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To Anna and Oscar





AbstractA vehicular driveline is the system used to transfer engine torque to the wheels.Resonances in the elastic parts of the driveline are important to handle when controlof the engine and the transmission is optimized.Gear shifting by engine control is a new approach for automatic gear shiftingwith disengaging the clutch replaced by engine control. Resonances are excitedin an uncontrolled driveline if the time for shifting to neutral gear is decreased.This leads to problems with disengaging the old gear and synchronizing speeds forengaging the new gear. Internal driveline torque control is a novel idea for handlingresonances and increasing shift quality. By estimating the transmitted torque andcontrolling it to zero by engine control, the gear can systematically be disengagedwith minimized driver disturbances and faster speed synchronization. Field trialsshow fast shifts to neutral gear, despite disturbances and driveline oscillationsat the start of the gear shift. The control scheme is simple and robust againstvariations among di�erent gears. Furthermore, damping of driveline resonancescan be obtained with an observer in combination with a PID feedback structure,despite the higher order driveline system.Traditional diesel engine speed control maintains a well damped engine speedset by the driver. However, the resonance modes of the driveline are easily excitedby accelerator-position changes or by road disturbances. A speed-control strat-egy is proposed that includes the behavior of the driveline, and reduces drivelineresonances and vehicle shu�e by engine control. Implementation shows signi�cantreduction, also when facing nonlinear torque limitations from maximum torque anddiesel smoke delimiters.A basis for both applications is a driveline model with a drive-shaft exibility,and an analysis of the control problem. The model captures the �rst main resonancemode of the driveline and is su�ciently detailed for control design. Furthermore,the response time of the diesel engine is shown to be su�cient for reducing the �rstresonance mode.
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1Introduction
The main parts of a vehicular driveline are engine, clutch, transmission, shafts,and wheels. Since these parts are elastic, mechanical resonances may occur. Thehandling of such resonances is basic for functionality and driveability, but is alsoimportant for reducing mechanical stress and noise. New driveline-managementapplications and high-powered engines increase the need for strategies for how toapply engine torque in an optimal way. Two systems where driveline oscillationslimit performance are fuel injection for speed control and automatic gear shiftingby engine control.Low-frequent driveline resonances can be damped by having a strategy thatapplies engine torque so that the engine inertia is forced to work in the oppositedirection of the oscillations. This is referred to as active damping or engine con-trolled damping of driveline resonances. In order to derive these strategies, modelsof the driveline are developed. The aim of the modeling and experiments is to �ndthe most important physical e�ects that contribute to driveline oscillations. Thefrequency range of interest includes the �rst main resonance modes of the drive-line. Experiments are performed with a heavy truck with di�erent gears and roadslopes in order to excite driveline resonances for modeling. Some open questionsare discussed, regarding inuence of sensor dynamics and nonlinear e�ects.The �rst problem treated is wheel-speed oscillations following from a change inaccelerator pedal position or from impulses from towed trailers and road roughness,known as vehicle shu�e [16, 21].Traditional fuel-injection strategies are of torque control type or speed con-trol type. Control performance is limited by driveline resonances for both controlschemes. For diesel engines, speed control is often referred to as RQV control [2].1



2 Chapter 1 IntroductionWith RQV control there is no active damping of driveline resonances, and for lowgears this leads to wheel-speed oscillations and vehicle shu�e. A desired propertywith RQV control is a load dependent velocity lag resulting from downhill anduphill driving. Model based control is used to extend the RQV control conceptwith engine controlled damping of wheel-speed oscillations, while maintaining thedesired velocity lag characteristic for RQV control.In todays tra�c it is desired to have an automatic gear shifting system onheavy trucks. One approach at the leading edge of technology is gear shiftingby engine control [19]. With this approach, disengaging the clutch is replaced bycontrolling the engine to a state where the transmission transfers zero torque, andby that realizing a virtual clutch. After neutral gear is engaged, the engine speedis controlled to a speed such that the new gear can be engaged. The gear shiftingsystem uses a manual transmission with automated gear lever, and a normal frictionclutch that is engaged only at start and stop.The total time needed for a gear shift is an important quality measure. Onereason for this is that the vehicle is free-rolling, since there is no driving torque,which may be serious with heavy loads and large road slopes. The di�erence inengine torque before a gear shift and at the state where the transmission transferszero torque is often large. Normally, this torque di�erence is driven to zero bysliding the clutch. With gear shifting by engine control, the aim is to decreasethe time needed for this phase by using engine control. However, a fast step inengine torque may lead to excited driveline resonances. If these resonances arenot damped, the time to engage neutral gear increases, since one has to wait forsatisfactory gear-shift conditions. Furthermore, engaging neutral gear at a non-zero transmission torque results in oscillations in the transmission speed, which isdisturbing for the driver, and increases the time needed to engage the new gear.These problems motivate the need for using feedback control in order to reach zerotransmission torque. Two major problems must be addressed to obtain this. First,the transmission torque must be estimated and validated. Then a strategy mustbe derived that drives this torque to zero with damped driveline resonances.A common architectural issue in driveline control is the choice of sensor location.Di�erent sensor locations result in di�erent control problems, and the inuencein control design is investigated. A comparison is made between using feedbackfrom the engine-speed sensor or the wheel-speed sensor. The investigation aims atunderstanding where to invest in increased sensor performance in future drivelinemanagement systems.1.1 Outline and ContributionsChapter 2 gives more background to the applications described above, and anoutline of the goals for later derivation of various control strategies. Experimentsfor modeling and testing the derived strategies are performed with two heavy truckswith di�erent engine types. One has an 8 cylinder in-line fuel-injection engine, andthe other has a 6 cylinder unit pump fuel-injection engine. The experimental



1.1 Outline and Contributions 3platform is further described in Chapter 3.Chapter 4 covers the derivation of three driveline models of di�erent complexity,that can explain driveline oscillations. Experiments with the heavy trucks aredescribed together with the modeling conclusions. The contribution of the chapteris that a linear model with one torsional exibility and two inertias is able tocapture the �rst main resonance of the driveline for both in-line and unit pumpfuel-injection systems. Parameter estimation of a model with a nonlinear clutchand sensor dynamics explains the measured transmission speed. The di�erencebetween experiments and model is explained to occur when the clutch transferszero torque.Control of resonant systems with simple controllers is, from other technical�elds, known to have di�erent properties with respect to sensor location. Theseresults are reviewed in Chapter 5. The extension to more advanced control designmethods is a little studied topic. The contribution of the chapter is a demonstra-tion of the inuence of sensor location in driveline control when using LQG/LTRcontrol [21].Chapter 6 treats the design and simulation of the speed-controller concept. Akey contribution in this chapter is the formulation of a criterion for speed controlwith engine controlled damping of wheel-speed oscillations, and with a retainedvelocity lag characteristic for RQV control [20, 22].The implementation of the speed-control concept in a heavy truck is coveredin Chapter 7. The main contribution is a demonstration of signi�cantly reduceddriveline resonances in �eld trials. Hence, the response time of the diesel engineis su�cient to reduce low-frequent driveline resonances and thus reducing vehicleshu�e (which is valid for both engine types). Furthermore, it is veri�ed that thereduced linear driveline model with a drive-shaft exibility is su�ciently detailedfor control design.Chapters 8 to 10 deal with gear-shift control by using internal driveline torquecontrol. Two similar principles of internal torque control are covered. The �rst isderived in Chapter 8, where a detailed analysis of the transmitted torque in thetransmission is performed. A key contribution is the derivation of a transmission-torque control strategy, based on a model describing the transmission torque, and acriterion for a controller that drives this torque to zero [20, 23]. With this approachthe speci�c transmission-torque behavior for each gear is described and compen-sated for. This investigation is important as a principle study in order to under-stand the dynamic behavior of the transmission torque and for verifying simulationstudies.However, in order to implement gear-shift control it is of great importance tohave a robust and simple control strategy with simple tuning rules for optimizingshift quality. Chapter 10 considers this and describes a second variant of internaltorque control, where gear-shift control is obtained by controlling the drive-shafttorsion to zero. A key contribution is the �eld-trial demonstration of gear shiftsby using the drive-shaft torsion controller with a short time for the torque controlphase, without leading to oscillations in the driveline speeds after engaged neutralgear. Furthermore, engine controlled damping can be obtained by using an observer



4 Chapter 1 Introductiontogether with a PID feedback structure. Chapter 9 discusses additional modelingof the driveline when separated in two parts due to engaged neutral gear. This isused for validation purposes in Chapter 10. The derivation of the gear-shift controlstrategies and their demonstration in �eld trials form the main contribution of thethesis.



2Problems with Driveline Handling
As a background, the �rst section gives the traditionally used techniques for speedcontrol and automatic gear shifting, which are the two vehicular applications con-sidered. Field trials with the two applications are then shown to demonstrate thelimitations in performance imposed by driveline resonances. The goals of the con-trol strategies for performance improvement are then outlined, being the basis forlater design and implementation work.The control scheme of the traditional fuel-injection strategy is covered togetherwith measurements of how driveline resonances give wheel-speed oscillations, re-sulting in vehicle shu�e. The second application is gear shifting by engine con-trol, which utilizes engine control to engage neutral gear fast without sliding theclutch. When minimizing the time needed, the excited driveline resonances mustbe handled. The problem is demonstrated in �eld trials together with the resultingincrease in shift time if neutral gear is engaged at a torque level di�erent from zero.2.1 BackgroundFuel-Injection Strategy for Speed ControlAs described in the previous chapter, fuel-injection strategy can be of torque controltype or speed control type. For diesel engines, speed control is often referred to asRQV control, and torque control referred to as RQ control [2]. With RQ control,the driver's accelerator pedal position is interpreted as a desired engine torque,and with RQV control the accelerator position is interpreted as a desired enginespeed. RQV control is essentially a proportional controller calculating the fuel5



6 Chapter 2 Problems with Driveline Handlingamount as function of the di�erence between the desired speed set by the driverand the actual measured engine speed. The reason for this controller structure isthe traditionally used mechanical centrifugal governor for diesel pump control [2].This means that the controller will maintain the speed demanded by the driver,but with a stationary error (velocity lag), which is a function of the controller gainand the load (rolling resistance, air drag, and road inclination). With a cruisecontroller, the stationary error is compensated for, which means that the vehiclewill maintain the same speed independent of load changes. This requires an integralpart of the controller which is not used in the RQV control concept.Automatic Gear Shifting in Heavy TrucksTraditionally a gear shift is performed by disengaging the clutch, engaging neutralgear, shifting to a new gear, and engaging the clutch again. In todays tra�c it isdesired to have an automatic gear shifting system on heavy trucks. The followingthree approaches are normally used:Automatic transmission This approach is seldom used for the heaviest trucks,due to expensive transmissions and problems with short life time. Anotherdrawback is the e�ciency loss compared to manual transmissions.Manual transmission and automatic clutch A quite common approach, whichneeds an automatic clutch system [17]. This system has to be made robustagainst clutch wear.Manual transmission with gear shifting by engine control With this app-roach the automatic clutch is replaced by engine control, realizing a virtualclutch. The only addition needed to a standard manual transmission is anactuator to move the gear lever. Lower cost and higher e�ciency characterizethis solution.With this last approach a gear shift includes the phases described in Figure 2.1,where the engine torque during the shift event is shown.2.2 Field Trials for Problem DemonstrationA number of �eld trials are performed in order to describe how driveline resonancesinuence driveline management.Driveline speed controlA speci�c example of how the RQV speed controller performs is seen in Figure 2.2.The �gure shows how the measured engine speed and wheel speed respond to a stepinput in accelerator position. It is seen how the engine speed is well behaved withno oscillations. With a sti� driveline this would be equivalent with also havingwell damped wheel speed. The more exible the driveline is, the less su�cient



2.2 Field Trials for Problem Demonstration 7

Torque controlphase Speed synchronizationphase
Engine torque Control passedto the driver
zero trans-mission torque

New gearengagedNeutral gearengagedStart ofgear shift

Figure 2.1 Engine torque during the di�erent phases in automatic gear shiftingby engine control. The engine torque is controlled to a state where the transmissiontransfers zero torque, whereafter neutral gear is engaged without using the clutch.After the speed synchronization phase, the new gear is engaged, and control istransferred back to the driver.
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8 Chapter 2 Problems with Driveline Handling
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2.3 Goals 9there is a driving torque transferred in the transmission, which clearly causes thetransmission speed to oscillate. The amplitude of the oscillations is increasingthe higher the stationary speed is. This indicates that there must be an enginetorque step in order to reach zero transmission torque and no oscillations in thetransmission speed.Figure 2.4 shows the transmission speed when the engine torque is decreased to46 Nm at 12.0 s. Prior to that, the stationary speed 2200 RPM was maintained,which requested an engine torque of about 225 Nm. Four trials are performedwith this torque pro�le with engaged neutral gear at di�erent time delays after thetorque step. After 12.4 s there is a small oscillation in the transmission speed, after13.3 s and 14.8 s there are oscillations with high amplitude, and at 13.8 s there areno oscillations in the transmissions speed. This indicates how driveline resonancesinuence the transmission torque, which is clearly close to zero for the gear shift at12.4 s and 13.8 s, but di�erent from zero at 13.3 s and 14.8 s. The amplitude of theoscillating transmission torque will be higher if the stationary speed is increased orif the vehicle is accelerating.One way this can be handled is to use a ramp in engine torque according to thescheme in Figure 2.1. However, this approach is no good for optimizing shift time,since the ramp must be conservative in order to wait until the transmission torqueuctuations are damped out.The gear shift at 13.3 s in Figure 2.4 shows the e�ect of a gear shift at atransmission torque di�erent from zero. This leads to the following problems:� Disturbing to the driver, both in terms of noise and speed impulse.� Increased wear on transmission.� Increased time for the speed synchronization phase, since the transmissionspeed, which is the control goal, is oscillating. The oscillations are di�cult totrack for the engine and therefore one has to wait until they are su�cientlydamped.2.3 GoalsBased on the �eld-trial demonstration of problems with driveline handling, thegoals for reducing the inuence from oscillations in performance and driveability areoutlined. These will be the basis when deriving strategies for driveline management,to be used in �eld-trial experiments in later chapters.Speed control is the extension of the traditionally used RQV speed control con-cept with engine controlled damping of driveline resonances. The control strategyshould maintain a desired speed with the same velocity lag from uphill and down-hill driving, as in the case with traditional control. All avaliable engine torqueshould be applied in a way that driveline oscillations are damped out. The re-sponse time of the controller should be made as fast as possible without excitinghigher resonance modes of the driveline.



10 Chapter 2 Problems with Driveline Handling

12 13 14
12

12.2

12.4

12.6

12.8

13

13.2

13.4

13.6

[r
ad

/s
]

Time, [s]
12 13 14

9

9.5

10

10.5

11

11.5

12

12.5

13

13.5

14

Time, [s]
12 13 14

10

10.5

11

11.5

12

12.5

13

13.5

Time, [s]
12 14 16

8

9

10

11

12

13

Time, [s]

Shift at 12.4 s Shift at 13.3 s Shift at 13.8 s Shift at 14.8 s

Figure 2.4 Gear shifts with the engine at the stationary speed 2200 RPM withgear 1. At 12.0 s there is a decrease in engine torque to 46 Nm in order to reachzero transmission torque. The transmission speed is plotted when neutral gear isengaged at 12.4 s, 13.3 s, 13.8 s, and 14.8 s (with the same torque pro�le). Thedi�erent amplitudes in the oscillations show how the torque transmitted in thetransmission is oscillating after the torque step. Note that the range of the verticalaxes di�er between the plots.Gear-shift control is a controller that controls the internal driveline torque toa level where neutral gear can be engaged without using the clutch. During thetorque control phase, the excited driveline resonances should be damped in orderto minimize the time needed to complete the phase. The engagement should berealized at a torque level that gives no oscillations in the driveline speeds. Hereby,the disturbances to the driver and the time spent in the speed synchronization phasecan be minimized. The inuence on shift quality from initial driveline resonancesand torque impulses from trailer and road roughness should be minimized.



