associated with a tyre describe the characteristics and dimensions ofthe tyre. Taking the Conti 255/40 R19 96 Y as an example the di�erent numbers implies:
• 255 Tyre width in millimetres.
• 40 Aspect ratio, the height of the side of the tyre expressed as a percentage of the width.
• R Stands for radial which means that the tyre is a radial constructed tyre.
• 19 Tyre rim size in inches.
• 96 Index for the maximum load that the tyre may be exposed to.
• Y Index for maximum recommended speed.3.3.2 Di�erent pressure levelsWhen new tyres have been �tted the driver must, after desired tyre pressure has been set,reinitialise the PRW such that the new pressure level will be recognized as the 'normal' pres-sure level. Thus, the driver has the possibility to, dependent on driving style and comfortpreferences, choose di�erent normal pressure levels. Of course, the choices of normal pressurelevel is restricted to what is recommended by the tyre brand and how heavy the vehicle is [6].The load-de�ection relationship for two Continental tyres have been plotted, Conti SportContact 2 with the dimensions 255/40 R19 96Y in Figure 3.16 and Continental 205/55 R1628



0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000
Vertical stiffness − 255/40 R19 96Y (0 km/h)

Tyre deflection (m)

V
er

tic
al

 fo
rc

e 
(N

)

3 bar
2.6 bar
2.2 barFigure 3.16: Load-de�ection relationship for Continental 255/40 R19 at 3 bar, 2.6 bar and 2.2bar, the velocity is 0 km/h.

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000
Vertical stiffness − 205/55 R16 90H (0 km/h)

Tyre deflection (m)

V
er

tic
al

 fo
rc

e 
(N

)

2.5 bar
2.0 barFigure 3.17: Load-de�ection relationship for Continental 205/35 R16 at 2.5 bar and 2.0 bar,the velocity is 0 km/h. 29



90H in Figure 3.17. For both tyres the measurements were taken at a stand still. From the�gures, it is clear that the vertical sti�ness changes with pressure level. For the 205/55 R16tyre the di�erence in tyre de�ection at 6000 N is almost 17% between 2.5 bar and 2.0 bar.For the 255/40 R19 tyre the di�erence in tyre de�ection between 3 bar and 2.6 bar at 8000 Nis about 8%, between 2.6 bar and 2.2 bar around 10% and between 3 bar and 2.2 bar almost18%.3.3.3 Di�erent makeTo investigate how much di�erent tyre brands could di�er in terms of vertical sti�ness, oneDunlop SP and one Bridgestone Potenza tyre have been compared. They both have thedimensions 225/35 R18, however the Dunlop tyre had a pressure of 2.5 bar and the Bridgestonetyre had a pressure of 2.2 bar. The result can be seen in Figure 3.18, the velocity was here 40km/h.

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000
Vertical stiffness − 225/35 R18, 40 km/h

Tyre deflection (m)

V
er

tic
al

 fo
rc

e 
(N

)

Dunlop (2.5 bar)
Bridgestone (2.2 bar)Figure 3.18: Load-de�ection relationship for one Dunlop SP tyre and one Bridgestone Potenzatyre, both with the dimensions 225/35 R18, velocity 40 km/h.It is interesting to notice, that even though the Bridgestone tyre had a pressure 0.3 barlower than the Dunlop tyre, the Bridgestone tyre still de�ects less with wheel load than theDunlop tyre. This indicates that the make of the tyre does have an in�uence on the verticalsti�ness, since according to the results just shown on how vertical sti�ness increases with tyrepressure, the Bridgestone tyre should de�ect more than the Dunlop tyre, considering theyhave the same dimensions. This is however not the case and it can therefore be concludedthat the make of the tyre does a�ect vertical sti�ness.For example, at 4000 N the di�erence between the Dunlop tyre and the Bridgestone tyreis about 17%. 30