2.3 Goals 11The control problems should be formulated so that it is possible to use es-tablished techniques to obtain solutions. The designs should be robust againstlimitations in the diesel engine as actuator. These limitations are:� The engine torque is not smooth, since the explosions in the cylinder resultin a pulsating engine torque.� The output torque of the engine is not exactly known. The only measure ofit is a static torque map from dynamometer tests.� The dynamical behavior of the engine is also characterized by the enginefriction, which must be estimated. Many variables inuence engine frictionand it is necessary to �nd a simple yet su�ciently detailed model of thefriction.� The engine output torque is limited in di�erent modes of operation. Themaximum engine torque is restricted as a function of the engine speed, andthe torque level is also restricted at low turbo pressures.The resulting strategies should be possible to implement on both in-line pump andunit pump injection engines, with standard automotive driveline sensors.
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3Experimental Platform
Experiments are performed with two Scania heavy trucks. These have di�erentnumber of cylinders and di�erent fuel-injection systems. The truck used for ex-periments with automatic gear shifting is equipped with an actuator for movingthe gear lever. Field trials are performed by controlling the driveline from a PCin the cab of the truck. Control strategies are implemented in a real-time system,controlling engine torque and gear shifts. Engine torque and temperature are mea-sured, together with the speed of the engine, the speed of the output shaft of thetransmission, and the wheel speed.The con�guration of the two trucks is described in Section 3.1. Measurementand control of driveline variables via the CAN-bus of the truck is described inSection 3.2. Finally, a few �eld trials with the aim of exciting driveline resonancesare shown in Section 3.3.3.1 TrucksTwo Scania heavy trucks with di�erent con�gurations are used for experiments.The Scania 124L 6x2 (6 wheels, 2 driven) truck shown in Figure 3.1 has the followingcon�guration.� 12 liter, 6 cylinder turbo-charged DSC12 diesel engine (Figure 3.2) with max-imum power of 420 Hp and maximum torque of 1930 Nm. The fuel meteringis governed by unit-pump injectors [5].� The engine is connected to a manual range-splitter transmission GRS900R(Figure 3.3) via a clutch. The transmission has 14 gears and a hydraulic13
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Figure 3.1 Scania 124L truck.retarder, but no automatic gear shifting system.� The weight of the truck is m = 24 000 kg.Figure 3.4 shows a Scania 144L 6x2 truck that has the con�guration as follows.� 14 liter V8 turbo-charged diesel engine with maximum power of 530 Hp andmaximum torque of 2300 Nm. The fuel metering is governed by an in-lineinjection pump system [5].� The engine is connected to a manual range-splitter transmission GRS900R(Figure 3.3) via a clutch. The transmission has 14 gears and a hydraulicretarder. It is also equipped with the automatic gear shifting system Opti-Cruise [19].� The weight of the truck is m = 24 000 kg.The main di�erences between the two trucks are the engines and the trans-missions. The transmission control unit in the 144L truck makes it feasible forexperiments with gear shifts, since the transmission is equipped with actuatorsthat can move the gear lever. The 124L truck has no transmission control unitand therefore the gears are shifted manually. This truck is used for experimentsfor speed control with engine controlled damping of driveline resonances.
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Figure 3.2 Scania 12 liter DSC12 engine.

Figure 3.3 Scania GRS900R range-splitter transmission with retarder and Opti-Cruise automatic gear-shifting system.
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Figure 3.4 Scania 144L truck.3.1.1 EngineThe di�erence in engine type between the two trucks inuences driveline modelingand control. The engines di�er in size (i.e. engine moment of inertia), numberof explosions per revolution, and in the way fuel is injected. The 124L 6 cylinderengine has the more recently introduced unit-pump injection system with one fuelpump for each cylinder. The V8 engine in the 144L truck, on the other hand, usesthe more traditionally in-line pump system with one fuel pump supplying all eightcylinders with fuel.Driveline modeling will be inuenced by a number of subsystems of the enginethat are common for both engine types. These areMaximum torque delimiter The injected fuel amount is restricted by the phys-ical character of the engine (i.e. engine size, number of cylinders, etc.), to-gether with restrictions that the engine control system uses, for utilizing theengine in the best possible way. The maximum torque pro�les for the twoengines are seen in Figure 3.5.Diesel smoke delimiter If the turbo pressure is low and a high engine torqueis demanded, diesel smoke emissions will increase to an unacceptable level.This is prevented by restricting the fuel amount to a level with acceptableemissions at low turbo pressures.Transfer function from fuel amount to engine torque The engine torque isthe torque resulting from the explosions in the cylinders. A static function
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Figure 3.5 Maximum torque pro�les for Scania DSC12 and DSC14 diesel engines.relating the engine torque to injected fuel can be obtained in a dynamometertest. For a diesel engine this function is fairly static, and no dynamical modelsare used in this work.Engine friction The engine output torque transferred to the clutch is equal tothe engine torque (the torque resulting from the explosions) subtracted by theengine internal friction. Friction modeling is thus fundamental for drivelinemodeling and control.3.1.2 Sensor SystemThe velocity of a rotating shaft is measured by using an inductive sensor [18],which detects the time when cogs from a rotating cogwheel are passing. This timesequence is then inverted to get the angle velocity. Hence, the bandwidth of themeasured signal depends on the speed and the number of cogs the cogwheel isequipped with.Three speed sensors are used to measure the speed of the ywheel of the engine( _�m), the speed of the output shaft of the transmission ( _�t), and the speed of thedriving wheel ( _�w). The transmission speed sensor has fewer cogs than the othertwo sensors, indicating that the bandwidth of this signal is lower.By measuring the amount of fuel, mf , that is fed to the engine, a measure ofthe driving torque, Mm(mf ), is obtained from dynamometer tests, as mentionedbefore. The output torque of the engine is the driving torque subtracted by theengine friction, Mfr:m. This signal, u = Mm(mf ) �Mfr:m, is the torque acting



18 Chapter 3 Experimental PlatformMeasured VariablesVariable Node Resolution RateEngine speed, _�m Engine 0.013 rad/s 20 msEngine torque, Mm Engine 1% of max torque 20 msEngine temp, Tm Engine 1� C 1 sWheel speed, _�w ABS 0.033 rad/s 50 msTransmission speed, _�t Transmission 0.013 rad/s 50 msTable 3.1 Measured variables transmitted on the CAN-bus.on the driveline, which is a pulsating signal with torque pulses from each cylinderexplosion. However, the control signal u = Mm(mf ) � Mfr:m is treated as acontinuous signal, which is reasonable for the frequency range considered for controldesign. A motivation for this is that an eight-cylinder engine makes 80 strokes/sat an engine speed of 1200 rev/min. This means that a mean-value engine modelis assumed (neglects variations during the engine cycle). This assumption will bevalidated by �eld trials in later implementation chapters.The truck is equipped with a set of control units, each connected with a CAN-bus [4]. These CAN nodes are the engine control node, the transmission node,and the ABS brake system node. Each node measures a number of variables andtransmits them via the bus.3.2 Measurement and Control PlatformThe measured signals are described in Table 3.1. The actuators available are theengine, which is controlled by injecting di�erent amounts of fuel, and the transmis-sion which by command can perform gear shifts. Driveline management consists ofmeasuring the state of the driveline and the desire of the driver (i.e. desired speedand gear). The driveline is then controlled by injecting an appropriate fuel amountso that the speed is obtained and that gear shifts can be performed.A PC with CAN communication is used to access the variables on the CAN-busand transmit control signals. The situation is described in Figure 3.6. A PPCanCAN board [24] is attached to the parallel port of the PC and to the CAN-bus inthe cab of the truck according to Figure 3.7. A real-time system [6] based on theRTKernel [25] real-time kernel is implemented together with the PPCan drivers.As mentioned before, the 124L truck is not equipped with OptiCruise transmis-sion control unit, and therefore the variables from the transmission node cannotbe accessed. Hence, no transmission speed can be measured, and no gear shift canbe commanded from the computer for this truck.
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Figure 3.6 Description of the driveline management system interfacing with thetruck. Variables from the engine node, the transmission node, and the ABS nodeare transmitted on the CAN-bus. The driveline management system is imple-mented on a PC, attached to the bus in the cab of the truck.3.3 Experiments for Driveline ModelingA number of test roads at Scania were used for testing. They have di�erent knownslopes. The variables in Table 3.1 are logged during tests that excite drivelineresonances. In Figure 3.8 it is seen how impulse inputs in engine torque excitedriveline resonances, giving oscillating wheel speed and engine speed on the 124Ltruck.When using the 144L truck, also the transmission node can be accessed via theCAN-bus. Figure 3.9 shows a test with the 144L truck where step inputs in acceler-ator position excite driveline oscillations. The oscillations have di�erent characterdepending on which truck that is being used. For example, the di�erence in engineinertia gives di�erent oscillations. In Figure 3.9 it is seen that the main exibilityof the driveline is located between the output shaft of the transmission and thewheel, since the largest di�erence in speed is between the measured transmissionspeed and wheel speed.



20 Chapter 3 Experimental Platform

Figure 3.7 Experiment situation. A PC with parallel-port CAN board attachedto the CAN-bus in the cab of the truck.
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Figure 3.8 Logged data on the CAN-bus during engine torque impulse experi-ments with the 124L truck.
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Figure 3.9 Logged data on the CAN-bus during step inputs in accelerator positionwith the 144L truck. The transmission speed (dashed) and the wheel speed (dash-dotted) are scaled to engine speed in solid. The main exibility of the drivelineis located between the output shaft of the transmission and the wheel, since thelargest di�erence in speed is between the measured transmission speed and wheelspeed.Preprocessing DataSince the sampling is not equidistant in time, the data sets are resampled. A newdata set is obtained by interpolating the old data using linear interpolation. Thisintroduces higher frequencies than those in the original data set. Therefore, theinterpolated data is low-pass �ltered with a frequency corresponding to half thesampling frequency in the original data. This is done o�-line and without phaseshifts in the signals.
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4Driveline Modeling
The driveline is a fundamental part of a vehicle and its dynamics has been modeledin di�erent ways depending on the purpose. The frequency range treated in thiswork is the regime including the �rst resonance modes of the driveline [16, 21].Vibrations and noise contribute to a higher frequency range [8, 28] which is nottreated here.The aim of the modeling is to �nd the most important physical e�ects explain-ing the oscillations in the measured engine speed, transmission speed, and wheelspeed. The models are combinations of rotating inertias connected by damped shaftexibilities. The generalized Newton's second law is used to derive the models.A stationary torque map is assumed to be su�cient for describing the dynamicbehavior of the diesel engine, together with a friction model as function of theengine speed and the engine temperature.Measurements indicate that the main exibility of the driveline is located be-tween the output shaft of the transmission and the wheel, as pointed out in theprevious chapter. This leads to a �rst model capturing the �rst main resonanceof the driveline. The model assumes a sti� driveline up to the output shaft of thetransmission, and a drive-shaft exibility between the transmission and the wheel.In order to explain the oscillations in the measured transmission speed, thedrive-shaft model is extended with a clutch exibility and a sensor �lter. Thismodel is able to capture the �rst two resonance modes of the driveline, and it willbe used to explain the open question about the reason for the di�erence betweenthe measured engine speed and transmission speed.The main part of the experiments used for modeling considers low gears. Thereason for this is that the lower the gear is, the higher the torque transferred in23
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Transmission Propeller shaft

Final driveDrive shaftWheel

Figure 4.1 A rear-driven vehicular driveline.the drive shaft is. This means that the shaft torsion is higher for lower gears, andhereby also the problems with oscillations. Furthermore, the amplitudes of theresonances in the wheel speed are higher for lower gears, since the load and vehiclemass appear reduced by the high conversion ratio.Section 4.1 covers the derivation of basic equations describing a driveline. Theengine friction is then modeled in Section 4.2, for both the 144L and the 124L trucks(described in the previous chapter). Speci�c modeling and parameter estimationfor the 144L truck (Section 4.3) and the 124L truck (Section 4.4) are then covered.Finally, the modeling conclusions are summarized in Section 4.5.4.1 Basic Driveline EquationsFigure 4.1 depicts a rear-driven heavy truck driveline. It consists of engine, clutch,transmission, propeller shaft, �nal drive, drive shafts, and wheels. Fundamentalequations for the driveline will be derived by using the generalized Newton's secondlaw of motion [15]. Some basic equations regarding the forces acting on the wheelare obtained, inuenced by the complete dynamics of the vehicle. This means thate�ects from, for instance, vehicle mass and trailer will be included in the equationsdescribing the wheels. Figure 4.2 shows the labels, the inputs, and the outputs ofeach subsystem of the driveline type considered in this work. Relations betweeninputs and outputs will in the following be described for each part.Engine: The output torque of the engine is characterized by the driving torque(Mm) resulting from the combustion, the internal friction from the engine
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DriveshaftFigure 4.2 Subsystems of a vehicular driveline with their respective angle andtorque labels.(Mfr:m), and the external load from the clutch (Mc). Newton's second lawof motion gives the following modelJm��m =Mm �Mfr:m �Mc (4.1)where Jm is the mass moment of inertia of the engine and �m is the angle ofthe ywheel.Clutch: A friction clutch found in vehicles equipped with a manual transmissionconsists of a clutch disk connecting the ywheel of the engine and the trans-mission's input shaft. When the clutch is engaged, and no internal frictionis assumed, Mc = Mt is obtained. The transmitted torque is a function ofthe angular di�erence (�m� �c) and the angular velocity di�erence ( _�m� _�c)over the clutch Mc =Mt = fc(�m � �c; _�m � _�c) (4.2)Transmission: A transmission has a set of gears, each with a conversion ratioit. This gives the following relation between the input and output torque ofthe transmissionMp = ft(Mt; Mfr:t; �c � �tit; _�c � _�tit; it) (4.3)



26 Chapter 4 Driveline Modelingwhere the internal friction torque of the transmission is labeled Mfr:t. Thereason for considering the angle di�erence �c � �tit in (4.3) is the possibilityof having torsional e�ects in the transmission.Propeller shaft: The propeller shaft connects the transmission's output shaftwith the �nal drive. No friction is assumed () Mp = Mf ), giving thefollowing model of the torque input to the �nal driveMp =Mf = fp(�t � �p; _�t � _�p) (4.4)Final drive: The �nal drive is characterized by a conversion ratio if in the sameway as for the transmission. The following relation for the input and outputtorque holds Md = ff (Mf ; Mfr:f ; �p � �f if ; _�p � _�f if ; if ) (4.5)where the internal friction torque of the �nal drive is labeled Mfr:f .Drive shafts: The drive shafts connect the wheels to the �nal drive. Here it isassumed that the wheel speed is the same for the two wheels. Therfore, thedrive shafts are modeled as one shaft. When the vehicle is turning and thespeed di�ers between the wheels, both drive shafts have to be modeled. Nofriction ()Mw =Md) gives the model equationMw =Md = fd(�f � �w; _�f � _�w) (4.6)Wheel: Figure 4.3 shows the forces acting on a vehicle with mass m and speed v.Newton's second law in the longitudinal direction givesFw = m _v + Fa + Fr +mg sin(�) (4.7)The friction force (Fw) is described by the sum of the following quantities [8].� Fa, the air drag, is approximated byFa = 12cwAa�av2 (4.8)where cw is the drag coe�cient, Aa the maximum vehicle cross sectionarea, and �a the air density. However, e�ects from, for instance, openor closed windows will make the force di�cult to model.� Fr, the rolling resistance, is approximated byFr = m(cr1 + cr2v) (4.9)where cr1 and cr2 depend on, for instance, tires and tire pressure.� mg sin(�), the gravitational force, where � is the slope of the road.
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Figure 4.3 Longitudinal forces acting on a vehicle.The coe�cients of air drag and rolling resistance, (4.8) and (4.9), can beidenti�ed e.g. by an identi�cation scheme [9].The resulting torque due to Fw is equal to Fwrw , where rw is the wheelradius. Newton's second law givesJw ��w =Mw � Fwrw �Mfr:w (4.10)where Jw is the mass moment of inertia of the wheel, Mw is given by (4.6),and Mfr:w is the friction torque. Including (4.7) to (4.9) in (4.10) togetherwith v = rw _�w gives(Jw +mr2w)��w = Mw �Mfr:w � 12cwAa�ar3w _�2w (4.11)�rwm(cr1 + cr2rw _�w)� rwmgsin(�)The dynamical inuence from the tire has been neglected in the equationdescribing the wheel.A complete model of the driveline with the clutch engaged is described byEquations (4.1) to (4.11). So far the functions fc, ft, fp, ff , fd, and the frictiontorquesMfr:t,Mfr:f , andMfr:w are unknown. In the following section assumptionswill be made about these, resulting in a series of driveline models, with di�erentcomplexities.Parameter Estimation SoftwareTo estimate the parameters of the linear models derived in this chapter the SystemIdenti�cation Toolbox [13] is used. The prediction error estimation method (PEM)



28 Chapter 4 Driveline Modelingfor parameterized state-space representations is used to estimate the unknown pa-rameters and initial conditions.In order to estimate the parameters and the initial condition of the nonlinearmodel derived, the continuous model is discretized. This is done by using Euler'smethod. For a continuous di�erential equation, the discrete version isxn = xn�1 + hf(xn�1; un�1) (4.12)where h is the sampling time. The global truncation error with this method equalsO(h). Therefore it is necessary to keep h small. A too small h can give numericalproblems and it also gives unnecessarily long iteration time. The data is resampledat a sampling frequency of 1 kHz. Furthermore, the di�erential equations describingthe model, are scaled to be of the same magnitude.For a given set of parameters, initial conditions, and control signal sequence u,the state vector is calculated at each sample. By comparing the model output (ym,yt, yw) with the measured signals ( _�m, _�t, _�w) a cost function can be evaluated.After some comparison between di�erent cost functions, the following is selectedX8i �( _�m(i)� ym(i))2 + i2t ( _�t(i)� yt(i))2 + i2t i2f ( _�w(i)� yw(i))2� (4.13)where 8i means that the sum ranges over all samples in the estimation data. Theoptimal parameters and initial conditions are the ones minimizing (4.13). The datasets are divided into two parts, one to be used in the parameter estimation phase,and one used for validation purposes.Each derived model is written in state-space form with the velocity of eachinertia, and the torsion of each shaft exibility as states. More details about thestate-space representation can be found in Chapter 5.4.2 Engine Friction ModelingThe engine friction Mfr:m is modeled as a function of the engine speed and theengine temperature Mfr:m =Mfr:m( _�m; Tm) (4.14)The inuence from the load is neglected. With neutral gear engaged, the enginespeed is controlled to 20 levels between 600 and 2300 RPM, while measuring theengine torque and temperature. The resulting friction map is shown in Figure 4.4for the 124L truck with unit-pump injection system. The corresponding frictionmap for the 144L truck with in-line injection pump system is shown in Figure 4.5.The logged engine torque, Mm(mf ), as a function of the fuel amount, is recal-culated to control signal to the driveline by subtracting the engine friction fromthe engine torque as u =Mm(mf )�Mfr:m( _�m; Tm) (4.15)
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30 Chapter 4 Driveline Modeling4.3 Modeling the Driveline of the 144L TruckThe measured engine speed, transmission speed, and wheel speed for the 144L truckis explained by deriving a set of models of increasing complexity. Figure 3.9 showsthat the main di�erence in speed is between the measured transmission speed andwheel speed, indicating that the important exibility of the driveline is locatedbetween the output shaft of the transmission and the wheel. This leads to a �rstmodel with a lumped engine and transmission inertia connected to the wheel inertiaby a drive-shaft exibility. The reason for this is that the drive shaft is subject tothe relatively largest torsion. This is mainly due to the high torque di�erence thatresults from the ampli�cation of the engine torque by the conversion ratio of thetransmission (it) and the �nal drive (if ). This number (itif ) can be as high as 60for the lowest gear. A total of three models will be derived for the 144L truck, allbased on the basic driveline equations derived in Section 4.1. The 124L truck willbe modeled in the section following.4.3.1 Model with Drive-Shaft FlexibilityThe simplest model with a drive-shaft exibility is developed �rst. Assumptionsabout the fundamental equations in Section 4.1 are made in order to obtain a modelwith a lumped engine and transmission inertia and a drive-shaft exibility. Labelsare according to Figure 4.2. The clutch and the propeller shafts are assumed to besti�, and the drive shaft is described as a damped torsional exibility. The trans-mission and the �nal drive are assumed to multiply the torque by the conversionratio, without losses.Clutch: The clutch is assumed to be sti�, which gives the following equationsfor the torque and the angleMc =Mt; �m = �c (4.16)Transmission: The transmission is described by one rotating inertia Jt. Thefriction torque is assumed to be described by a viscous damping coe�cientbt. The model of the transmission, corresponding to (4.3), is�c = �tit (4.17)Jt��t = Mtit � bt _�t �Mp (4.18)By using (4.16) and (4.17), the model can be rewritten asJt��m =Mci2t � bt _�m �Mpit (4.19)Propeller shaft: The propeller shaft is also assumed to be sti�, which gives thefollowing equations for the torque and the angleMp =Mf ; �t = �p (4.20)



4.3 Modeling the Driveline of the 144L Truck 31Final drive: In the same way as for the transmission, the �nal drive is modeledby one rotating inertia Jf . The friction torque is assumed to be described bya viscous damping coe�cient bf . The model of the �nal drive, correspondingto (4.5), is �p = �f if (4.21)Jf ��f = Mf if � bf _�f �Md (4.22)Equation (4.22) can be rewritten with (4.20) and (4.21) which givesJf ��t =Mpi2f � bf _�t �Mdif (4.23)Converting (4.23) to a function of engine speed is done by using (4.16) and(4.17) resulting in Jf ��m =Mpi2f it � bf _�m �Mdif it (4.24)By replacing Mp in (4.24) with Mp in (4.19), a model for the lumped trans-mission, propeller shaft, and �nal drive is obtained(Jti2f + Jf )��m =Mci2t i2f � bt _�mi2f � bf _�m �Mdif it (4.25)Drive shaft: The drive shaft is modeled as a damped torsional exibility, havingsti�ness k, and internal damping c. Hence, (4.6) becomesMw =Md = k(�f � �w) + c( _�f � _�w) = k(�m=itif � �w) (4.26)+ c( _�m=itif � _�w)where (4.16), (4.17), (4.20), and (4.21) are used. By replacing Md in (4.25)with (4.26) the equation describing the transmission, the propeller shaft, the�nal drive, and the drive shaft, becomes(Jti2f + Jf )��m = Mci2t i2f � bt _�mi2f � bf _�m (4.27)�k(�m � �witif )� c( _�m � _�witif )Wheel: If (4.11) is combined with (4.26), the following equation for the wheel isobtained:(Jw +mr2w)��w = k(�m=itif � �w) + c( _�m=itif � _�w) (4.28)�bw _�w � 12cwAa�ar3w _�2w �mcr2r2w _�w � rwm (cr1 + gsin(�))where the friction torque is described as viscous damping, with label bw.The complete model, named the Drive-shaft model, is obtained by inserting Mcfrom (4.27) into (4.1), together with (4.28), which gives the following equations.An illustration of the model can be seen in Figure 4.6.
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Jm + Jt=i2t + Jf=i2t i2f Jw +mr2w

kcMm �Mfr:m rwm (cr1 + gsin(�))
Figure 4.6 The Drive-shaft model consists of a lumped engine and transmissioninertia connected to the wheel inertia by a damped torsional exibility.The Drive-Shaft Model(Jm + Jt=i2t + Jf=i2t i2f )��m = Mm �Mfr:m � (bt=i2t + bf=i2t i2f ) _�m (4.29)�k(�m=itif � �w)=itif�c( _�m=itif � _�w)=itif(Jw +mr2w)��w = k(�m=itif � �w) + c( _�m=itif � _�w) (4.30)�(bw +mcr2r2w) _�w � 12cwAa�ar3w _�2w�rwm (cr1 + gsin(�))The Drive-shaft model is the simplest model of three considered. The drive-shafttorsion, the engine speed, and the wheel speed are used as states according tox1 = �m=itif � �w; x2 = _�m; x3 = _�w (4.31)More details of state-space descriptions are given in Chapter 5. For low gears, theinuence from the air drag is low and by neglecting 12cwAa�ar3w _�2w in (4.30), themodel is linear in the states, but nonlinear in the parameters.Parameter estimation of the Drive-shaft modelA data set containing engine torque, engine speed, and wheel speed measurementsare used to estimate the parameters and the initial conditions of the Drive-shaftmodel. The estimated parameters arei = itif ; l = rwm (cr1 + gsin(�))J1 = Jm + Jt=i2t + Jf=i2t i2f ; J2 = Jw +mr2w (4.32)b1 = bt=i2t + bf=i2t i2f ; b2 = bw +mcr2r2w



4.3 Modeling the Driveline of the 144L Truck 33together with the sti�ness, k, and the internal damping, c, of the drive shaft. Theestimated initial conditions of the states are labeled x10, x20, and x30, accord-ing to (4.31). More details about the parameter estimation software is found inSection 4.1.Figure 4.7 shows an example of how the model �ts the measured data. Themeasured driveline speed are shown together with the model output, x1, x2, and x3.According to the model, the clutch is sti�, and therefore, the transmission speedis equal to the engine speed scaled with the conversion ratio of the transmission(it). In the �gure, this signal is shown together with the measured transmissionspeed. The plots are typical examples that show that a major part of the drivelinedynamics is captured with a linear mass-spring model with the drive shafts as themain exibility.Results of parameter estimation� The main contribution to driveline dynamics from driving torque to enginespeed and wheel speed is the drive shaft, explaining the �rst main resonanceof the driveline.� The true drive-shaft torsion (x1) is unknown, but the value estimated by themodel has physically reasonable values. These values will be further validatedin Chapter 10.� The model output transmission speed (x2=it) �ts the measured transmis-sion speed data reasonably well, but there is still a systematic dynamics lagbetween model outputs and measurements.4.3.2 Inuence from Propeller-Shaft FlexibilityThe Drive-shaft model assumes sti� driveline from the engine to the �nal drive.The propeller shaft and the drive shaft are separated by the �nal drive, which hasa small inertia compared to other inertias, e.g. the engine inertia. This sectioncovers an investigation of how the model parameters of the Drive-shaft model areinuenced by a exible propeller shaft.A model is derived with a sti� driveline from the engine to the output shaft ofthe transmission. The propeller shaft and the drive shafts are modeled as dampedtorsional exibilities. As in the derivation of the Drive-shaft model, the transmissionand the �nal drive are assumed to multiply the torque with the conversion ratio,without losses.The derivation of the Drive-shaft model is repeated here with the di�erence thatthe model for the propeller shaft (4.20) is replaced by a model of a exibility withsti�ness kp and internal damping cpMp =Mf = kp(�t � �p) + cp( _�t � _�p) = kp(�m=it � �p) + cp( _�m=it � _�p) (4.33)where (4.16) and (4.17) are used in the last equality. This formulation means thatthere are two torsional exibilities, the propeller shaft and the drive shaft. Inserting
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Figure 4.7 The parameters of the Drive-shaft model estimated on data with stepinputs in accelerator position using gear 1. The top �gure shows the estimateddrive-shaft torsion, and the bottom �gures show the model outputs (x2, x3) indashed lines, together with the measured driveline speeds in solid. The plots aretypical examples of that a major part of the dynamics is captured by a linear modelwith a drive-shaft exibility.



4.3 Modeling the Driveline of the 144L Truck 35(4.33) into (4.19) givesJt��m =Mci2t � bt _�m � �kp(�m=it � �p) + cp( _�m=it � _�p)� it (4.34)By combining this with (4.1) the following di�erential equation describing thelumped engine and transmission results(Jm + Jt=i2t )��m = Mm �Mfr:m � bt=i2t _�m (4.35)� 1it �kp(�m=it � �p) + cp( _�m=it � _�p)�The �nal drive is described by inserting (4.33) in (4.22) and using (4.21)�p = �f if (4.36)Jf ��f = if �kp(�m=it � �p) + cp( _�m=it � _�p)�� bf _�f �Md (4.37)Including (4.36) in (4.37) givesJf ��p = i2f �kp(�m=it � �p) + cp( _�m=it � _�p)�� bf _�p � ifMd (4.38)The equation for the drive shaft (4.26) is repeated with new labelsMw =Md = kd(�f � �w) + cd( _�f � _�w) = kd(�p=if � �w) + cd( _�p=if � _�w) (4.39)where (4.36) is used in the last equality.The equation for the �nal drive (4.38) now becomesJf ��p = i2f �kp(�m=it � �p) + cp( _�m=it � _�p)�� bf _�p (4.40)�if �kd(�p=if � �w) + cd( _�p=if � _�w)�The equation for the wheel is derived by combining (4.11) with (4.39). The equationdescribing the wheel becomes(Jw +mr2w)��w = kd(�p=if � �w) + cd( _�p=if � _�w) (4.41)�bw _�w � 12cwAa�ar3w _�2w �mcr2r2w _�w � rwm (cr1 + gsin(�))where again the friction torque is assumed to be described by a viscous dampingcoe�cient bw. The complete model with drive shaft and propeller shaft exibilitiesis the following, which can be seen in Figure 4.8.(Jm + Jt=i2t )��m = Mm �Mfr:m � bt=i2t _�m (4.42)� 1it �kp(�m=it � �p) + cp( _�m=it � _�p)�Jf ��p = i2f �kp(�m=it � �p) + cp( _�m=it � _�p)�� bf _�p (4.43)
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Jm + Jt=i2t Jw +mr2wkdcdMm +Mfr:m rwm (cr1 + gsin(�))kpcp �p

JfFigure 4.8 Model with exible propeller shaft and drive shaft.�if �kd(�p=if � �w) + cd( _�p=if � _�w)�(Jw +mr2w)��w = kd(�p=if � �w) + cd( _�p=if � _�w) (4.44)�(bw +mcr2r2w) _�w � 12cwAa�ar3w _�2w � rwm (cr1 + gsin(�))The model equations (4.42) to (4.44) describe the Drive-shaft model extendedwith the propeller shaft with sti�ness kp and damping cp. The three inertias in themodel are J1 = Jm + Jt=i2tJ2 = Jf (4.45)J3 = Jw +mr2wIf the magnitude of the three inertias are compared, the inertia of the �nal drive(Jf ) is considerably less than J1 and J2 in (4.45). Therefore, the model will actas if there are two damped springs in series. The total sti�ness of two undampedsprings in series is k = kpi2fkdkpi2f + kd (4.46)whereas the total damping of two dampers in series isc = cpi2f cdcpi2f + cd (4.47)The damping and the sti�ness of the drive shaft in the previous section will thustypically be underestimated due to the exibility of the propeller shaft. This e�ectwill increase with lower conversion ratio in the �nal drive, if . The individualsti�ness values obtained from parameter estimation are somewhat lower than thevalues obtained from material data.
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�w�m

Jm + Jt=i2t + Jf=i2t i2f Jw +mr2wkcMm �Mfr:m rwm (cr1 + gsin(�))
fwywfmym ft=ityt

Figure 4.10 The Drive-shaft model with sensor dynamics.assumed, after some comparison between sensor �lters of di�erent order,fm = 1ft = 11 + s (4.48)fw = 1where a �rst order �lter with an unknown parameter  models the transmissionsensor. Figure 4.10 shows the con�guration with the Drive-shaft model and sensor�lter fm, ft, and fw. The outputs of the �lters are ym, yt, and yw.Now the parameters, the initial condition, and the unknown �lter constant can be estimated such that the model outputs (ym, yt, yw) �t the measured data.The result of this is seen in Figure 4.11 for gear 1. The conclusion is that the mainpart of the deviation between engine speed and transmission speed is due to sensordynamics. Figure 4.12 shows an enlarged plot of the transmission speed, with themodel output from the Drive-shaft model with and without sensor �ltering.Results of parameter estimation� If the Drive-shaft model is extended with a �rst order sensor �lter for thetransmission speed, all three velocities ( _�m, _�t, _�w) are estimated by themodel. The model outputs �t the data except for some time intervals wherethere are deviations between model and measured data (see Figure 4.12).However, these deviations will in the following be related to nonlinearities atlow clutch torques.4.3.4 Model with Flexible Clutch and Drive ShaftThe clutch has so far been assumed sti� and the main contribution to low-frequencyoscillations is the drive-shaft exibility. However, measured data suggests that
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Figure 4.11 Parameter estimation of the Drive-shaft model as in Figure 4.7,but with sensor dynamics included. The top �gure shows the estimated drive-shaft torsion, and the bottom �gures show the model outputs (ym, yt, yw) indashed, together with the measured data in solid. The main part of the deviationbetween engine speed and transmission speed is due to sensor dynamics. See alsoFigure 4.12.
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Figure 4.12 Enlargement of part of Figure 4.11. Measured transmission speed(solid), output from the Drive-shaft model without sensor �ltering (dashed), andoutput from the Drive-shaft model with sensor �ltering (dash-dotted). The param-eters are estimated based on experiments with gear 1.there is some additional dynamics between the engine and the transmission. Thecandidate which is most exible is the clutch. Hence, the model will include twotorsional exibilities, the drive shaft, and the clutch. With this model structure,the �rst and second resonance modes of the driveline are explained. The reason tothis ordering in frequency is the relatively higher sti�ness in the clutch, becausethe relative sti�ness of the drive shaft is reduced by the conversion ratio.A model with a linear clutch exibility and one torsional exibility (the driveshaft) is derived by repeating the procedure for the Drive-shaft model with thedi�erence that the model for the clutch is a exibility with sti�ness kc and internaldamping ccMc =Mt = kc(�m � �c) + cc( _�m � _�c) = kc(�m � �tit) + cc( _�m � _�tit) (4.49)where (4.17) is used in the last equality. By inserting this into (4.1) the equationdescribing the engine inertia is given byJm��m =Mm �Mfr:m � �kc(�m � �tit) + cc( _�m � _�tit)� (4.50)Also by inserting (4.49) into (4.18), the equation describing the transmission isJt��t = it �kc(�m � �tit) + cc( _�m � _�tit)�� bt _�t �Mp (4.51)



4.3 Modeling the Driveline of the 144L Truck 41Mp is derived from (4.23) giving(Jt+Jf=i2f )��t = it �kc(�m � �tit) + cc( _�m � _�tit)��(bt+bf=i2f ) _�t�Md=if (4.52)which is the equation describing the lumped transmission, propeller shaft, and �naldrive inertia.The drive shaft is modeled according to (4.26) asMw =Md = kd(�f � �w) + cd( _�f � _�w) = kd(�t=if � �w) + cd( _�t=if � _�w) (4.53)where (4.20) and (4.21) are used in the last equality.The complete model, named the Clutch and drive-shaft model, is obtained byinserting (4.53) into (4.52) and (4.11). An illustration of the model can be seen inFigure 4.13.The Clutch and Drive-Shaft ModelJm��m = Mm �Mfr:m � �kc(�m � �tit) + cc( _�m � _�tit)� (4.54)(Jt + Jf=i2f )��t = it �kc(�m � �tit) + cc( _�m � _�tit)� (4.55)�(bt + bf=i2f ) _�t � 1if �kd(�t=if � �w) + cd( _�t=if � _�w)�(Jw +mr2w)��w = kd(�t=if � �w) + cd( _�t=if � _�w) (4.56)�(bw + cr2rw) _�w � 12cwAa�ar3w _�2w � rwm (cr1 + gsin(�))The clutch torsion, the drive-shaft torsion, and the driveline speeds are used asstates according tox1 = �m � �tit; x2 = �t=if � �w; x3 = _�m; x4 = _�t; x5 = _�w (4.57)More details about state-space representations and parameters are covered in Chap-ter 5. For low gears, the inuence from the air drag is low and by neglecting12cwAa�ar3w _�2w in (4.56), the model is linear in the states, but nonlinear in the pa-rameters. The model equipped with the sensor �lter in (4.48) gives the true sensoroutputs (ym, yt, yw).Parameter estimation of the Clutch and drive-shaft modelThe parameters and the initial conditions of the Clutch and drive-shaft model areestimated with the sensor dynamics described above, in the same way as the Drive-shaft model in this section. A problem when estimating the parameters of the Clutchand drive-shaft model is that the bandwidth of the measured signals is not enoughto estimate the sti�ness kc in the clutch. Therefore, the value of the sti�ness givenfrom material data is used and �xed, and the rest of the parameters are estimated.
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Jm Jw +mr2wkdcdMm +Mfr:m rwm (cr1 + gsin(�))kccc �t