3.3.4 Di�erent dimensionsTwo Conti Eco Contact tyres have been compared to see the in�uence of di�erent widths andaspect ratios on vertical sti�ness. One tyre has the dimensions 225/60 R16 and the other215/55 R16, thus they both have the same rim size. The result can be seen in Figure 3.19,the velocity was 80 km/h. At 4000 N, the tyre with the dimensions 215/55 R16 de�ects about3% more than the larger tyre. Thus, a tyre with smaller width and aspect ratio will have aslightly lower vertical sti�ness than a larger tyre.
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215/55 R16 (2.2 bar)Figure 3.19: Load-de�ection relationship for two Conti Eco Contact tyres, one with the di-mensions 225/60 R16 and one with 215/55 R16, velocity 80 km/h.3.3.5 Di�erent make and di�erent dimensionsFinally, two tyres with di�erent dimensions and di�erent make are compared. One MichelinPilot Sport tyre with the dimensions 245/45 R18 and one Conti Sport Contact 2 with thedimensions 255/50 R19, both tyres have a pressure of 3 bar. The vertical sti�ness curve for avelocity of 50 km/h can be seen in Figure 3.20 and for 100 km/h in Figure 3.21. The Michelintyre clearly de�ects more due to wheel load than the Conti tyre, at both 5000 N and 8000 Nthe di�erence is about 12.5%.
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3.4 SummaryIn this chapter, the in�uence on the PRW due to both tyre pressure loss and warp has beenanalysed. The goal was to unravel the problems with the PRW when driving with warp.According to the results from Section 3.2, false warnings should not occur when drivingwith warp. Even though diag, fr and lr do change with warp, neither positive nor negativewarp should result in any of the PRW's four cases for de�ation warning, see Table 2.1. How-ever, it is important to notice that fr and lr values are not strictly positive or negative. Dueto noisy wheel speed signals the values �uctuate with as much as ∼0.4 in absolute value whichmeans that even though, for example, fr tends to adopt negative values for negative warpthere will still be a quite high portion of positive values. There is a similar behaviour for thelr variable. What actually causes the false warnings is the fact that the diag value is actuallymore a�ected by warp than by 50% tyre pressure loss and will thus exceed the threshold valuethat has been set in the PRW algorithm for the diag value.The question is still if it will be possible to compensate for warp in the PRW. Both therelationship between the dynamic radius and wheel load and between diag and wheel load arefairly linear which indicates that quite a simple compensation should be possible. However,careful attention must be paid to the di�erent load-de�ection behaviour shown by di�erenttyre makes and dimensions. The results in Section 3.3 show that tyre de�ection is dependenton tyre make, dimension and initial pressure level which are issues that must be taken intoconsideration when designing a warp compensation.
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Chapter 4Warp compensation in PRW algorithmThis chapter brings up how the PRW algorithm can be modi�ed to compensate for warp. Asimpli�ed model of the PRW is presented in Section 4.1 and examples of the model outputsare given in Section 4.2. The suggested compensation for warp is described in Section 4.3 andevaluated with the Conti 255/40 R19 tyres in Section 4.4 and with one measurement for theMichelin 245/45 R18 tyres in Section 4.5. The chapter is summarized in Section 4.6.4.1 Simple model of the PRWSince the PRW software was not available in code and since it was not possible to read anysignals from the PRW, a simple model of the PRW is implemented in Simulink based on theinformation given in the software description [3]. This enables the observation of the PRWvariables under the in�uence of warp or a de�ated tyre and the possibility to implement andtest a compensation algorithm. The simpli�ed model contains:
• The fundamental logic of the PRW, according to Equations 2.1, 2.2 and 2.3.
• A warning decision strategy according to Table 2.1.
• Speed-dependent o�set compensation.All cases for rejection and cornering compensation are thus ignored. However, the drivingmanoeuvres will be smooth and calm in all measurement capturing performed for this project,not triggering any of the rejections listed in Section 2.4. Thus, it is a fair assumption that thesimpli�ed PRW will, in these tests, behave similar to the real PRW software.4.1.1 O�setsEven when driving straight ahead with the same velocity, and with the correct pressure inall four tyres, the PRW variables diag, fr and lr will not be centered around zero. This isbecause there are initial di�erences in the angular wheel speeds dependent on where the tyresare placed, front or rear axle, due to di�erences in the sizes of the tyres and small pressurelevel di�erences. For this reason, the PRW algorithm contains an o�set compensation andthis must also be present in the PRW model.The o�set values used in the PRW models have been found by evaluating measurementdata from driving straight ahead at three di�erent velocities: 60 km/h, 80 km/h and 120km/h. 34



4.1.2 Threshold valueAs mentioned in Section 2.1, the PRW algorithm contains a threshold value which the variablediag must exceed to trigger a tyre pressure de�ation warning. The threshold value is, however,not known for the particular test vehicle used in the capturing of measurements for this thesis.Therefore, a suitable value which will be used in the simpli�ed model of the PRW, is derivedfrom test data. The angular wheel speed data captured from driving with one tyre de�ated atthe pressure level 2.1 bar, which represents 25% de�ation, and at 1.5 bar, approximately 50%de�ation, is run in the model. Knowing that the PRW can detect a pressure loss of about 30%on one tyre, the threshold value can be adjusted such that the outcome of the model matchesthis property of the PRW.The threshold value 0.25 will be used for all the PRW model simulations in this project.4.2 Model outputTo see that the simpli�ed PRW model model works correctly, or rather that it gives a rea-sonable output, it is run for the cases: driving normally, driving with one tyre de�ated anddriving with warp. The model output test is really to verify that the unknown thresholdvalue has been given a probable value. These results are also good for comparison with thecompensation attempt outputs. The model will output four signals, representing the warningvariables FL, FR, RL and RR (see Table 2.1). The signals will be one if a warning is triggeredand zero otherwise.4.2.1 Normal drivingDriving normally, straight ahead, should not trigger any warnings with the simpli�ed PRWmodel, irrespective of velocity. Measurement data from driving at a velocity of 80 km/h issimulated with the model, the result can be seen in Figure 4.1. The output is zero for allvariables throughout the simulation, as it should, with one exception, the variable RR goeshigh for one sample. This is however not enough to trigger a warning since the PRW algorithmbuilds its warning decision upon a time-based moving average of the latest k algorithm outputs.4.2.2 One tyre de�atedThe PRW system should warn correctly when one tyre is 30% de�ated, but could also suc-cessfully detect a slightly less de�ated tyre. In Figure 4.2, the model output from a simulationwith a measurement where one tyre, the front right, is 25% de�ated can be seen. It is notknown exactly how the averaging part of the PRW algorithm is performed, thus it is di�cultto determinate whether this output would generate a warning or not. However, it is assumedthat the output is close to what the real PRW would output, based on the knowledge that atyre that is 25% de�ated would lie on the border of being detected.A tyre that is almost 50% de�ated should, however, certainly be detected by the PRWalgorithm. The model output for a measurement where the front right tyre is almost 50%de�ated, can be seen in Figure 4.3 and it is here quite clear that this output would generatea warning. 35
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4.3 Correction in PRW algorithmThe results from the previous chapter indicate that a compensation for warp should be possibleunder the assumption that the initial tyre pressure level, the tyre dimensions and the make isknown. One method for warp compensation will be analysed in this section. The compensationstrategy is based on the test results from Section 3.2 and therefore only apply to the particulartyres and test vehicle used to derive these results. The general idea for the compensationmethod, however, should be applicable for any tyre under the assumptions mentioned above.4.3.1 Choice of compensation strategyThe PRW uses the angular wheel speeds to calculate the PRW variables diag, fr and lr whichdetermine if a tyre is de�ated through the warning strategy presented in Table 2.1. It istherefore desirable to �nd a compensation strategy which alters either the wheel speed signalsbefore being used in the PRW algorithm or the PRW variables themselves.It is known that warp changes the dynamic radius and also by how much. The alteredwheel speed due to warp for wheel i, ωi,new, can be calculated with the average velocity andthe altered dynamic radius, ri,new, as:
ωi,new =

vx

ri,newwhere
ωi,new = ωi,old + ∆ωiand
ri,new = ri,old + ∆riConsequently, the change in wheel speed can be expressed as:

∆ωi =
vx,i

ri,old + ∆ri
− ωi,oldTo calculate the change in wheel speed for each wheel the dynamic radius and the wheelspeed without warp and at the correct pressure level and velocity must be known. Thismakes compensation for warp directly on wheel speeds impractical, if not impossible. Instead,the relationship between the PRW variable diag and wheel load can be used. This has theadvantage that the compensation only has to provide one value and that this value can bederived using only the warp signal. This compensation idea will be presented in the followingsection.4.3.2 The warp compensation methodThe relationship between warp and the PRW variable diag is known from the previous chapter.There it was established that there is an approximately linear dependency between them andusing this fact makes a compensation fairly straightforward. Since the relationship is velocitydependent, a linear approximation is made for three di�erent velocities: 60 km/h, 80 km/hand 120 km/h. An example of a linear approximation of diag as a function of warp can beseen in Figure 4.8. One remark to the �gure is that o�set has not been deducted from the diagvalue before the linear approximation. When the linear approximation is to be used in the40
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Figure 4.8: diag variable as a function of warp with a polynomial �t of degree one.compensation algorithm, the y-intercept will be set to zero since, for zero warp, compensationshould also be zero. This o�set is already deducted in the original PRW algorithm. With thewheel load signals, the change in diag due to warp can be derived which then can be deductedfrom the calculated diag value, before this is used in the PRW warning decision logic.4.4 Evaluation of new algorithmThe warp compensation strategy will be evaluated by simulation with measurement data. Thealgorithm is thus run o�ine with the appropriate data captured with a vehicle on a test track.The same data, which was evaluated with the PRW model without warp compensation in theprevious section, will be used also for the corresponding cases in this section. This facilitatesthe comparison between the two models.4.4.1 Normal drivingThe warp compensation must not interfere when driving normally, without the warp applica-tion running. Looking at the relationship between diag and warp, on which the algorithm isbuilt, for zero warp the compensation should also be zero. This is veri�ed by the simulatedoutput which can be seen in Figure 4.9.4.4.2 Low pressure on one tyreThe main functionality of the PRWmay not be disturbed by the warp compensation algorithm.Thus, the detection of a low pressure on one tyre should not be a�ected by the compensation41