Jt + Jf=i2fFigure 4.13 The Clutch and drive-shaft model: Linear clutch and drive-shafttorsional exibility.
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Figure 4.14 Clutch torsion (top �gure) and drive-shaft torsion (bottom �gure)resulting from parameter estimation of the Clutch and drive-shaft model with sensor�ltering, on data with gear 1. The true values of these torsions are not known, butthe plots show that the drive-shaft torsion has realistic values.The resulting clutch torsion (x1) and the drive-shaft torsion (x2) are shownin Figure 4.14. The true values of these torsions are not known, but the �gureshows that the amplitude of the drive-shaft torsion has realistic values that agreewith material data. However, the clutch torsion does not have realistic values(explained later), which can be seen when comparing with the static nonlinearityin Figure 4.15.The model output velocities ( _�m, _�t, _�w) show no improvement compared tothose generated by the Drive-shaft model with sensor dynamics, displayed in Fig-ure 4.11.
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Figure 4.15 Nonlinear clutch characteristics.Results of parameter estimation� The model including a linear clutch does not improve the data �t. Theinterpretation of this is that the clutch model does not add information forfrequencies in the measured data.4.3.5 Nonlinear Clutch and Drive-Shaft FlexibilityWhen studying a clutch in more detail it is seen that the torsional exibility isa result of an arrangement with smaller springs in series with springs with muchhigher sti�ness. The reason for this arrangement is vibration insulation. When theangle di�erence over the clutch starts from zero and increases, the smaller springs,with sti�ness kc1, are being compressed. This ends when they are fully compressedat �c1 radians. If the angle is increased further, the sti�er springs, with sti�ness kc2,are beginning to be compressed. When �c2 is reached, the clutch hits a mechanicalstop. This clutch characteristics can be modeled as in Figure 4.15. The resultingsti�ness kc(�m � �c) of the clutch is given bykc(x) =8<: kc1 if jxj � �c1kc2 if �c1 < jxj � �c21 otherwise (4.58)



44 Chapter 4 Driveline ModelingThe torque Mkc(�m � �c) from the clutch nonlinearity isMkc(x) = 8>><>>: kc1x if jxj � �c1kc1�c1 + kc2(x� �c1) if �c1 < x � �c2�kc1�c1 + kc2(x+ �c1) if ��c2 < x � ��c11 otherwise (4.59)If the linear clutch in the Clutch and drive-shaft model is replaced by the clutchnonlinearity according to Figure 4.15, the following model, called the Nonlinearclutch and drive-shaft model, is derived.The Nonlinear Clutch and Drive-Shaft ModelJm��m = Mm �Mfr:m �Mkc(�m � �tit) (4.60)�cc( _�m � _�tit)(Jt + Jf=i2f )��t = it �Mkc(�m � �tit) + cc( _�m � _�tit)� (4.61)�(bt + bf=i2f ) _�t � 1if �kd(�t=if � �w) + cd( _�t=if � _�w)�(Jw +mr2w)��w = kd(�t=if � �w) + cd( _�t=if � _�w) (4.62)�(bw +mcr2rw) _�w � 12cwAa�ar3w _�2w � rwm (cr1 + gsin(�))Nonlinear driveline model with �ve states. (The same state-space representationas for the Clutch and drive-shaft model can be used.) The function Mkc(�) is givenby (4.59). The model equipped with the sensor �lter in (4.48) gives the true sensoroutputs (ym, yt, yw).Parameter estimation of the Nonlinear clutch and drive-shaft modelWhen estimating the parameters and the initial conditions of the Nonlinear clutchand drive-shaft model, the clutch static nonlinearity is �xed with known physicalvalues and the rest of the parameters are estimated, except for the sensor �lterwhich is the same as in the previous model estimations.The resulting clutch torsion (x1 = �m � �tit) and drive-shaft torsion (x2 =�t=if � �w) after minimizing (4.13) are shown in Figure 4.16. The true valuesof these torsions are not known as mentioned before. However, the �gure showsthat both angles have realistic values that agree with other experience. The modeloutput velocities ( _�m, _�t, _�w) show no improvement compared to those generatedby the Drive-shaft model with sensor dynamics, displayed in Figure 4.11.In Figure 4.12 it was seen that the model with the sensor �ltering �tted thesignal except for a number of time intervals with deviations. The question is if thisis a result of some nonlinearity. Figure 4.17 shows the transmission speed plottedtogether with the model output and the clutch torsion. It is clear from this �gurethat the deviation between model and experiments occurs when the clutch anglepasses the area with the low sti�ness in the static nonlinearity (see Figure 4.15).
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Figure 4.16 Clutch torsion (top �gure) and drive-shaft torsion (bottom �gure)resulting from parameter estimation of the Nonlinear clutch and drive-shaft modelwith sensor �ltering, on data with gear 1. The true values of these torsions are notknown, but the plots show that they have realistic values.Results of parameter estimation� The model including the nonlinear clutch does not improve the overall data�t for frequencies in the measured data.� The model is able to estimate a clutch torsion with realistic values.� The estimated clutch torsion shows that when the clutch passes the areawith low sti�ness in the nonlinearity, the model deviates from the data. Thereason is unmodeled dynamics at low clutch torques [3].4.3.6 Model ValidityAs mentioned before, the data sets are divided into two parts. The parameters areestimated on the estimation data. The results are then evaluated on the validationdata, and these are the results shown in this chapter.In the parameter estimation, the unknown load, l, which vary between thetrials, is estimated. The load can be recalculated to estimate road slope, and thecalculated values agree well with the known values of the road slopes at Scania.Furthermore, the estimation of the states describing the torsion of the clutch andthe drive shaft shows realistic values. This gives further support to model structureand parameters.
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Figure 4.18 Measured step response from 1100 RPM to 1900 RPM at t=32 s, withan RQV controller for speed control in solid. Simulations with the same controllerand the Drive-shaft model is shown in dashed lines. The Drive-shaft model capturesthe main resonance in the measured engine speed and wheel speed.The assumption about sensor dynamics in the transmission speed inuencingthe experiments, agrees well with the fact that the engine speed sensor and thewheel speed sensor have considerably higher bandwidth (more cogs) than the trans-mission speed sensor.When estimating the parameters of the Drive-shaft model, there is a problemwhen identifying the viscous friction components b1 and b2. The sensitivity in themodel to variations in the friction parameters is low, and the same model �t can beobtained for a range of friction parameters. However the sum b1i2 + b2 is constantduring these tests. The problem with estimating viscous parameters will be furtherdiscussed in later design chapters.4.4 Modeling the Driveline of the 124L TruckThe driveline of the 144L V8 truck has successfully been modeled in the previoussection. The 124L truck has a 6 cylinder engine with a smaller engine inertia.



48 Chapter 4 Driveline ModelingFurthermore, the fuel injection system is di�erent, and there is no transmissionnode to access via the CAN-bus. This means that the modeling of the driveline islimited to models having the engine speed and the wheel speed as outputs. TheDrive-shaft model considers these two outputs.The parameters and the initial conditions of the model are estimated on datadescribed in Chapter 3 in the same way as for the 144L truck in Section 4.3,and with similar results. Figure 4.18 shows validation of model structure andparameters in a closed-loop test. Field trials are performed with the 124L truckwith an RQV fuel-injection controller (see Chapter 2) controlling the engine speedfrom 1100 RPM to 1900 RPM at t = 32 s. The same controller is used in simulationswith the Drive-shaft model with parameters estimated for the 124L truck. Thereis good agreement between model outputs and experiments, which shows that themodel captures the main resonance in the engine speed and the wheel speed, alsofor the unit-pump injection system.4.5 SummaryParameter estimation shows that a model with one torsional exibility and twoinertias is able to �t the measured engine speed and wheel speed in a frequencyregime including the �rst main resonance of the driveline. This result is valid forboth in-line and unit pump fuel-injection systems. By considering the di�erencebetween measured transmission speed and wheel speed it is reasonable to deducethat the main exibility is the drive shafts.In order for the model to also �t the measured transmission speed, a �rst ordersensor �lter is added to the model, in accordance with properties of the sensorsystem. It is shown that all three velocities are �tted accurately enough. Parameterestimation of a model with a nonlinear clutch explains that the di�erence betweenthe measured data and the model outputs occurs when the clutch transfers zerotorque.Further supporting facts of the validity of the models are that they give valuesto the non-measured variables, drive shaft and clutch torsion, that agree with expe-rience from other sources. Furthermore, the known road slopes are well estimated.The result is a series of models that describe the driveline in increasing detailby, in each extension, adding the e�ect that seems to be the major cause for thedeviation still left.The result, from a user perspective, is that, within the frequency regime inter-esting for control design, the Drive-shaft model with some sensor dynamics givesgood agreement with experiments. It is thus suitable for control design. The ma-jor deviations left are captured by the nonlinear e�ects in the Nonlinear clutch anddrive-shaft model, which makes this model suitable for verifying simulation studiesin control design.



5Architectural Issues for DrivelineControl
As seen in the previous chapters, there are signi�cant torsional resonances in adriveline. Active control of these resonances is the topic of the rest of this thesis.Besides formulating the control problem in this chapter, there is one architecturalissue that will be given special attention. There are di�erent possible choices indriveline control between using di�erent sensor locations, since the driveline nor-mally is equipped with at least two sensors for rotational speed, but sometimesmore. If the driveline was rigid, the choice of sensor would not matter, since thesensor outputs would di�er only by a scaling factor. However, it will be demon-strated that the presence of torsional exibilities implies that sensor choice givesdi�erent control problems. The di�erence can be formulated in control theoreticterms e.g. by saying that the poles are the same, but the zeros di�er both innumber and values. The issue of sensor location seems to be a little studied topic[11, 12], even though its relevance for control characteristics. This principle studyshould not be understood as a study on where to put a single sensor. Instead, itaims at an understanding of where to invest in increased sensor performance infuture driveline management systems. This issue will also be investigated in laterdesign chapters.The driveline model equations in Chapter 4 are written in state-space formin Section 5.1. The formulation of performance output and controller structuresused in the rest of the thesis is given in Section 5.2. Control of resonant systemswith simple controllers is known to have structural properties e.g. with respectto sensor location [27], as mentioned before. In Section 5.3, these di�erences areillustrated for driveline models. In Section 5.4, forming the main contribution ofthis chapter, an investigation is made about how these properties transfer when49



50 Chapter 5 Architectural Issues for Driveline Controlusing more complicated controller structures like LQG/LTR. This part is based onthe material in [21].5.1 State-Space FormulationThe input to the open-loop driveline system is u =Mm�Mfr:m, i.e. the di�erencebetween the driving torque and the friction torque. Possible physical state variablesin the models of Chapter 4 are torques, angle di�erences, and angle velocity of anyinertia. In this work, the angle di�erence of each torsional exibility and theangle velocity of each inertia are used as state variables, as already mentioned inChapter 4. The state space representation is_x = Ax+Bu+H l (5.1)where A, B, H , x, and l are de�ned next for the Drive-shaft model and for theClutch and drive-shaft model de�ned in Chapter 4.State-space formulation of the linear Drive-shaft model:x1 = �m=itif � �wx2 = _�m (5.2)x3 = _�wl = rwm (cr1 + gsin(�))giving A = 0@ 0 1=i �1�k=iJ1 �(b1 + c=i2)=J1 c=iJ1k=J2 c=iJ2 �(c+ b2)=J2 1A ; (5.3)B = 0@ 01=J10 1A ; H = 0@ 00�1=J2 1A (5.4)where i = itifJ1 = Jm + Jt=i2t + Jf=i2t i2fJ2 = Jw +mr2w (5.5)b1 = bt=i2t + bf=i2t i2fb2 = bw +mcr2r2wState-space formulation of the linear Clutch and drive-shaft model:x1 = �m � �titx2 = �t=if � �w



5.1 State-Space Formulation 51x3 = _�m (5.6)x4 = _�tx5 = _�wA is given by the matrix0BBBB@ 0 0 1 �it 00 0 0 1=if �1�kc=J1 0 �cc=J1 ccit=J1 0kcit=J2 �kd=ifJ2 ccit=J2 �(cci2t + b2 + cd=i2f )=J2 cd=ifJ20 kd=J3 0 cd=ifJ3 �(b3 + cd)=J3 1CCCCAand B = 0BBBB@ 001=J100 1CCCCA ; H = 0BBBB@ 0000�1=J2 1CCCCA (5.7)where J1 = JmJ2 = Jt + Jf=i2fJ2 = Jw +mr2w (5.8)b2 = bt + bf=i2fb3 = bw + cr2rwThe model equipped with the sensor �lter derived in (4.48) gives the truesensor outputs (ym, yt, yw), according to Chapter 4.5.1.1 Disturbance DescriptionThe inuence from the road is assumed to be described by the slow-varying load land an additive disturbance v. A second disturbance n is a disturbance acting onthe input of the system. This disturbance is considered because the �ring pulsesin the driving torque can be seen as an additive disturbance acting on the input.The state-space description then becomes_x = Ax+Bu+Bn+H l +Hv (5.9)with x, A, B, H , and l de�ned in (5.2) to (5.5) or in (5.6) to (5.8), depending onmodel choice.5.1.2 Measurement DescriptionFor controller synthesis it is of fundamental interest which physical variables of theprocess that can be measured. In the case of a vehicular driveline the normal sensor
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Figure 5.1 Plant and controllers Fr and Fy.alternative is an inductive sensor mounted on a cogwheel measuring the angle, asmentioned before. Sensors that measure torque are expensive, and are seldom usedin production vehicular applications.The output of the process is de�ned as a combination of the states given by thematrix C in y = Cx+ e (5.10)where e is a measurement disturbance.In this work, only angle velocity sensors are considered, and therefore, theoutput of the process is one/some of the state variables de�ning an angle velocity.Especially, the following C-matrices are de�ned (corresponding to a sensor on _�mand _�w for the Drive-shaft model).Cm = (0 1 0) (5.11)Cw = (0 0 1) (5.12)5.2 Controller FormulationThe performance output z is the combination of states that has requirements tobehave in a certain way. This combination is described by the matrices M and Din the following way z =Mx+Du (5.13)The resulting control problem can be seen in Figure 5.1. The unknown con-trollers Fr and Fy are to be designed so that the performance output (5.13) meetsits requirements (de�ned later).



5.2 Controller Formulation 53If state-feedback controllers are used, the control signal u is a linear functionof the states (if they are all measured) or else the state estimates, x̂, which areobtained from a Kalman �lter [14]. The control signal is described byu = l0r �Kcx̂ (5.14)where r represents the commanded signal with the gain l0, and Kc is the state-feedback matrix. The equations describing the Kalman �lter is_̂x = Ax̂+Bu+Kf (y � Cx̂) (5.15)where Kf is the Kalman gain.Identifying the matrices Fr(s) and Fy(s) in Figure 5.1 givesFy(s) = Kc(sI �A+BKc +KfC)�1Kf (5.16)Fr(s) = l0 �1�Kc(sI �A+BKc +KfC)�1B�The closed-loop transfer functions from r, v, and e to the control signal u aregiven byGru = �I �Kc(sI �A+BKc)�1B� l0r (5.17)Gvu = Kc(sI �A+KfC)�1N �Kc(sI �A+BKc)�1N (5.18)�Kc(sI �A+BKc)�1BKc(sI �A+KfC)�1NGeu = Kc �(sI �A+BKc)�1BKc � I� (sI �A+KfC)�1Kf (5.19)The transfer functions to the performance output z are given byGrz = (M(sI �A)�1B +D)Gru (5.20)Gvz = M(sI �A+BKc)�1BKc(sI �A+KfC)�1N (5.21)+M(sI �A+BKc)�1N +DGvuGez = (M(sI �A)�1B +D)Gvu (5.22)Two return ratios (loop gains) result, which characterize the closed-loop behav-ior at the plant output and input respectivelyGFy = C(sI �A)�1BFy (5.23)FyG = FyC(sI �A)�1B (5.24)When only one sensor is used, these return ratios are scalar and thus equal.LQG/LTR is not directly applicable to driveline control with more than onesensor as input to the observer. This is because there are unequal number of sensorsand control signals. This gives further motivation for the type of investigation aboutsensor location made in this chapter, before extending to more sensors.