0 2 4 6 8 10 12 14 16 18 20
−1

0

1

F
L

0 2 4 6 8 10 12 14 16 18 20
−1

0

1

F
R

0 2 4 6 8 10 12 14 16 18 20
−1

0

1

R
L

0 2 4 6 8 10 12 14 16 18 20
−1

0

1

R
RFigure 4.9: Simulation output over time (s) for the PRW model with warp compensation,driving normally at 80 km/h.algorithm when the warp application is not active. Preferably, the outcome of the PRW modelwith compensation, for this case, should be the same as the for the PRW model withoutcompensation. This is also the case, as can be seen in Figure 4.10 for one tyre, front right,25% de�ated and in Figure 4.11 for the same tyre almost 50% de�ated.4.4.3 Driving with warpWhen driving with warp, the algorithm should ideally suppress all in�uence on the PRWwarning variables caused by warp. To test the compensation, maximum wheel load level fordriving with constant negative warp, see Figure 4.5, is investigated. The result can be seenin Figure 4.12 and shows that almost all warnings triggered by warp, as was demonstrated inthe previous section in Figure 4.4, are suppressed.4.4.4 Low pressure on one tyre and driving with warpIt should be possible for the PRW to detect a low pressure on one tyre when driving withwarp. Hence, it is necessary to make sure that the compensation does not in�uence the PRWsuch that a low pressure warning is overlooked. At the same time, it is desirable that thecompensation also corrects the problem shown in the previous section, a constant warp hidinga loss in pressure from the PRW through decreasing wheel load on that particular wheel.Figure 4.13, shows the model output from driving with warp and having a 50% pressure losson the front right tyre. Here, the de�ation warning is on for the front right tyre which indicatesthat the compensation both works with a loss in pressure on one tyre and can recompensatefor warp such that the warning no longer is hidden.42
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4.5 Compensation tolerance with di�erent types of tyresIn the previous chapter, Section 3.3, the tyre de�ection as a function of wheel load wasinvestigated for several di�erent tyres. There it was established that there could exist quite alarge di�erence between di�erent tyres, depending on tyre make, dimension and initial pressurelevels. Preferably, a warp compensation algorithm should work for all tyres such that only oneimplementation is su�cient for any possible type of tyre that the vehicle may have. Therefore,as the compensation suggested here has been derived from measurements with one speci�c setof tyres, to investigate the robustness of the algorithm it should be tried out on other tyres aswell.4.5.1 Comparison between the Conti 255/50 R19 and Michelin 245/45 R18tyreTo test the tolerance for the warp compensation algorithm presented in this report, one mea-surement with Michelin 245/45 R18 tyres will be simulated with the PRW model. Thismeasurement is captured when driving on a test track with warp at a velocity of 80 km/h.The tyre pressure was normal on all tyres. The warp signal can be seen in Figure 4.14.
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Figure 4.14: Warp force applied in the measurement for the Michelin tyre.In Section 3.3.5, this Michelin tyre and the tyre for which the warp compensation algorithmis built, are compared. For example, Figure 3.20 reveals that the di�erence in tyre de�ectionas a function of wheel load between the two tyres is quite large. Also, looking at the dynamicradius as a function of wheel load, the di�erent behaviour between the two is quite obvious.Figure 4.15 shows the dynamic radius as a function of wheel load for the Michelin tyre which45



appears fairly di�erent compared to the Conti tyre, see Section 3.2.3.
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Figure 4.15: Dynamic radius as a function of wheel load for wheel 1 (front left) for themeasurement with the Michelin tyre.The relationship between the PRW variable diag and warp, which is used in the warpcompensation algorithm, can be seen for the Michelin tyre in Figure 4.16. This seems to holda similar linear relationship as for the Conti tyre, but with a steeper gradient and a di�erento�set. In exact numbers, the linear approximation for diag as a function of warp with theMichelin tyre has a gradient of 6.575 · 10−5 which can be compared with 5.964 · 10−5 whichwas evaluated for the Conti tyre in Section 3.2.5.4.5.2 The warp compensation algorithm with the Michelin tyreThe warp compensation, i.e. the functional relationship diag over warp, may not be changedto �t the Michelin tyre. The o�set values, however, must be altered since they are not apart of the compensation algorithm and without correct o�sets the PRW model will not workproperly. The o�sets are derived by the PRW algorithm as soon as the tyres are changed andthey are thus always adjusted to the current tyre set.The measurement simulated with the PRW model without warp compensation can be seenin Figure 4.17. The warning indications are quite frequent during warp, but absent for the�rst 15 seconds which is a good sign since this means that the PRW model works correctlyalso when there is no warp. With this, it can be assumed that the o�set and threshold valuesare about right. 46
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In Figure 4.18 the measurement with Michelin tyres simulated with the PRW model withwarp compensation can be seen. The compensation seems to work surprisingly well for thesetyres, considering the di�erence of the tyre de�ection curves. The number of warning indica-tions left after the compensation are not so di�erent compared to the results with the Contityres.
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RFigure 4.18: Output from the PRW model over time (s), with warp compensation, for themeasurement with the Michelin tyre. The warp signal was sinusoid, see Figure 4.14.4.6 SummaryIn this chapter, the PRW model and the warp compensation algorithm for the PRW werepresented and evaluated with o�ine simulations. The compensation was developed to suitthe S-class with Conti 255/40 R19 tyres, which is the vehicle and tyres used for testing andmeasurement capturing throughout this thesis. Finally, the compensation was also tried for ameasurement with another set of tyres than the compensation was developed for.In general, for the Conti tyres, the warp compensation seemed to be able to suppress thein�uences from warp on the PRW functionality. Target for investigation has been a constantwarp force since this is the worst case for the PRW. The compensation also worked �ne whenusing measurements captured with the Michelin 245/45 R18 tyres, which is a promising result.Although it is certain that the results achieved in this chapter do re�ect the problemsand possible solutions concerning the PRW and warp, there are some details concerning theimplementation of the PRW model that must be taken into consideration. These are thevalues of the o�sets, the threshold and the warning decision functionality. All three are moreor less estimated and therefore it is di�cult to comment on the accuracy of the model. It isprobable that the o�set values are very important for a correct behaviour, but it is hard to48



tell whether the o�sets generated and used here are more or less accurate than they wouldbe in the real PRW. The value of the threshold is also estimated and most likely the value isset a bit too high, but it could also have been set too low. Finally, the warning strategy usedhere is a simpli�ed version of how it is implemented in the real algorithm and how much thisa�ects the result is also di�cult to say.
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Chapter 5ApplicationsIn this chapter, the PRW model and particularly the warp compensation algorithm, will beanalysed o�ine with two applications for warp. First, in Section 5.1, a description of warpand the active suspension system is made. In Section 5.2 the application topic Road bankassistance is presented and tested, followed by Lane-keeping in Section 5.3. The chapter endswith a summary in Section 5.4.5.1 Warp theory5.1.1 The ABC systemPresent in some Mercedes cars is the ABC system which is an active suspension systemwith the purpose to enhance comfort for the driver and the passengers, without worseninghandling properties. Another feature is that the system can be adapted such that di�erentdriver preferences concerning the suspension can be met. The ABC system aims to reduce thevehicle's vertical and horizontal oscillation movement of the body in order to achieve improvedride comfort. This is implemented by applying a certain amount of extra vertical force at eachwheel which is controlled by the system. The vertical forces on each wheel are produced bya high-pressure hydraulic system where oil is fed from a pump to a hydraulic cylinder. Thewheel loads can thus be changed by controlling the amount of oil from the pump to eachwheel's cylinder [5].5.1.2 WarpAs mentioned in the introduction, warp is the manipulation of a vehicle's steering propertiesachieved by controlling the vertical forces at each wheel through the ABC system. Again,total warp is the sum of the additional wheel loads:
warp = Fz,1 − Fz,2 − Fz,3 + Fz,4where Fz,i, i = 1...4 are the additional wheel loads for each wheel respectively.The sum of vertical force at all wheels is constant, which means that the maximum amountof additional wheel load at one wheel is restricted to how much that can be deducted at anotherwheel. Also, the manoeuvre must not introduce a rotating force in latitudinal or longitudinaldirection, i.e. pitch or roll movement. Consequently, the amount of wheel load added or50



deducted at each wheel must be the same for all four wheels, that is, if Fz,i is the added ordeducted wheel load on wheel i then
|Fz,i| =

warp

4Further, positive wheel load on wheel 1 (front left) can only be combined with positive wheelload on wheel 4 (rear right) and negative wheel load on wheel 2 and 3 (front right and rear leftrespectively). This is referred to as a positive warp. A negative warp is accordingly negativewheel load on wheel 1 and 4, positive wheel load on wheel 2 and 3.The amount of warp that can be applied can also be restricted by the suspension system.In this project, maximum warp force is restricted to 12 kN, hence, maximum additional wheelload on one wheel is at most 3000 N.5.2 Road bank assistanceOne of the possible applications for warp is to assist the driver in the presence of road bank.This is a slight slant of the road which, without steering correction, will make the vehicle drifttowards the base of the slant. Warp can be used to compensate for the road bank withouthaving to interfere with the steering wheel angle.5.2.1 General functionalityThe main idea for road bank assistance is to detect road bank and apply a certain warp tocompensate. Sensor signals from the ESP system are compared with a model output and thedi�erence between them is recognized as a disturbance due to road bank. The amount of roadbank, expressed in degrees, is then used together with the current velocity in another modelto calculate the warp needed to correct for the road bank disturbance.5.2.2 In�uence on the PRW by road bank assistanceOne important conclusion in Chapter 3 was that the PRW functionality is most a�ected byconstant warp under a longer period of time. This is most relevant in the case of road bankassistance since a slight road bank could very well occur for a signi�cant stretch which wouldmean that a constant warp must be applied for this time.To examine the e�ect on the PRW from road bank assistance, measurements from a testdrive where road bank is present have been run through the simpli�ed PRW model with thewarp compensation which was presented in Chapter 4. The estimated and measured roadbank can be seen in Figure 5.3 and calculated warp that was needed to correct for this roadbank can be seen in Figure 5.1. As was mentioned earlier, the limit for when the PRW willincorrectly warn for low pressure is between 750 and 1000 N on each wheel, that is, a totalwarp force of 3000�4000 N. Here, the maximum warp level is at slightly over 3000 N whichthen should be on the border of causing a false warning. This is re�ected in PRW modeloutput, which can be seen in Figure 5.2. It is also worth noticing how the PRW model doesnot react to the �rst half of the measurement, where there is a warp level of around 2000 N,however, when in the second half warp increases to over 3000 N the false warnings appear.51
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Figure 5.1: Applied warp needed to compensate for road bank.
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5.3.2 In�uence on the PRW by lane-keeping assistanceAs with the road bank application, a constant warp during a longer period of time can benecessary also for this application. Consider, for example, a part of a road with a long curve.To follow such a road pattern a constant warp must be applied. It is thus likely that the falsewarnings from PRW could occur for this application as well.
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Figure 5.6: Warp force needed for lane-keeping, measurement 1.Two di�erent measurements have been analysed for the lane-keeping application. In the�rst measurement, the lane to follow is fairly straight and the applied warp force is therefore,for most parts, at a rather low level of around 2000 N with the odd peaks reaching maximumwarp level, see Figure 5.6. This is also re�ected in the PRW model warning signals, see Fig-ure 5.7 where quite few warnings have been triggered. In the second measurement however,the road is more curved and a high constant warp is then applied for nearly the whole mea-surement, see Figure 5.8. Consequently, in the PRW model output for this measurement awarning is triggered more often than for the �rst one. The PRW model warning signals forthe second measurement can be seen in Figure 5.9.5.3.3 Lane-keeping with warp compensationThe PRW model output with warp compensation for the �rst measurement can be seen inFigure 5.10. There was not a great deal for the warp compensation algorithm to correct,however still important, most of the warning indicators from the corresponding model simula-tion without compensation have been removed. More challenging is the second measurement,where constant warp was applied for a longer time and with more force. The PRW modeloutput with compensation can be seen in Figure 5.11. The compensation algorithm seems to55
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RFigure 5.9: PRW model output, without warp compensation, for measurement 2 with lane-keeping application active.handle also this situation fairly well. Although the occasional high one is still present this isprobably not enough to generate a real warning.5.4 SummaryTwo applications for warp, road bank assistance and lane-keeping, have been analysed in thischapter in terms of how they a�ect the functionality of the PRW. These applications arepossible candidates for triggering false PRW warnings since a constant warp level is likely tobe used in both of them. For the analysis, measurements have been run o�ine in the simplePRW model introduced in Chapter 4 together with the warp compensation algorithm whichgave satisfactory results. For most parts, the compensation was able to suppress the falsewarnings which were caused by warp.
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Chapter 6Observation of eigenfrequency of theunsprung mass6.1 The resonance frequency methodA di�erent approach to indirect tyre pressure monitoring, than the method used in the PRWalgorithm, involves observation of changes in the dominant eigenfrequencies of the vehicle.The main idea is to transform the appropriate sensor signals into the frequency domain andthen to analyse the result in a power spectral density plot.In order to describe the vertical dynamics of the vehicle, the chassis, the tyres and thesuspension system are modelled as a combination of spring-damper systems. When driving,these parts will experience excitation, due to road surface irregularities, which cause vibrationsand these vibrations are then present in various sensor signals describing the state of thevehicle. As a result, the di�erent eigenfrequencies belonging to the sprung mass, the suspensionand the tyres can be found as some of the dominating frequencies in these signals.When a tyre is de�ated, some of the vehicle's eigenfrequencies are expected to change.This is because the tyre's vertical sti�ness (tyre de�ection as a function of vertical load) willchange with pressure and in turn a�ect the oscillation of the suspension and everything carriedby it. As a result, a possible method for de�ation detection is to observe resonance peaks ofsensor signals describing the vehicle's current state.6.1.1 Choice of eigenfrequencyAs mentioned earlier, there are several di�erent eigenfrequencies which will be a�ected by achange in tyre pressure and these are therefore possible candidates to use for tyre pressuremonitoring purposes. However, all alternatives may not be suitable or even possible to observe,due to �lters and sampling frequency.For this part of the project, measured signals are taken from the ABC system with asampling frequency of 200 Hz. This restricts the choice of eigenfrequency to observe due tothe Nyquist frequency:
ωN =