54 Chapter 5 Architectural Issues for Driveline Control5.3 Some Feedback PropertiesThe performance output when controlling the driveline to a certain speed is thevelocity of the wheel, de�ned as z = _�w = Cwx (5.25)When studying the closed-loop control problem with a sensor on _�m or _�w, twodi�erent control problems result. Figure 5.2 shows a root locus with respect to aP-controller gain for two gears using velocity sensor _�m and _�w respectively. Theopen-loop transfer functions from control signal to engine speed Gum has threepoles and two zeros, as can be seen in Figure 5.2. Guw on the other hand has onezero and the same poles. Hence, the relative degree [10] of Gum is one and Guwhas a relative degree of two. This means that when _�w-feedback is used, and thegain is increased, two poles must go to in�nity which makes the system unstable.When the velocity sensor _�m is used, the relative degree is one, and the closed-loopsystem is stable for all gains. (Remember that _�w is the performance output andthus desirable to use.)The same e�ect can be seen in step response tests when the P-controller is used.Figure 5.3 demonstrates the problem with resonances that occur with increasinggain for the two cases of feedback. When the engine-speed sensor is used, theengine speed is well damped when the gain is increased, but the resonance in thedrive shaft makes the wheel speed oscillate. When using _�w-feedback it is di�cultto increase the bandwidth, since the poles moves closer to the imaginary axis, andgive a resonant system.The characteristic results in Figures 5.2 and 5.3 only depend on the relative de-gree, and are thus parameter independent. However, this observation may dependon feedback structure, and therefore a more detailed analysis is performed in thefollowing section.5.4 Driveline Control with LQG/LTRDi�erent sensor locations result in di�erent control problems with di�erent inherentcharacteristics, as illustrated in the previous section. The topic of this section is toshow how this inuences control design when using LQG/LTR with design of thereturn ratio at the output of the plant [14]. The design in the rest of this thesiswill be with the dual method with design of the return ratio at the plant input.The reason for using LQG/LTR, in this principle study, is that it o�ers a controldesign method resulting in a controller and observer of the same order as the plantmodel, and it is also an easy method for obtaining robust controllers.5.4.1 Transfer FunctionsWhen comparing the control problem of using _�m or _�w as sensor, the open-looptransfer functions Gum and Guw results. These have the same number of poles but
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Figure 5.2 Root locus with respect to a P-controller gain, for gear 1 (top �gures)and gear 8 (bottom �gures), with sensor on _�m (left �gures), or _�w (right �gures).The cross represent the open-loop poles, while the rings represent the open-loopzeros. The system goes unstable when the _�w-gain is increased, but is stable for all_�m-gains.di�erent number of zeros, as mentioned before. Two di�erent closed-loop systemsare obtained depending on which sensor that is being used.Feedback from _�wA natural feedback con�guration is to use the performance output, _�w. Thenamong others the following transfer functions resultGrz = GuwFyFr1 +GuwFy = TwFr (5.26)Gnu = 11 +GuwFy = Sw (5.27)
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Figure 5.3 Step responses when using a P-controller with di�erent gains on theDrive-shaft model with gear 1. With _�w-feedback (top �gure), increased gain resultsin instability. With _�m-feedback (bottom �gures), increased gain results in a welldamped engine speed, but an oscillating wheel speed.where (5.17) to (5.22) are used together with the matrix inversion lemma [10], andn is the input disturbance. The transfer functions Sw and Tw are the sensitivityfunction and the complementary sensitivity function [14]. The relation betweenthese transfer function is, as usual,Sw + Tw = 1 (5.28)Feedback from _�mThe following transfer functions result if the _�m-sensor is used.Grz = GuwFyFr1 +GumFy (5.29)



5.4 Driveline Control with LQG/LTR 57Gnu = 11 +GumFy (5.30)The di�erence between the two feedback con�gurations is that the return di�erenceis 1 +GuwFy or 1 +GumFy.It is desirable to have sensitivity functions that corresponds to y = _�m andz = _�w. The following transfer functions are de�nedSm = 11 +GumFy ; Tm = GumFy1 +GumFy (5.31)These transfer functions correspond to a con�guration where _�m is the output (i.e.y = z = _�m). Using (5.29) it is natural to de�ne Tm byTm = GuwFy1 +GumFy = TmGuwGum (5.32)The functions Sm and Tm describe the design problem when feedback from �m isused.When combining (5.31) and (5.32), the corresponding relation to (5.28) isSm + TmGumGuw = 1 (5.33)If Sm is made zero for some frequencies in (5.33), then Tm will not be equal toone, as in (5.28). Instead, Tm = Guw=Gum for these frequency domains.Limitations on PerformanceThe relations (5.28) and (5.33) will be the fundamental relations for discussingdesign considerations. The impact of the ratio Guw=Gum will be analyzed in thefollowing sections.De�nition 5.1 Tm in (5.32) is the modi�ed complementary sensitivity function,and Gw=m = Guw=Gum is the dynamic output ratio.5.4.2 Design Example with a Simple Mass-Spring ModelLinear Quadratic Design with Loop-Transfer Recovery will be treated in four cases,being combinations of two sensor locations, _�m or _�w, and two models with thesame structure, but with di�erent parameters. Design without pre-�lter (Fr = 1)is considered.The section covers a general plant with n inertias connected by k � 1 torsionalexibilities, without damping and load, and with unit conversion ratio. There are(2n � 1) poles, and the location of the poles is the same for the di�erent sensorlocations. The number of zeros depends on which sensor that is used, and whenusing _�w there are no zeros. When using feedback from _�m there are (2n�2) zeros.Thus, the transfer functions Gum and Guw, have the same denominators, and arelative degree of 1 and (2n� 1) respectively.



58 Chapter 5 Architectural Issues for Driveline ControlStructural Properties of Sensor LocationThe controller (5.16) has a relative degree of one. The relative degree of GumFy isthus 2, and the relative degree of GuwFy is 2n. When considering design, a goodalternative is to have relative degree one in GFy , implying in�nite gain margin andhigh phase margin.When using GumFy , one pole has to be moved to in�nity, and when usingGuwFy, 2n�1 poles have to be moved to in�nity, in order for the ratio to resemblea �rst order system at high frequencies.When the return ratio behaves like a �rst order system, also the closed-looptransfer function behaves like a �rst order system. This conicts with the designgoal of having a steep roll-o� rate for the closed-loop system in order to attenuatemeasurement noise. Hence, there is a trade-o� when using _�w-feedback.When using _�m-feedback, there is no trade-o�, since the relative degree of Gumis one.Structure of Gw=mWe have in the previous simple examples seen that the relative degree and thezeros are important. The dynamic output ratio contains exactly this informationand nothing else.For low frequencies the dynamic output ratio has gain equal to one,��Gw=m(0)�� = 1(if the conversion ratio is equal to one). Furthermore, Gw=m has a relative degreeof 2n � 2 and thus, a high frequency gain roll-o� rate of 20(2n � 2) dB/decade.Hence, the dynamic output ratio gives the closed-loop transfer function Tm a highfrequency gain roll-o� rate of qm + 20(2n� 2) dB/decade, where qm is the roll-o�rate of GumFy. When using _�w-feedback, Tw will have the same roll-o� rate asGuwFy.Parametric properties of Gw=mTypical parametric properties of Gw=m can be seen in the following example.Example 5.1 Two di�erent plants of the form (5.2) to (5.5) are considered withthe following values:a) J1 = 0:0974, J2 = 0:0280, k = 2:80, c = 0, b1 = 0:0244, b2 = 0:566, l = 0.b) J1 = 0:0974, J2 = 0:220, k = 5:50, c = 0, b1 = 1:70, b2 = 0:660, l = 0.with labels according to the state-space formulation in Section 5.1. The shape ofGw=m can be seen in Figure 5.4. The rest of the chapter will focus on control designof these two plant models.
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Figure 5.4 Dynamic output ratio Gw=m for Example 5.1a (solid line) and Exam-ple 5.1b (dashed line).LQG DesignsIntegral action is included by augmenting the state to attenuate step disturbancesin v [14]. The state-space realization Aa, Ba, Ma, Cwa, and Cma results. TheKalman-�lter gain, Kf , is derived by solving the Riccati equation [14]PfAT +APf � PfCTV �1CPf +BWBT = 0 (5.34)The covariancesW and V , for disturbances v and e respectively, are adjusted untilthe return ratio C(sI �A)�1Kf ; Kf = PfCTV �1 (5.35)and the closed-loop transfer functions S and T show satisfactory performance.The Nyquist locus remains outside the unit circle centered at �1. This means thatthere is in�nite gain margin, and a phase margin of at least 60�. Furthermore, therelative degree is one, and jSj � 1.Design for _�w-feedback. W is adjusted (and thus Fy(s)) such that Sw and Twshow satisfactory performance, and that the desired bandwidth is obtained. Thedesign of the driveline models in Example 5.1 is shown in Figure 5.5. Note thatthe roll-o� rate of Tw is 20 dB/decade.Design for _�m-feedback. W is adjusted (and thus Fy(s)) so that Sm and Tm(and thus _�m) show satisfactory performance. Depending on the shape of Gw=mfor middle high frequencies, corrections in W must be taken so that Tm achievesthe desired bandwidth. If there is a resonance peak in Gw=m, the bandwidth in Tmis chosen such that the peak is suppressed. Figure 5.5 shows such an example (theplant in Example 5.1b with _�m-feedback), where the bandwidth is lower in orderto suppress the peak in Gw=m. Note also the di�erence between Sw and Sm.The parameters of the dynamic output ratio are thus important in the LQGstep of the design.
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Figure 5.5 Closed-loop transfer functions S (left �gures), and T (right �gures).Feedback from _�w is seen in solid lines, and feedback from _�m in dashed lines. Tmis seen in the right �gures in dash-dotted lines. For the _�m-design, W = 5 � 104(Ex. 5.1a) and W = 50 (Ex. 5.1b) are used, and for the _�w-design, W = 15(Ex. 5.1a) and W =W = 5 � 102 (Ex. 5.1b) are used.Loop-Transfer Recovery, LTRThe next step in the design process is to includeKc, and recover the satisfactory re-turn ratio obtain previously. When using the combined state feedback and Kalman�lter, the return ratio is GFy = C(sI �A)�1BKc(sI �A+BKc+KfC)�1Kf . Asimplistic LTR can be obtained by using Kc = �C and increasing �. As � is in-creased, 2n � 1 poles move towards the open system zeros. The remaining polesmove towards in�nity (compare to Section 5.1). If the Riccati equationATPc + PcA� PcBR�1BTPc + CTQC = 0 (5.36)is solved with Q = �, and R = 1, Kc = p�C is obtained in the limit, and toguarantee stability, this Kc is used for recovery.
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Figure 5.6 Closed-loop transfer functions S (left �gures), and T (right �gures)after recovery. Feedback from _�w is seen in solid lines, and feedback from _�m indashed lines. Tm is seen in the right �gures in dash-dotted lines. For the _�m-design,� = 106 (Ex. 5.1a) and � = 105 (Ex. 5.1b) are used, and for the _�w-design, � = 104,108, and 1011 are used in both Ex. 5.1a and b.Figure 5.6 shows the recovered closed-loop transfer functions for Example 5.1.Nyquist locus and control signal transfer function, Gru = Fy=(1 + GuwFy), areshown in Figure 5.7.Recovery for _�w-feedback. There is a trade-o� when choosing an appropriate�. A low � gives good attenuation of measurement noise and a low control signal,but in order to have good stability margins, a high � must be chosen. This givesan increased control signal, and a 20 dB/decade roll-o� rate in Tw for a widerfrequency range.Recovery for _�m-feedback. There is no trade-o� when choosing �. It is possi-ble to achieve good recovery with reasonable stability margins and control signal,together with a steep roll-o� rate.The structural properties, i.e. the relative degrees are thus dominant in deter-mining the LTR step of the design.
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Figure 5.7 Nyquist plot of return ratio (left �gures) and control signal transferfunction Fy=(1 + GuwFy) (right �gures). Feedback from _�w is seen in solid lines,and feedback from _�m in dashed lines. For the _�m-design, � = 106 (Ex. 5.1a) and� = 105 (Ex. 5.1b) are used, and for the _�w-design, � = 104, 108, and 1011 are usedin both Ex. 5.1a and b. A dash-dotted circle with radius one, centered at -1, isalso shown in the Nyquist plots.5.5 SummaryControl and damping of torsional oscillations in vehicular drivelines are importantproblems. Di�erent sensor locations give di�erent transfer functions, Gum or Guw.These functions have the same poles, but have di�erent relative degrees and di�er-ent zeros. The dynamic output ratio, Gw=m, exactly captures these di�erences andnothing else. The problem that the performance output signal is not the same asthe measured output signal is handled by introducing a modi�ed complementarysensitivity function, being modi�ed with Gw=m. Both structural and parameterdependent aspects of sensor location have been characterized. In LQG/LTR, pa-rameter dependent properties dominate in the LQG step of the design, whereasstructural properties, i.e. sensor location, dominate in the LTR step.



6Speed Controller Design andSimulations
The background and problems with traditional diesel engine speed control (RQV)were covered in Chapter 2. Speed control is here de�ned as the extension of RQVcontrol with engine controlled active damping of driveline resonances. Active damp-ing is obtained by using a feedback law that calculates the fuel amount so that theengine inertia works in the opposite direction of the oscillations, at the same timeas the desired speed is obtained. The calculated fuel amount is a function of theengine speed, the wheel speed, and the drive-shaft torsion, which are states of theDrive-shaft model, derived in Chapter 4. These variables are estimated by a Kalman�lter with either the engine speed or the wheel speed as input. The feedback law isdesigned by deriving a criterion in which the control problem is given mathematicalformulation.Two di�erent observer problems result depending on if the engine speed orthe wheel speed is used as input to the observer. The di�erence in disturbancerejection between the two sensor locations will be demonstrated. The RQV con-trol scheme gives a speci�c character to the driving feeling e.g. when going uphilland downhill. This driving character is important to maintain when extendingRQV control with active damping. Traditional RQV control is further explainedin Section 6.1. Thereafter, the speed control problem keeping RQV characteristicsis formulated in Section 6.2. The problem formulation is then studied in the fol-lowing sections using available computationally powerful methods like LQG/LTR.Finally, the design based on the Drive-shaft model is simulated together with themore complicated Nonlinear clutch and drive-shaft model as vehicle model. Someimportant disturbances are simulated that are di�cult to generate in systematicways in real experiments. 63



64 Chapter 6 Speed Controller Design and Simulations6.1 RQV ControlRQV control is the traditional diesel engine control scheme covered in Chapter 2.The controller is essentially a proportional controller with the accelerator as refer-ence value and a sensor measuring the engine speed. The RQV controller has noinformation about the load, and a nonzero load, e.g. when going uphill or downhill,gives a stationary error. The RQV controller is described byu = u0 +Kp(ri� _�m) (6.1)where i = itif is the conversion ratio of the driveline, Kp is the controller gain, andr is the reference velocity. The constant u0 is a function of the speed, but not theload since this is not known. The problem with vehicle shu�e when increasing thecontroller gain, in order to increase the bandwidth, is demonstrated in the followingexample.Example 6.1 Consider the 144L truck modeled in Chapters 4 traveling at a speedof 2 rad/s (3.6 km/h) with gear 1 and a total load of 3000 Nm (� 2 % road slope).Let the new desired velocity be r = 2.3 rad/s. Figure 6.1 shows the RQV controllaw (6.1) applied to the Drive-shaft model with three gains, Kp. In the plots, u0from (6.1) is calculated so that the stationary level is the same for the three gains.(Otherwise there would be a gain dependent stationary error.)When the controller gain is increased, the rise time decreases and the overshootin the wheel speed increases. Hence, there is a trade-o� between short rise timeand little overshoot. The engine speed is well damped, but the exibility of thedriveline causes the wheel speed to oscillate with higher amplitude the more thegain is increased.The same behavior is seen in Figure 6.2, which shows the transfer functions fromload and measurement disturbances, v and e, to the performance output, when theRQV controller is used. The value of the resonance peak in the transfer functionsincreases when the controller gain is increased.6.2 Problem FormulationThe goals of the speed control concept were outlined in Chapter 2. These are heregiven a mathematical formulation, which is solved for a controller using establishedtechniques and software.The performance output for the speed controller is the wheel speed, z = _�w, asde�ned in Chapter 5, since the wheel speed rather than the engine speed determinesvehicle behavior. Figure 6.3 shows the transfer functions from control signal (u)and load (l) to the wheel speed (z) for both the Drive-shaft model and the Clutch anddrive-shaft model. The Clutch and drive-shaft model adds a second resonance peakoriginating from the clutch. Furthermore, the high frequency roll-o� rate is steeperfor the Clutch and drive-shaft model than for the Drive-shaft model. Note that thetransfer function from the load to the performance output is the same for the two
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Figure 6.1 Response of step in accelerator position at t=1 s, with RQV control(6.1) controlling the Drive-shaft model. Controller gainsKp=8, Kp=25, and Kp=85are shown in solid, dashed, and dash-dotted lines respectively. Increased gainresults in a well damped engine speed and an oscillating wheel speed.models. This chapter deals with the development of a controller based on theDrive-shaft model, neglecting the inuence from the clutch for higher frequencies.A �rst possible attempt for speed control is a scheme of applying the enginetorque to the driveline such that the following cost function is minimizedlimT!1 Z T0 (z � r)2 (6.2)where r is the reference velocity given by the driver. The cost function (6.2) canbe made arbitrarily small if there are no restrictions on the control signal u, sincethe plant model is linear. However, a diesel engine can only produce torque in acertain range, and therefore, (6.2) is extended such that a large control signal ispenalized in the cost function.
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Figure 6.2 Closed-loop transfer functions Gvz and Gez when using the RQVcontrol law (6.1) for the controller gainsKp=8 (solid),Kp=25 (dashed), andKp=85(dash-dotted). The resonance peaks increase with increasing gain.The stationary point z = r is reached if a stationary control signal, u0, is used.This torque is a function of the reference value, r, and the load, l. For a givenwheel speed, _�w, and load, the driveline has the following stationary pointx0( _�w; l) = 0@ b2=k 1=ki 01 0 1A� _�wl � = �x _�w + �ll (6.3)u0( _�w; l) = � (b1i2 + b2)=i 1=i �� _�wl � = �x _�w + �ll (6.4)The stationary point is obtained by solvingAx+Bu+Hl = 0 (6.5)for x and u, where A, B, and H are given by (5.2) to (5.5).The cost function is modi�ed by using (6.3) and (6.4), such that a controlsignal that deviates from the stationary value u0(r; l) adds to the cost function.The extended cost function is given bylimT!1 Z T0 (z � r)2 + �(u� u0(r; l))2 (6.6)where � is used to control the trade-o� between short rise time and control signalamplitude.
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Figure 6.3 Transfer functions from control signal, u, and load, l, to performanceoutput, z. The Drive-shaft model is shown in solid and the Clutch and drive-shaftmodel is shown in dashed. The modeled clutch gives a second resonance peak anda steeper roll-o� rate.The controller that minimizes (6.6), called the speed controller, has no station-ary error, since the load, l, is included and thus compensated for. However, it isdesirable that the stationary error characteristic for the RQV controller is main-tained in the speed controller, as mentioned before. A stationary error comparablewith that of the RQV controller can be achieved by using only a part of the loadin the criterion (6.6), as will be demonstrated in Section 6.3.1.6.3 Speed Control with Active Damping and RQVBehaviorThe problem formulation (6.6) will be treated in two steps. First without RQVbehavior i.e. using the complete load in the criterion, and then extending to RQVbehavior. The problem formulation (6.6) is in this section solved with LQG tech-nique. This is done by linearizing the driveline model and rewriting (6.6) in termsof the linearized variables. A state-feedback matrix is derived that minimizes (6.6)by solving a Riccati equation. The derived feedback law is a function of � which ischosen such that high bandwidth together with a feasible control signal is obtained.The model (5.1) _x = Ax+Bu+Hl (6.7)