ωs

2
(6.1)where ωN is the Nyquist frequency, i.e. the highest frequency that can be represented by thesampled data and ωs is the sampling frequency.59



There is also a hardware lowpass �lter present in the system, with a cut-o� frequency evenlower than 100 Hz, which further limits the choice.The resonance peak chosen for observation is the one of the suspension/unsprung mass,called the wheel-hop or tyre-hop frequency. This eigenfrequency is located at an adequatefrequency, normally at 10-15 Hz, and will be in�uenced by tyre pressure.6.1.2 The quarter-car modelThe quarter-car model is a description of the vehicle's vertical dynamics, see Figure 6.1.
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msz̈s + ds(żs − żu) + cs(zs − zu) = 0 (6.2)
muz̈u + ds(żu − żs) + du(żu − ṙ) + cs(zu − zs) + cu(zu − r) = 0 (6.3)The reference points for the displacements are assumed to be points of static equilibrium forboth equations. 60



State equations and system matrixFrom now on, the damping constant of the tyre will be set to zero, that is: du = 0. Thissimpli�cation is often made and it will not impose any signi�cant restrictions as this constantis fairly small compared to the other constants in the model. In order to derive the systemmatrix of the model the following state variables are introduced:
x1 = zs

x2 = żs

x3 = zu

x4 = żu

u = rThe �rst derivative of these state variables are then:
ẋ1 = x2

ẋ2 = −
ds

ms
x2 −

cs

ms
x1 +

ds

ms
x4 +

cs

ms
x3

ẋ3 = x4

ẋ4 = −
ds

mu
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x3 +
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uThis gives the system matrix:
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Eigenvalues of the system matrixIf the system matrix is A the eigenvalues λi, i = 1...n for an n × n matrix, are the solutionsto the characteristic equation:
det(λI − A) = 0 (6.4)The eigenvalue of a system matrix gives rise to an oscillation which can be written as [8]:

λ = σ + iωwhere −σ is the damping of the oscillation and |ω| the angular frequency or the eigenfrequencyas ω
2π . 61