68 Chapter 6 Speed Controller Design and Simulationsis a�ne since it includes a constant term, l. The model is linearized in the neigh-borhood of the stationary point (x0; u0). The linear model is described by� _x = A�x +B�u (6.8)where �x = x� x0�u = u� u0 (6.9)x0 = x0(x30; l)u0 = u0(x30; l)where the stationary point (x0; u0) is given by (6.3) and (6.4) (x30 is the initialvalue of x3). Note that the linear model is the same for all stationary points.The problem is to devise a feedback control law that minimizes the cost function(6.6). The cost function is expressed in terms of �x and �u by using (6.9)limT!1 Z T0 (M(x0 +�x) � r)2 + �(u0 +�u� u0(r; l))2 (6.10)= limT!1 Z T0 (M�x+ r1)2 + �(�u+ r2)2 (6.11)with r1 = Mx0 � r (6.12)r2 = u0 � u0(r; l)In order to minimize (6.10) a Riccati equation is used. Then the constants r1 andr2 must be expressed in terms of state variables. This can be done by augmentingthe plant model (A, B) with models of the constants r1 and r2. Since these modelswill not be controllable, they must be stable in order to solve the Riccati equation[14]. Therefore the model _r1 = _r2 = 0 is not used because the poles are located onthe imaginary axis. Instead the following models are used_r1 = ��r1 (6.13)_r2 = ��r2 (6.14)which with a low � indicates that r is a slow-varying constant.The augmented model is given byAr = 0BBBB@ 0 0A 0 00 00 0 0 �� 00 0 0 0 �� 1CCCCA ; (6.15)



6.3 Speed Control with Active Damping and RQV Behavior 69Br = 0@ B00 1A ; xr = (�xT r1 r2)T (6.16)By using these equations, the cost function (6.10) can be written in the formlimT!1 Z T0 xTr Qxr +R�u2 + 2xTr N�u (6.17)with Q = (M 1 0)T (M 1 0) + �(0 0 0 0 1)T (0 0 0 0 1)N = �(0 0 0 0 1)T (6.18)R = �The cost function (6.10) is minimized by using�u = �Kcxr (6.19)with Kc = Q�1(BTr Pc +NT ) (6.20)where Pc is the stabilizing solution to the Riccati equationATr Pc + PcAr +R� (PcBr +N)Q�1(PcBr +N)T = 0 (6.21)The control law (6.19) becomes�u = �Kcxr = � � Kc1 Kc2 Kc3 ��x�Kc4r1 �Kc5r2 (6.22)By using (6.9) and (6.12) the control law for the speed controller is written asu = K0x30 +Kll +Krr � � Kc1 Kc2 Kc3 �x (6.23)with K0 = � Kc1 Kc2 Kc3 � �x �Kc4M�x + �x �Kc5�xKr = Kc4 +Kc5�x (6.24)Kl = � Kc1 Kc2 Kc3 � �l �Kc4M�l + �lwhere �x, �l, �x, and �l are described in (6.3) and (6.4).When this control law is applied to Example 6.1 the controller gain becomesu = 0:230x30 + 4470r+ 0:125l� � 7620 0:0347 2:36 �x (6.25)where � = 5�10�8 and � = 0:0001 are used. With this controller the phase margin isguaranteed to be at least 60� with in�nite amplitude margin [14]. A step-responsesimulation with the speed controller (6.25) is shown in Figure 6.4.The rise time of the speed controller is shorter than for the RQV controller. Alsothe overshoot is less when using speed control. The driving torque is controlledsuch that the oscillations in the wheel speed are actively damped. This means thatthe controller applies the engine torque in a way that the engine inertia works inthe opposite direction of the oscillation. Then the engine speed oscillates, but theimportant wheel speed is well behaved as seen in Figure 6.4.
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Figure 6.4 Response of step in accelerator position at t=1 s. The Drive-shaftmodel is controlled with the speed control law (6.25) in solid lines. RQV control(6.1) with Kp=25 is seen in dashed lines. With active damping, the engine speedoscillates, resulting in a well damped wheel speed.6.3.1 Extending with RQV BehaviorThe RQV controller has no information about the load, l, and therefore a stationaryerror will be present when the load is di�erent from zero. The speed controller(6.23) is a function of the load, and the stationary error is zero if the load isestimated and compensated for. There is however a demand from the driver thatthe load should give a stationary error, and only when using a cruise controller thestationary error should be zero.The speed controller can be modi�ed such that a load di�erent from zero givesa stationary error. This is done by using �l instead of the complete load l in (6.23).The constant � ranges from � = 0 which means no compensation for the load, to� = 1 which means fully compensation of the load and no stationary error. The
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Figure 6.5 Wheel-speed response of step in accelerator position at t=1 s. TheDrive-shaft model is controlled with the RQV controller (6.1) in dashed line, andthe speed controller with stationary error (6.26) with � = 0; 0:5; 1 in solid lines.The speed controller achieves the same stationary level as the RQV controller bytuning �.compensated speed control law becomesu = K0x30 +Kl�l +Krr � � Kc1 Kc2 Kc3 �x (6.26)In Figure 6.5, the RQV controller with its stationary error (remember the referencevalue r = 2:3 rad/s) is compared to the compensated speed controller (6.26) appliedto Example 6.1 for three values of �. By adjusting �, the speed controller withactive damping is extended with a stationary error comparable with that of theRQV controller.6.4 Inuence from Sensor LocationThe speed controller investigated in the previous section uses feedback from allstates (x1 = �m=itif � �w, x2 = _�m, and x3 = _�w). A sensor measuring shafttorsion (e.g. x1) is normally not used, and therefore an observer is needed toestimate the unknown states. In this work, either the engine speed or the wheelspeed is used as input to the observer. This results in di�erent control problemsdepending on sensor location. Especially the di�erence in disturbance rejection isinvestigated.



72 Chapter 6 Speed Controller Design and SimulationsThe observer gain is calculated using Loop-Transfer Recovery (LTR) [14]. Thespeed control law (6.23) then becomesu = K0x30 +Krr +Kll � � Kc1 Kc2 Kc3 � x̂ (6.27)with K0, Kr, and Kl given by (6.24). The estimated states x̂ are given by theKalman �lter � _̂x = A�x̂ +B�u+Kf (�y � C�x̂) (6.28)Kf = PfCTV �1 (6.29)where Pf is derived by solving the Riccati equationPfAT +APf � PfCTV �1CPf +W = 0 (6.30)The covariance matricesW and V correspond to disturbances v and e respectively.The output matrix C is either equal to Cm (5.11) when measuring the engine speed,or Cw (5.12) when measuring the wheel speed.To recover the properties (phase margin and amplitude margin) achieved inthe previous design step when all states are measured, the following values areselected [14] V = 1W = �BBT (6.31)C = Cm or Cw� = �m or �wEquations (6.29) and (6.30) are then solved for Kf .When using LQG with feedback from all states, the phase margin, ', is at least60� and the amplitude margin, a, is in�nity as stated before. This is obtainedalso when using the observer by increasing � towards in�nity. For Example 6.1 thefollowing values are used�m = 5 � 105 ) 'm = 60:5�; am =1 (6.32)�w = 1014 ) 'w = 59:9�; aw = 35:0where the aim has been to have at least 60� phase margin. The large di�erencebetween �m and �w in (6.32) is due to the structural di�erence between the twosensor locations, according to Chapter 5.The observer dynamics is cancelled in the transfer functions from reference valueto performance output (z = _�w) and to control signal (u). Hence, these transferfunctions are not a�ected by sensor location. However, the observer dynamics willbe included in the transfer functions from disturbances v and e to both z and u.
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Figure 6.6 Closed-loop transfer functions from load disturbance, v, to perfor-mance output, z, and to control signal, u. Feedback from _�w is shown in solidand feedback from _�m is shown in dashed lines. With _�m-feedback the transferfunctions have a resonance peak, resulting from the open-loop zeros.6.4.1 Inuence from Load DisturbancesFigure 6.6 shows how the performance output and the control signal are a�ected bythe load disturbance v. There is a resonance peak in Gvz when using feedback fromthe engine-speed sensor, which is not present when feedback from the wheel-speedsensor is used. The reason for this can be seen when studying the transfer functionGvz in (5.21). By using the matrix inversion lemma [10] (5.21) is rewritten as(Gvz)cl = Gvz + Fy(GuyGvz �GuzGvy)1 +GuyFy (6.33)where Gab denotes the transfer function from signal a to b, and cl stands for closedloop. The subscript y in (6.33) represents the output of the system, i.e. either _�wor _�m. The controller Fy is given by (5.16) asFy(s) = Kc(sI �A+BKc +KfC)�1Kf (6.34)with C either being Cm for engine-speed feedback, or Cw for wheel-speed feedback.For the speed controller (z = _�w), Equation (6.33) becomes(Gvz)cl = Gvw1 +GuwFy (6.35)



74 Chapter 6 Speed Controller Design and Simulationswhen the sensor measures the wheel speed. Equation (6.35) is obtained by replacingthe subscript y in (6.33) by the subscript w. Then the parenthesis in (6.33) equalszero. In the same way, the resulting equation for the _�m-feedback case is(Gvz)cl = Gvw + Fy(GumGvw �GuwGvm)1 +GumFy (6.36)Hence, when using the wheel-speed sensor, the controller is cancelled in the numer-ator, and when the engine-speed sensor is used, the controller is not cancelled.The optimal return ratio in the LQG step isKc(sI �A)�1B (6.37)Hence, the poles from A is kept, but there are new zeros that are placed suchthat the relative degree of (6.37) is one, assuring a phase margin of at least 60�(' > 60�), and an in�nite gain margin. In the LTR step the return ratio isFyGuy = Kc(sI �A�BKc �KfC)�1KfC(sI �A)�1B (6.38)When � in (6.31) is increased towards in�nity, (6.37) equals (6.38). This means thatthe zeros in the open-loop system C(sI � A)�1B are cancelled by the controller.Hence, the open-loop zeros will become poles in the controller Fy. This meansthat the closed-loop system will have the open-loop zeros as poles when using theengine-speed sensor. The closed-loop poles become �0:5187�3:0753j, which causesthe resonance peak in Figure 6.6.6.4.2 Inuence from Measurement DisturbancesThe inuence frommeasurement disturbances e is shown in Figure 6.7. The transferfunctions from measurement noise to output, (5.22), can be rewritten via the matrixinversion lemma as (Gez)cl = � GuzFy1 +GuyFy (6.39)The complementary sensitivity function is de�ned for the two sensor alternativesas Tw = GuwFy1 +GuwFy ; Tm = GumFy1 +GumFy (6.40)Then by replacing the subscript y in (6.39) with m or w (for _�m-feedback or _�w-feedback), and comparing with (6.40), the following relations hold(Gez)cl = �Tw with _�w�feedback (6.41)(Gez)cl = �TmGuwGum = TmGw=m with _�m�feedback (6.42)where the dynamic output ratio Gw=m was de�ned in De�nition 5.1. For the Drive-shaft model the dynamic output ratio isGw=m = cs+ ki(J2s2 + (c+ b2)s+ k) (6.43)



6.4 Inuence from Sensor Location 75
10

−2
10

−1
10

0
10

1
10

2
10

3
−150

−100

−50

0

 

G
ai

n 
 [d

B
]

10
−2

10
−1

10
0

10
1

10
2

10
3

0

50

100

Frequency  [rad/s]

G
ai

n 
 [d

B
]

Closed-loop transfer function Gez
Closed-loop transfer function Geu

Figure 6.7 Closed-loop transfer functions from measurement noise, e, to perfor-mance output, z, and to control signal, u. Feedback from _�w is shown in solidand feedback from _�m is shown in dashed lines. The di�erence between the twofeedback principles is described by the dynamic output ratio. The e�ect increaseswith lower gears.where the state-space description in Chapter 5 is used. Especially for low frequen-cies, Gw=m(0) = 1=i = 1=itif . The dynamic output ratio can be seen in Figure 6.8for three di�erent gears.When � in (6.31) is increased towards in�nity, (6.37) equals (6.38), which meansthat Tm = Tw. Then (6.41) and (6.42) gives(Gez)cl;m = (Gez)cl;wGw=m (6.44)where cl;m and cl; w means closed loop with feedback from _�m and _�w respectively.The frequency range in which Tm = Tw is valid depends on how large � in (6.31)is made. Figure 6.9 shows the sensitivity functionsSw = 11 +GuwFy ; Sm = 11 +GumFy (6.45)and the complementary sensitivity functions Tw and Tm (6.40) for the two casesof feedback. It is seen that Tm = Tw is valid up to about 100 rad/s (� 16 Hz).The roll-o� rate at higher frequencies di�er between the two feedback principles.This is due to that the open-loop transfer functions Guw and Gum have di�erent
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Figure 6.8 The dynamic output ratio Gw=m for gear 1 (solid), gear 7 (dashed),and gear 14 (dash-dotted).relative degrees. Guw has a relative degree of two, and Gum has a relative degreeof one. Therefore, Tw has a steeper roll-o� rate than Tm.Hence, the di�erence in Gez depending on sensor location is described by thedynamic output ratio Gw=m. The di�erence in low-frequency level is equal to theconversion ratio of the driveline. Therefore, this e�ect increases with lower gears.6.4.3 Load EstimationThe feedback law with unknown load isu = K0x30 +Krr +Kl l̂ � � Kc1 Kc2 Kc3 � x̂ (6.46)where l̂ is the estimated load. In order to estimate the load, the model used inthe Kalman �lter is augmented with a model of the load. The load is hard tomodel correctly since it is a function of road slope. However it can be treated as aslow-varying constant. A reasonable augmented model isx4 = l̂; with _x4 = 0 (6.47)This gives _̂x = Alx̂l +Blu+Kf (y � Clx̂l) (6.48)with x̂l = � x̂ l̂ �T ; (6.49)
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Figure 6.9 Sensitivity function S and complementary sensitivity function T .The dash-dotted lines correspond to the case with all states known. When onlyone velocity is measured, the solid lines correspond to _�w-feedback, and the dashedlines correspond to _�m-feedback.Al = 0BB@ 0A 0�1=J20 0 0 0 1CCA ; (6.50)Bl = � B0 � ; Cl = � C 0 � (6.51)The feedback law isu = K0x30 +Krr � � Kc1 Kc2 Kc3 �Kl � x̂l (6.52)6.5 SimulationsAn important step in demonstrating feasibility for real implementation is thata controller behaves well when simulated on a more complicated vehicle modelthan it was designed for. Even more important in a principle study is that suchdisturbances can be introduced that hardly can be generated in systematic ways inreal experiments. One such example is impulse disturbances from a towed trailer.The control law based on the reduced driveline model is simulated with a morecomplete nonlinear model, derived in Chapter 4. The purpose is also to study
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ControllerDrive-shaft modelControl law (6.27)Observer (6.28)