6.1.3 In�uence of tyre pressure on the wheel-hop frequencyThe eigenfrequencies of the quarter-car model are the resonance frequencies of the sprung andunsprung mass. The system matrix derived in Section 6.1.2 can thus be used to estimate thewheel-hop frequency and, more important, how much this eigenfrequency will change withtyre pressure. A variable in the system matrix is the vertical sti�ness constant of the tyre,
cu. This value is derived from the relationship between tyre de�ection and vertical force. Asdiscussed in Section 3.3, the tyre vertical sti�ness changes with tyre pressure as well as tyremake and dimension. Consequently, it is possible to see the in�uence on the eigenfrequenciesof the sprung and unsprung mass due to tyre pressure loss by altering the value of the verticalsti�ness constant for the tyre.The following initial settings for the variables of the quarter-car system matrix will beused when calculating the eigenfrequencies:- ms = 485 kg- mu = 54 kg- ds = 2600 Ns/m- cs = 18000 N/m- cu = 300000 N/mThese values are suitable for the Conti 255/40 R19 tyres, which are the front tyres used for thecapturing of measurements throughout this project. Thereby, the simulation results obtainedhere can be used for comparison with the test results which will be presented later in thischapter. The vertical sti�ness constant, cu, is estimated from the load-de�ection curves inSection 3.3. This value is probably a bit high but it will still provide a good indication for thewheel-hop frequency and how much it will change with tyre pressure.The wheel-hop frequency is calculated and plotted for a 0-50% change in tyre verticalsti�ness and can be seen in Figure 6.2. The initial value is 300 kN/m, for which the wheel-hopfrequency has a value of about 11.3 Hz, and then the vertical sti�ness constant is graduallydecreased, ending at 150 kN/m, 50% of the initial value. Clear from the �gure, is that thewheel-hop frequency can be expected to decrease with a decrease in tyre pressure. For a20% decrease in vertical sti�ness, the wheel-hop frequency has reduced about 1.3 Hz, for a30% decrease the frequency has dropped about 2 Hz and for a 40% decrease the wheel-hopfrequency is down at 8.5 Hz, which is a total reduction of 2.8 Hz.Worth commenting is that a 50% decrease in tyre vertical sti�ness is unlikely to be causedby a tyre pressure loss. The results from Section 3.3.2 indicate that the vertical sti�ness con-stant changes around 15-20% for a tyre pressure change of about 25%. But, this relationshipis probably not linear meaning that a 50% tyre pressure loss will not result in as much as40% change in vertical sti�ness constant. Thus, a change in wheel-hop frequency due to tyrepressure loss can not be expected to ever be as great as 3.7 Hz which is achieved here for a50% decrease in tyre vertical sti�ness.
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X(f) =

∫ ∞

−∞

ei2πftx(t)dt (6.5)The result is an in�nite number of frequency components, X(f).
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For a �nite sequence of length N of a sampled signal, x(n), the Discrete Fourier Transform(DTF) must be used. This produces a �nite number of frequency samples, X(k) as [9]:
X(k) =

N−1
∑

n=0

e
−i2π

N
knx(n) (6.6)Computation of the Discrete Fourier Transform is very demanding and for this reasonthe Fast Fourier Transform (FFT) is used for implementation purposes which reduces thecomputational time from 2N2 to 2Nlog2N .6.2.2 The periodogramThe periodogram is a non-parametric method which is used to estimate the spectral density ofa signal. It is calculated by taking the squared magnitude of the Discrete Fourier Transformof each signal sample. For a limited sequence of data points, xN (n), the N-point periodogram,

RN (k), is de�ned as [10]:
RN (k) =

1

N
|XN (k)|2 (6.7)

=
1

N
|
N−1
∑

n=0

e
−i2π

N
knx(n)|2VarianceThe periodogram is asymptotically unbiased. If an in�nite number of data points N areused the estimate approaches the true value. However, it is not consistent, meaning thatthe variance does not decrease with N . Therefore, averaging must be introduced to reducevariance. The data is split into k segments, for each segment the periodogram is calculatedand �nally an average of the k periodograms is taken. The variance decreases linearly with kbut introduces a bias due to worsened resolution. For a too high k the frequency peaks willbe unclear and thus there is a trade-o� between reducing variance and introducing bias.Spectral leakageFor the computation of the periodogram, an in�nite signal is sampled and N points chosen,resulting in the N-point periodogram. Selecting the N points is the same as multiplying thein�nite sequence of samples, x(n) with a rectangular function:

xN (n) = x(n)wR(n)Transforming from time domain to frequency domain results in the convolution:
xN (k) =

∫ fs/2

−fs/2
x(ρ)wR(f − ρ)dρAgain, the N-point periodogram PSD estimate is:

RN (k) =
|xN (k)|2
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and will thus be a�ected by the introduction of the window function due to the limitation ofhaving to use �nite data sequences.To reduce the e�ect of spectral leakage, the data sequence can be multiplied with a windowfunction which has better properties than the rectangular window. There are many di�erentwindow functions available, the desirable properties are well suppressed side lobes to preventleakage and a narrow main lobe for good resolution.Modi�ed periodogramThe modi�ed periodogram divides the data sequence into several segments and a windowfunction is applied to each one. The Fourier transform is then applied to each segment andan average is computed.6.3 Validation of methodIn this section, the possibilities of the eigenfrequency method as a tyre de�ation monitoringsystem will be investigated. It is necessary to see how well low tyre pressure can be detected,before trying to use the method when driving with warp. Therefore, �rst of all, measurementsfrom driving straight ahead on a test track with normal pressure on all tyres will be comparedwith driving on the same track with one tyre de�ated.6.3.1 Choice of signals for observationTo be able to use observation of the wheel-hop frequency for tyre pressure monitoring purposes,it is desirable to �nd the signals where this frequency is dominant and therefore visible in apower spectral density plot. The sensor signals that are presumed to ful�ll this condition andthat will be investigated are:
• Acceleration of the sprung mass, ẍs.
• Di�erence in vertical distance travelled by the sprung and unsprung mass, xs − xu.
• Wheel load, vertical force at the wheel, Fzu.
• Pressure in cylinder belonging to the active suspension system, one for each wheel.
• Angular wheel speed, ωi, i = 1, 2, 3, 4.6.3.2 Road surfaceThe road irregularities, the input signal to the quarter-car model, have a great impact on theperformance of this method. The road surface needs to have the right amount of roughnesssuch that the vertical movement of the vehicle will be exited enough for the wheel-hop fre-quency to show well but still not too bumpy since then the spectrum plot will be unclear.With the purpose to �nd the ideal road conditions, spectrum analyses with measurementsfrom three di�erent types of track surface have been made: normal road (asphalt), rough road(uneven asphalt with some gravel) and track with evenly spaced road bumps.The most useful track, out of these three, turned out to be the normal asphalt road. Theother two types of road surface seemed to induce too strong oscillations of the vehicle body65