z ( _�w)y ( _�w or _�m)r VehicleThe Nonlinear clutch anddrive-shaft model (4.60)-(4.62)
Figure 6.10 Simulation con�guration. As a step for demonstrating feasibility forreal implementation, the Nonlinear clutch and drive-shaft model is simulated withthe controller based on the Drive-shaft model.e�ects from di�erent sensor locations as discussed in Section 6.4. The simulationsituation is seen in Figure 6.10. The Nonlinear clutch and drive-shaft model, given by(4.60) to (4.62), is used as vehicle model. The steady-state level for the Nonlinearclutch and drive-shaft model is calculated by solving the model equations for theequilibrium point when the load and speed are known.The controller used is based on the Drive-shaft model , as was derived in theprevious sections. The wheel speed or the engine speed is the input to the observer(6.28), and the control law (6.27) with � = 0 generates the control signal.The simulation case presented here is the same as in Example 6.1, i.e. a velocitystep response, but a load disturbance is also included. The stationary point is givenby _�w = 2; l = 3000 ) x0 = � 0:0482 119 2:00 �T ; u0 = 109 (6.53)where (6.3) and (6.4) are used, and the desired new speed is _�w = 2:3 rad/s. Atsteady state, the clutch transfers the torque u0 = 109 Nm. This means that theclutch angle is in the area with higher sti�ness (�c1 < �c � �c2) in the clutchnonlinearity, seen in Figure 4.15. This is a typical driving situation when speedcontrol is used. However, at low clutch torques (�c < �c1) the clutch nonlinearitycan produce limit cycle oscillations [3]. This situation occurs when the truck istraveling downhill with a load of the same size as the friction in the driveline,resulting in a low clutch torque. This is however not treated here. At t = 6 s, aload impulse disturbance is simulated. The disturbance is generated as a squarepulse with 0.1 s width and 1200 Nm height, added to the load according to (5.9).In order to simulate the nonlinear model, the di�erential equations (4.60) to(4.62) are scaled such that the �ve di�erential equations (one for each state) haveabout the same magnitude. The model is simulated using the Runge Kutta (45)method [26] with a low step size to catch the e�ect of the nonlinearity.Figures 6.11 to 6.13 show the result of the simulation. These �gures should becompared to Figure 6.4, where the same control law is applied to the Drive-shaft
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Figure 6.11 Wheel-speed response of step in accelerator position at t=1 s with thespeed controller (6.27) derived from the Drive-shaft model, controlling the Nonlinearclutch and drive-shaft model. The solid line corresponds to _�w-feedback and feedbackfrom _�m is seen in dashed line. At t=6 s, an impulse disturbance v acts on theload. The design still works when simulated with extra clutch dynamics.
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Figure 6.12 Control signal corresponding to Figure 6.11. There is only lit-tle di�erence between the two sensor alternatives in the step response at t=1 s.However, the load impulse (at t=6 s) generates a control signal that damps theimpulse disturbance when feedback from the wheel-speed sensor is used, but notwith engine-speed feedback.
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Figure 6.13 Clutch-angle di�erence corresponding to Figure 6.11. The inuencefrom the clutch nonlinearity can be neglected, because the area with low sti�ness(�c < �c1) is never entered.model. From these plots it is demonstrated that the performance does not criticallydepend on the simpli�ed model structure. The design still works if the extradynamics is added. Further evidence supporting this is seen in Figure 6.13. Thearea with low sti�ness in the clutch nonlinearity (�c < �c1) is never entered. Theload impulse disturbance is better attenuated with feedback from the wheel-speedsensor, which is a veri�cation of the behavior that was discussed in Section 6.4.6.6 SummarySpeed control with engine controlled damping of driveline resonances has beenproposed in this chapter. RQV control is the traditional way speed control isperformed in diesel engines, which gives a certain driving character with a loaddependent stationary error when going uphill or downhill. With RQV, there is noactive damping of wheel-speed oscillations, resulting in vehicle shu�e. An increasedcontroller gain results in increased wheel-speed oscillations while the engine speedis well damped.A major contribution of this chapter is a formulation of a criterion for speedcontrol with active damping of wheel-speed oscillations and a stationary error givingRQV behavior. To solve the criterion, a linear driveline model with drive-shaftexibility, and with parameters estimated from experiments is used. Simulationsshow that the performance of the design, based on the simpli�ed model, works wellfor a more complicated model, with a nonlinear clutch characteristics.



6.6 Summary 81An investigation of the inuence from di�erent sensor locations on the controldesign shows that when using LQG/LTR the open-loop zeros are cancelled bythe controller. With engine-speed feedback this is critical, because the open-looptransfer function has a resonant zero couple. It is shown that this zero couplebecomes poles of the transfer functions from load disturbances to wheel speed.This results in undamped load disturbances when engine-speed feedback is used.When feedback from the wheel-speed sensor is used, no resonant open-loop polesare cancelled. Load disturbances are thus better attenuated with this feedbackcon�guration.Measurement disturbances are better attenuated when the engine-speed sensoris used, than when using the wheel-speed sensor. This e�ect increases with lowergears. Two di�erent closed-loop transfer functions result, depending on feedbackcon�guration. The di�erence between these two is described by the dynamic outputratio. As mentioned before, both sensors are normally avaliable on a driveline, butthe principle study can be used as a guideline on where to invest in improved sensorquality.In conclusion, the use of active damping signi�cantly improves the behaviorfor both sensor cases. Furthermore, the formulation is natural, it allows e�cientsolution, and there is a simple tuning of the amount of RQV feeling.
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7Speed Controller Experiments
A speed control strategy with engine controlled damping of driveline resonanceswas derived in the previous chapter. The topic of this chapter is to demonstratethat the method is applicable for real implementations in a heavy truck. The goalis further to demonstrate that the simpli�ed treatment of the diesel engine (smoothtorque, dynamical behavior, etc, according to Chapter 2) holds in �eld trials.The speed control strategy is implemented by discretizing the feedback law andthe observer. The controller parameters are tuned for the practical constraintsgiven by the measured signals. Step response tests in engine speed are performedwith the strategy and the results are compared to the traditionally used RQV con-troller for speed control. In order to have as small restrictions on the control signalas possible, tests are �rst performed without a diesel smoke delimiter, limiting theengine torque for low turbo pressures. It is then demonstrated how this nonlineartorque limitation can be handled.Section 7.1 covers controller discretization and parameter tuning. The maincontribution of the chapter is the demonstration of active damping in �eld trialsin the sections following.7.1 Controller ImplementationThe speed controller is implemented in a real-time system on a PC, as describedin Chapter 3. The controller, developed in Chapter 6, consists of an observerand a feedback law, which are implemented in the C programming language. The83



84 Chapter 7 Speed Controller Experimentsobserver is described by (6.28) as� _̂x = A�x̂ +B�u+Kf (�y � C�x̂) (7.1)and the feedback law is described by (6.26) asu = K0x30 +Kl�l +Krr � � Kc1 Kc2 Kc3 � x̂ (7.2)7.1.1 Controller DiscretizationThe observer is discretized by Tustin's method [7]. This method results in a discreteversion of the observer equation (7.1) of the formxk+1 = Exk + F (uk + uk�1) +G(yk + yk�1) (7.3)where xk is the state vector, uk is the control signal, and yk is the output (eitherthe wheel speed or the engine speed) at iteration k andE = H �2I + T (A�KfC)�F = HBT (7.4)G = HKfTH = �2I � T (A�KfC)��1where A, B, and C describes the model, T is the sampling time, and Kf is theobserver gain.Equation (7.4) is calculated o�-line prior to execution in order to save on-lineexecution time. This means that a total of 15 multiplications and 8 additions areneeded every iteration to implement the observer (7.3).After computing the states by using (7.3), the control signal is obtained by thestate-feedback law (7.2). The complete algorithm computed every iteration is asfollows.Control algorithm1. Read engine speed ( _�m) and engine temperature (Tm).2. Calculate engine friction torque,Mfr( _�m; Tm), as function of the engine speedand the engine temperature. The friction values are obtained from a map,described in Section 4.2, by an interpolation routine.3. Read the engine torque (Mm) and the variable used as input to the observer(engine speed, _�m, or wheel speed, _�w).4. Calculate the control signal uk = (Mm �Mfr( _�m; Tm)), and update the ob-server equations (7.3).5. Read the reference value (rk), and use the feedback law (7.2) to calculate thenew control signal, uk+1.



7.1 Controller Implementation 856. The new control signal is transferred to requested engine torque by addingthe engine friction torque to the control signal (uk+1 +Mfr( _�m; Tm)). Therequested engine torque is then sent to the engine control unit.The repetition-rate of the algorithm is chosen the same as the sampling rateof the input variable to the observer. This means that the sampling-rate is 50 Hzwhen using feedback from the engine-speed sensor, and 20 Hz with feedback fromthe wheel-speed sensor. More information about the measured variables are foundin Table 3.1.The parameters of the implemented algorithm are in the following sectionstuned for the practical constraints given by the sensor characteristics.7.1.2 Tuning the Controller Parameters � and �The controller parameter �, introduced in (6.13), is used for describing the referencesignal in the cost function (6.10) as states, and thus be able to solve the criterion.The parameter has little inuence on control performance as long as it has a valueclose to zero. As in the simulations described in Section 6.5, � = 0:0001 is used.The controller parameter �, introduced in (6.26), is used to obtain the sta-tionary error characteristic for RQV control, as described in Section 6.3.1. Thestationary error is not considered further in this chapter, and therefore, � = 1 isused, giving no stationary error.7.1.3 Tuning the Controller Parameter �A third controller parameter � is introduced in (6.6) in Section 6.3, which is used tocontrol the trade-o� between control signal amplitude and closed-loop bandwidth.It is desired to have as low � as possible (giving high bandwidth), but if the controlsignal reaches its limitations, no active damping is obtained, which must be avoided.This is of speci�c interest in this application due to varying restrictions on thecontrol signal as a function of engine speed and turbo pressure, as described inChapter 3.Figure 7.1 shows the closed-loop transfer functions from reference value (r) toperformance output (z) and to control signal (u) for � = 5 � 10�8. A bandwidthof about 7 rad/s (� 1 Hz) is obtained. However, this bandwidth is only achievedfor small changes in reference value, since this � leads to control signals reachingthe limits for larger changes in the reference value. The large control signals aremainly a result of the high gain in Gru for high frequencies, according to Figure 7.1.The gain at high frequency in Grz is low and decreasing, and therefore, the maine�ect from high frequencies in the reference value is seen in high control signalamplitudes. By pre-�ltering the reference value with a low-pass �lter, the resultwill be a reduced control signal amplitude with little e�ect on the bandwidth ofthe performance output (wheel speed).Figure 7.2 shows closed-loop control with reference value without �ltering com-pared to one that is �ltered with a �rst order �lter with a bandwidth of 25 Hz.



86 Chapter 7 Speed Controller Experiments
10

−2
10

−1
10

0
10

1
10

2
10

3
20

40

60

80

 

G
ai

n 
dB

10
−2

10
−1

10
0

10
1

10
2

10
3

−100

−50

0

Frequency [rad/s]

G
ai

n 
dB

Closed-loop transfer function Gru
Closed-loop transfer function Grz

Figure 7.1 Closed-loop transfer functions from reference value, r, to performanceoutput (z =wheel speed) and to control signal, u. The main reason to large controlsignal amplitudes at fast changes in reference value is the high gain in Gru at highfrequencies.The control signal becomesu = K0x30 +Kl�l +Kr 10:04s+ 1r �Kcx̂ (7.5)It is demonstrated that the control signal is reduced to half its peak value, andthat the rise-time of the wheel speed is little a�ected.7.1.4 Tuning the Controller Parameter �The parameter �, introduced in the LTR step (6.31) of the design in Section 6.4,parameterizes the observer such that the optimal feedback properties (when allstates are measured) can be obtained also when an observer is used to estimatesome states. If � is increased towards in�nity, the optimal properties are obtained,as discussed before. Increasing � means that the algorithm is 'told' that an in-creasing proportion of the variance in the plant output is due to state variations,and a decreasing proportion to measurement errors. A large � together with mea-surement disturbances will result in an observer tracking the measured signal withits errors, giving a poor estimation of the other states. Hence, there is a trade-o�between having good robustness properties and estimation quality when using LTRtechnique, and having measured outputs with poor quality.
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Figure 7.2 Speed controller simulated with and without pre-�ltering the referencevalue, according to (7.5) and (7.2). The dashed lines show a case where the referencevalue is �ltered with a �rst order low-pass �lter with cut-o� frequency 25 Hz. Pre-�ltering can reduce control signal peaks with only a small decrease in bandwidthof the wheel speed.Estimator performanceIn the simulation study in Section 6.5, there were no measurement errors in themeasured outputs, and high values of � (�m = 5 � 105 and �w = 1014) were possibleto use. With these values, about the same phase margin (60�) in the closed-loopsystem was obtained. In real implementations, where the measured signals aredistorted by measurement noise and quanti�cation errors, � is tuned to a lowervalue. After tests with observers with di�erent �, the following values were usedthroughout the experiments, �m = �w = 105.Figure 7.3 shows a test with an observer estimating the states using �m = �w =105. In the �rst experiment (when the engine speed is used as input to the observer)the quality of the measurements is such that � can be increased to almost the levelused in the simulation study. This means that there is little di�erence between themeasured and estimated engine speed.
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Figure 7.3 Experiments with two observers estimating the engine speed (top�gures) and wheel speed (bottom �gures). The observer with feedback from enginespeed is seen in left �gures, and wheel-speed feedback to the right. Measuredsignals are seen in solid lines and the estimated signals are seen in dashed lines.The wheel-speed sensor is of lower quality than the engine-speed sensor.In the second experiment (when the wheel speed is used as input to the ob-server), � cannot be increased to the value used in the simulations, due to thequanti�cation errors in the measurement signal (the relative size of the quanti�-cation error is higher for the wheel speed than for the engine speed, accordingto Table 3.1). This results in an observer that �lters the measured wheel speed,without following the measurement errors.After tuning � for both feedback principles, the estimated states have onlysmall deviations from the measured signals, for low-frequency driveline oscillations.However, the closed-loop performance will not only depend on the quality of theestimations, but also the value of �, which will be investigated next.Closed-loop performanceThe robustness properties of a closed-loop design can be studied by investigatingthe sensitivity function, S, and the complementary sensitivity function, T . These



7.1 Controller Implementation 89
10

−2
10

−1
10

0
10

1
10

2
10

3
−100

−50

0

 

G
ai

n 
dB

10
−2

10
−1

10
0

10
1

10
2

10
3

−40

−20

0

Frequency [rad/s]

G
ai

n 
dB

Complementary sensitivity function, T
Sensitivity function, S

Figure 7.4 Complementary sensitivity function, T , and sensitivity function, S. Insolid lines the optimal case (all states are measurable) is shown, and in dashed linesthe case with feedback from the wheel speed is shown. Feedback from engine speedis seen in dash-dotted lines, and the observer gain is calculated with the values�m = �w = 105. The di�erence is mainly due to a di�erence in sensor quality.transfer functions describe sensitivity to state disturbances (S) and measurementdisturbances (T ). Note, that the di�erences in sensitivity depending on sensorlocation discussed in this section are mainly a result of sensor signals with di�erentquality, and not the structural di�erence depending on sensor location, covered inSection 6.4.Figure 7.4 shows the sensitivity functions, S and T , for the two cases of feedback,together with the optimal case (i.e. when all states are measured).The parameter �m (for engine-speed feedback) has a value such that the sen-sitivity is close to the optimal sensitivity functions. The di�erence in T at highfrequencies is desirable in order to have good attenuation of high-frequency mea-surement noise (hence, � should not be increased higher than necessary).The sensitivity when using feedback from the wheel speed have larger deviationsfrom the optimal functions. This is due to the low �w forced by the lower qualitysensor. This is seen to result in lower sensitivity to measurement disturbances(T ), compared to when using feedback from the engine speed. The sensitivityto state disturbances and modeling errors (S) is hereby higher for this feedbackcon�guration. The sensitivity is even higher than one for some frequencies, whichcan be serious if they are excited.