and suspension, resulting in most of the spectrum plots for measurements from these surfacesnot showing a clear peak at the wheel-hop frequency, which is a prerequisite for using theeigenfrequency method at all. One example of a spectrum plot for the vertical accelerationfrom the track with road bumps can be seen in Figure 6.3. The problem with this type ofresult is that it is very hard to determine which peak belongs to the wheel-hop frequencywhich makes it very di�cult to use for tyre pressure monitoring purposes.
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6.4 SummaryIn this section, observation of the eigenfrequency of the unsprung mass was presented as amethod for tyre de�ation warning. The quarter-car system matrix, together with the resultspresented earlier about change in vertical sti�ness due to tyre pressure, indicated that thewheel-hop frequency changes with tyre pressure and should therefore be possible to monitor.Unfortunately no change in the eigenfrequency could be found in any of the measurementscaptured for this project. The reason for this problem is uncertain but could have somethingto do with the sensors that provide the signals that were analysed or the spectral analysismethod. Due to the poor results, the eigenfrequency method was not further investigated toanalyse the possibilities as a monitoring system when driving with warp.
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Chapter 7Conclusions and future work7.1 ConclusionsThe goal for this thesis was to analyse the in�uence by warp on the tyre pressure monitoringsystem, the PRW, present in some of the Mercedes cars. The PRW issues false warnings whendriving with, especially, constant warp and it is desirable that this should be prevented.Chapter 2 presented the PRW algorithm in detail. There it was established that the PRWwarning system is based on the values of three variables: diag, fr and lr which are composedof the angular wheel speeds of the vehicle. If a tyre is de�ated, the variables will change suchthat a warning condition is ful�lled. The diag variable is actually the tyre de�ation indicator,but the other two variables are needed to prevent false warnings.Warp alters the wheel loads of the vehicle which will a�ect the dynamic radius of all tyresand therefore also the wheel speeds. Consequently, the PRW variables, especially diag, willchange due to warp and, as was concluded in Chapter 3, this will cause false warnings. Howthe dynamic radius changes with wheel load depends on the tyre vertical sti�ness and, as wasalso established in Chapter 3, the vertical sti�ness is dependent on several factors includingtyre make and dimension. Therefore, a compensation method which will suit all tyres availablecan be di�cult to design.In Chapter 4, a compensation algorithm for warp was presented and tried o�ine with �eldmeasurements. The algorithm is based on the relationship between the PRW variable diagand warp. Although it seemed to be able to suppress the in�uence by warp, the question isstill if it would work for other tyres than it was developed for. In one small experiment, thecompensation algorithm was run using one measurement captured with di�erent set of tyresthan used in all other tests. This experiment gave promising results but can not be viewed as aguarantee that the algorithm works for all tyres without adapting the settings. The algorithmhowever seems to have potential, which was showed in Chapter 5. There it was analysed,again o�ine, with some measurements captured during two applications for warp: road bankassistance and lane-keeping. The compensation algorithm was able to suppress the in�uenceof the PRW variable diag by warp.An alternative tyre pressure monitoring system which is based on observing sensor signalsin the frequency domain was investigated in Chapter 6. There, an attempt to monitor theeigenfrequency of the unsprung mass, the wheel-hop frequency, was made. The results werenot successful in the sense that the presumed change in the wheel-hop frequency could not beseen in any of the signals in the measurements which were captured for this part of the project.71



7.2 Future workThe warp compensation algorithm presented in Chapter 4 and further tried in Chapter 5has only been analysed with measurements o�ine. To get a more assuring indication if thealgorithm would work properly, it is necessary to run it online in the vehicle. Also, thealgorithm was run together with a simpli�ed model of the PRW and has only been exposedto gentle driving in the sense that no acceleration, braking or cornering were present in themeasurements. All in all, the warp compensation needs to be further analysed online in morerealistic driving situations before it is possible to establish if it is a working algorithm.Also, the robustness of the algorithm with respect to other tyres than the ones used fordevelopment of this algorithm must be investigated. The compensation must be compatiblewith all types of tyres, that is, all possible values of tyre vertical sti�ness. One solution to thisproblem does not actually have to involve changing the compensation algorithm. Estimatingthe lateral sti�ness, which is correlated to the vertical sti�ness, can be used to decide whichtyre has been �tted and thus decide the settings that correspond to the particular tyreswhich can then be used in the compensation algorithm. Using this type of tyre estimationin combination with the warp compensation algorithm is a possible solution to the issue ofdi�erent vertical sti�ness which would be worth investigating.
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