90 Chapter 7 Speed Controller Experiments7.1.5 Inuence from Sampling Time and Bus DelayBefore performing �eld trials with the speed controller, it is necessary to investigatehow sampling and bus delay will a�ect the closed-loop performance. This is doneby using a driveline real-time simulator. This simulator consists of the PC wherethe real-time system and controller is implemented. This PC is connected viaa CAN-bus to another PC where the driveline model is simulated in real-time.The interface between the two computers is the same as between the PC and thetruck. By this arrangement, hardware and software can be tested, together withthe e�ects that discretization, sampling, and bus delay have on the performance ofthe controller.Figure 7.5 shows such a simulation where the speed controller design is simu-lated in Simulink [26], together with the real-time simulator, when using feedbackfrom both the engine speed and the wheel speed. In the simulations in Simulink,only the linear model and feedback law are used, and no sensor models or quanti�-cation e�ects are included. Remember that the sampling frequency is 50 Hz withengine-speed feedback and 20 Hz with wheel-speed feedback.The simulations di�er in the time interval t=30-32 s. When simulating withsampling and bus delay, the control signal oscillates more than when using Simulink.The discrepancies are larger when using feedback from the wheel speed. The over-shoot is also larger when using wheel-speed feedback.The reasons for the deviation between the simulations are the time delay (re-sulting from sampling and bus delay), di�erences between the continuous and thediscrete models, and estimation quality. In the real implementation also e�ectsfrom unmodeled dynamics will add to the source of errors. The main reason forthe oscillations in the control signal, seen in Figure 7.5, is the time delay which addsnegative phase in the loop. This can be compensated for by using State-FeedbackRedesign [1]. This approach has been tested, but the result from a wheel-speedperspective is that little is gained. The e�ect that is most tricky to handle isthe combination of slow sampling and relatively high quanti�cation errors in thewheel-speed measurements. The situation in Figure 7.5 works well, but if a higherbandwidth is wanted (i.e. lower � according to (6.6)) the situation will be worsewith a larger overshoot that is di�cult to suppress.7.2 Experiments without Smoke DelimiterField trials are performed with the 124L truck equipped with a 6 cylinder dieselengine. An almost at test road has been used for �eld trials with a minimum ofchanges from test to test. The focus of the tests is low gears, with low speeds andthus little impact from air drag. Reference values are generated by the computerto generate the same test situation from time to time. Only one direction of thetest road is used so that there will be no di�erence in road inclination.The test presented here is a velocity step response from 2.1 rad/s to 3.6 rad/s(about 1200 RPM to 2000 RPM) with gear 1. At �rst the smoke delimiter (see
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Figure 7.5 Simulation of a step response at t=30 s with the speed controller. Sim-ulation in Simulink, in solid lines, is independent of sensor location. The dashedlines correspond to simulation with the real-time simulator with engine-speed feed-back. The dash-dotted lines show the corresponding result when using wheel-speedfeedback. The di�erence between the simulations is mainly a result of time delayand quanti�cation errors.Chapter 3) is not used in order to be able to investigate the control design with assmall restrictions on the control signal as possible.In Figure 7.6, the speed controller is compared to traditional RQV control.The engine torque, the engine speed, and the wheel speed are shown. The speedcontroller uses feedback from the engine speed, and the RQV controller has thegain Kp = 50. With this gain the rise-time and the peak torque output is aboutthe same for the two controllers. A high torque output is possible because no smokedelimiter is used.With RQV control, the engine speed reaches the desired speed but the wheelspeed oscillates, as in the simulations made earlier. Speed control with activedamping signi�cantly reduces the oscillations in the wheel speed. This means thatthe controller applies the engine torque in a way that the engine inertia works inthe opposite direction of the oscillation. This gives an oscillating engine speed,according to Figure 7.6. Hence, it is demonstrated that the assumption about the
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Figure 7.6 Speed step at t=32 s with active damping and engine-speed feedback(solid) compared to traditional RQV control with Kp=50 (dashed). Experimentsare performed without smoke delimiter on a at road. After 32.5 s, the controlsignals di�er depending on control scheme. With speed control, the engine inertiaworks in the opposite direction of the oscillations, which are signi�cantly reduced.
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Figure 7.7 Speed control with active damping and wheel-speed feedback (solid)compared to traditional RQV control with Kp=50 (dashed). Experiments areperformed without smoke delimiter on a at road.simpli�ed model structure (Drive-shaft model) is su�cient for control design. It isfurther demonstrated that the design is robust against nonlinear speed dependenttorque limitations (maximum torque limitations), and the assumption about statictransfer function between engine torque and fuel amount is su�cient.In Figure 7.7 the corresponding plot is shown for wheel-speed feedback. Activedamping is more di�cult to obtain when using the wheel speed as sensor. (Compareto Figure 7.6 where engine-speed feedback is used.) The main reason is the poorsensitivity to unmodeled dynamics (state disturbances) due to poor sensor quality,as discussed in the previous section.7.3 Experiments with Smoke DelimiterThe design works well when no smoke delimiter is used. This results in smokeemissions at the peak values in the control signal (e.g. at t = 32 s in Figure 7.6).This must be avoided to reduce emissions.The restrictions on the design imposed by the smoke delimiter are depicted inFigure 7.8. Speed control with active damping is demonstrated with and withoutsmoke delimiter. It is seen how the maximum engine torque is restricted whenusing the smoke delimiter. The diesel smoke is reduced, since the peak values inthe control signal are limited.Limitations in engine torque for diesel smoke attenuation is seen to have littleimpact on the performance of the speed controller. Also, this case is well behavedand active damping of wheel-speed oscillations is obtained. The only detectablee�ect is a small reduction in bandwidth, giving larger rise-time.
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Figure 7.8 Speed control with active damping with and without smoke delimiter.The dashed lines correspond to experiments with smoke delimiter. At t=32 s, aspeed step is commanded. When using smoke delimiter, a reduced torque level isobtained. Also the case with torque limitations is well handled and active dampingis obtained.7.4 Controller RobustnessIt is important to have a design that is as robust as possible to changes in theenvironment like road inclination and vehicle mass. Di�erences in load is seenmainly as a di�erence in o�set in the estimated drive-shaft torsion, x1. The vehiclemass will have greater inuence on the driveline dynamics and it is necessary tohave the control strategy adjusted for di�erent weights of the vehicle.A detailed investigation about controller robustness is not performed here, butan example of the robustness of the design against errors in conversion ratio isshown in Figure 7.9. Errors in conversion ratio means that the controller is based onan erroneous vehicle mass and load (these parameters are reduced by the conversionratio). Since the road is at (small load), the test emulates an error in vehicle mass.The speed controller designed for gear 1 is tested on gear 3. It is seen that thedesign is robust against this type of parameter errors since active damping is stillobtained.
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Figure 7.9 Example of robustness of the design to parameter deviations. Errorin vehicle mass is emulated by testing the speed controller designed for gear 1 ongear 3 in solid. RQV control of gear 3 with Kp=50 is shown in dashed lines. Bothexperiments are with smoke delimiter. The design is robust against this types ofparameter errors in vehicle mass.7.5 SummarySpeed control is the extension of the traditionally used diesel engine speed-controlscheme with engine controlled damping of wheel-speed oscillations. The simpli�edlinear model with drive-shaft exibility is used to derive a controller which showssigni�cant reduction in wheel-speed oscillations in �eld trials with a heavy truck.The response time of the diesel engine, with unit-pump injection system, isdemonstrated to be fast enough for controlling the �rst resonance mode of thedriveline. This means that the static torque map used for relating injected fuelamount to engine torque, together with a friction model as function of the enginespeed and temperature, is su�cient for dynamic control. It is further demonstratedthat the design works when restrictions in the implementation are at hand. Ex-ample of such important restrictions that are well handled are nonlinear torquelimitations for maximum torque and diesel smoke reduction. The design is shownto be robust against parameter errors in vehicle mass.To summarize, the controller improves performance and driveability since driv-ing response is increased while still reducing vehicle shu�e.
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8Gear-Shift Controller Design andSimulations
Gear shifting by engine control realizes fast gear shifts by controlling the engineinstead of sliding the clutch to a torque-free state in the transmission, as describedin Chapter 2. This is done by controlling the internal torque of the driveline, whichis the overall goal of the rest of the thesis. Internal torque control is treated intwo cases, being similar strategies for gear-shift control. The topic of this chap-ter is to derive a control strategy based on a model of the transmitted torque inthe transmission. This results in a detailed study of the dynamical behavior ofthe transmission torque, which should be zero in order to engage neutral gear.A transmission-torque controller is derived that controls the estimated transmis-sion torque to zero while having engine controlled damping of driveline resonances.With this approach, the speci�c transmission-torque behavior for each gear is de-scribed and compensated for. This investigation is important as a principle studyfor understanding how to optimize gear-shift quality, and for verifying simulationstudies. A secondary goal is to formulate the control problem in a way that estab-lished techniques and software can be applied to �nd solutions.This transmission-torque control method requires estimation of the parametersdescribing the di�erent parts in the transmission for each gear. In order to im-plement gear-shift control, it is desired to have a strategy that is as simple androbust as possible, but still maintains high gear-shift quality. This is the aim whenderiving a second variant of internal driveline torque control, which is covered inChapter 10.A model of the transmission is developed in Section 8.1, where the torque trans-mitted in the transmission is modeled as a function of the states and the controlsignal of the Drive-shaft model. The controller goal was stated in Chapter 2, and is97



98 Chapter 8 Gear-Shift Controller Design and Simulationsformulated in mathematical terms as a gear-shift control criterion in Section 8.2.This is the key result of this chapter, together with the derivation of a control lawin Section 8.3, that minimizes the criterion. Inuence from sensor location andsimulations are presented in the sections following.8.1 Internal Driveline TorqueThere are many possible de�nitions of internal driveline torque. Since the goal is toengage neutral gear without using the clutch, it is natural to use the minimization ofthe torque transferred in the transmission as a control goal. The following sectionscover the derivation of an expression for this torque, called the transmission torque,as function of the state variables and the control signal.8.1.1 Transmission TorqueThe performance output, z, for the gear-shift controller is the transmission torquetransferred between the cogwheels in the transmission. A simpli�ed model of thetransmission is depicted in Figure 8.1. The input shaft is connected to bearingswith a viscous friction component bt1. A cogwheel is mounted at the end of theinput shaft which is connected to a cogwheel mounted on the output shaft. Theconversion ratio between these are it, as mentioned in Chapter 4. The output shaftis also connected to bearings with the viscous friction component bt2.By using Newton's second law, the transmission can be modeled by the followingtwo equations Jt1��c = Mt � bt1 _�c � z (8.1)Jt2��t = itz � bt2 _�t �Mp (8.2)In the following subsections, the expression for the transmission torque is derivedfor the three models developed in Chapter 4. Furthermore, assumptions are madeabout the unknown variables characterizing the di�erent parts of the transmission.8.1.2 Transmission Torque for the Drive-Shaft ModelThe Drive-shaft model is de�ned by Equations (4.29) and (4.30). The model ishere extended with the model of the transmission depicted in Figure 8.1, and theexpression for the transmission torque is derived. By using the equation describingthe engine inertia (4.1) Jm��m =Mm �Mfr:m �Mc (8.3)together with (4.16) Mc =Mt; �m = �c (8.4)equation (8.1) is expressed in terms of engine speed(Jm + Jt1)��m =Mm �Mfr:m � bt1 _�m � z (8.5)
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Mt

Transmission
�c�t bt2

bt1 Jt1
Jt2Input shaft Output shaft

Mp
Figure 8.1 Simpli�ed model of the transmission with two cogwheels with con-version ratio it. The cogwheels are connected to the input and output shaftsrespectively. The torque transmitted between the cogwheels is the transmissiontorque, z.To describe the performance output in terms of state variables, ��m (which is nota state variable) is replaced by (4.29), which is one of the di�erential equationsdescribing the Drive-shaft model(Jm + Jt=i2t + Jf=i2t i2f )��m = Mm �Mfr:m � (bt=i2t + bf=i2t i2f ) _�m (8.6)�k(�m=itif � �w)=itif�c( _�m=itif � _�w)=itifwhich together with u =Mm �Mfr:m givesu� bt1 _�m � z = Jm + Jt1Jm + Jt=i2t + Jf=i2t i2f �u� (bt=i2t + bf=i2t i2f ) _�m�k(�m=itif � �w)=itif �c( _�m=itif � _�w)=itif� (8.7)From this equation it is possible to express the performance output, z, as a functionof the control signal, u, and the state variables, x, according to the state-spacedescription (5.2) to (5.5).



100 Chapter 8 Gear-Shift Controller Design and SimulationsTransmission Torque for the Drive-Shaft Modelz = Mx+Du withMT = 0B@ (Jm+Jt1)kJ1iJm+Jt1J1 (b1 + c=i2)� bt1� (Jm+Jt1)cJ1i 1CA (8.8)D = 1� Jm + Jt1J1The transmission torque, z, is modeled as a function of the states and the controlsignal for the Drive-shaft model, where the labels from (5.5) are used.The unknown parameters in (8.8) are Jm + Jt1 and bt1. The other parameterswere estimated in Chapter 4. One way of estimating these unknowns would beto decouple the Drive-shaft model into two models, corresponding to neutral gear.Then a model including the engine, the clutch, and the input shaft of the transmis-sion results, in which the performance output is equal to zero (z = 0). Trials withneutral gear would then give a possibility to estimate the unknowns. This will befurther investigated in Chapter 9.In the derivation of the Drive-shaft model in Chapter 4 the performance output,z, is eliminated. If z is eliminated in (8.1) and (8.2) and (8.4) is used, the equationfor the transmission is(Jt1i2t + Jt2)��m = i2tMc � itMp � (bt1i2t + bt2) _�m (8.9)By comparing this with the equation describing the transmission in Chapter 4,(4.19) Jt��m = i2tMc � bt _�m � itMp (8.10)the following equations relating the parameters are obtainedJt = i2tJt1 + Jt2 (8.11)bt = i2t bt1 + bt2 (8.12)In order to further investigate control and estimation of the transmission torque,the unknowns are given values. It is arbitrarily assumed that the gear shift dividesthe transmission into two equal inertias and viscous friction components, givingJt1 = Jt2 (8.13)bt1 = bt2A more detailed discussion of these parameters will be performed in Chapter 10.Equations (8.11) and (8.12) then reduce toJt1 = Jt1 + i2t (8.14)bt1 = bt1 + i2t (8.15)



8.1 Internal Driveline Torque 101The following combinations of parameters from the Drive-shaft model were esti-mated in Chapter 4 J1 = Jm + Jt=i2t + Jf=i2t i2f (8.16)b1 = bt=i2t + bf=i2t i2f (8.17)according to the labels from the state-space formulation in (5.5). From (8.14) and(8.16) Jm + Jt1 can be derived asJm + Jt1 = Jm + Jt1 + i2t = Jm + i2t1 + i2t (J1 � Jm � Jf=i2t i2f )= Jm 11 + i2t + J1 i2t1 + i2t � Jf 1i2f (1 + i2t ) (8.18)A combination of (8.15) and (8.17) gives bt1bt1 = bt1 + i2t = i2t1 + i2t (b1 � bf=i2t i2f ) (8.19)For low gears it has a large value. This together with the fact that Jf and bfare considerably less than J1 and b1 gives the following approximation about theunknown parameters Jm + Jt1 � J1 i2t1 + i2t (8.20)bt1 � b1 i2t1 + i2t (8.21)8.1.3 Transmission Torque for the Clutch and Drive-Shaft ModelThe performance output expressed for the Clutch and drive-shaft model is given byreplacing Mt in (8.1) by equation (4.49)Mc =Mt = kc(�m � �tit) + cc( _�m � _�tit) (8.22)Then the performance output isz = kc(�m � �tit) + cc( _�m � _�tit)� bt1it _�t � Jt1it��t (8.23)This is expressed in terms of state variables by using (4.55)(Jt + Jf=i2f )��t = it �kc(�m � �tit) + cc( _�m � _�tit)� (8.24)�(bt + bf=i2f ) _�t � 1if �kd(�t=if � �w) + cd( _�t=if � _�w)�(8.25)leading to the following model.



102 Chapter 8 Gear-Shift Controller Design and SimulationsTransmission Torque for the Clutch and Drive-Shaft Modelz = Mx with (8.26)MT = 0BBBBBB@ kc(1� Jt1i2tJ2 )Jt1itkdJ2ifcc(1� Jt1i2tJ2 )Jt1i2tJ2 (i2t cc + b2 + cd=i2f )� ccit � bt1it�Jt1itcdJ2if
1CCCCCCAwith states and labels according to to the state-space description (5.6) to (5.8).The following combinations of parameters from the Clutch and drive-shaft modelwere estimated in Chapter 4 J2 = Jt + Jf=i2f (8.27)b2 = bt + bf=i2f (8.28)according to (5.8). From (8.14), (8.15), (8.27), and (8.28), Jt1 and bt1 can bewritten as Jt1 = i2t1 + i2t (J2 � Jf=i2f ) (8.29)bt1 = i2t1 + i2t (b2 � bf=i2f ) (8.30)which are approximated to Jt1 � i2t1 + i2t J2 (8.31)bt1 � i2t1 + i2t b2 (8.32)since Jf and bf are considerably less than J1 and b1.8.1.4 Transmission Torque for the Nonlinear Clutch and Drive-Shaft ModelThe performance output for the Nonlinear clutch and drive-shaft model is derivedin the same way as for the Clutch and drive-shaft model, with the di�erence that(8.22) is replaced byMc =Mt =Mkc(�m � �tit) + cc( _�m � _�tit) (8.33)where Mkc is the torque transmitted by the clutch nonlinearity, given by (4.59).Then the performance output is de�ned as



8.2 Transmission-Torque Control Criterion 103Transmission Torque for the Nonlinear Clutch and Drive-Shaft Model
z = (Mkc _�t=if� _�w _�m _�t _�w)0BBBBBB@ 1� Jt1i2tJ2Jt1itkdJ2ifcc(1� Jt1i2tJ2 )Jt1i2tJ2 (i2t cc + b2 + cd=i2f )� ccit � bt1it�Jt1itcdJ2if

1CCCCCCA (8.34)
The parameters not estimated in the de�nition above are approximated in thesame way as for the performance output for the Clutch and drive-shaft model.Model ComparisonFigure 8.2 shows the transmission torque during a test with step inputs in accelera-tor position with the 144L truck using gear 1. The transmission torque is calculatedwith (8.8) for the Drive-shaft model, and with (8.26) for the Clutch and drive-shaftmodel. Figure 8.3 shows the performance output in the frequency domain. Thelow-frequency level di�ers between the two models, and the main reason for this isthe di�culties to estimate the viscous damping coe�cients described in Chapter 4.The di�erence at higher frequencies is due to the clutch, which gives a second res-onance peak for the Clutch and drive-shaft model. Furthermore, the roll-o� rate ofthe Clutch and drive-shaft model is steeper than for the Drive-shaft model.8.2 Transmission-Torque Control CriterionProblem FormulationThe transmission-torque controller is the controller that drives the transmissiontorque to zero with engine controlled damping of driveline resonances. Then thetime spent in the torque control phase (see Chapter 2) is minimized. The engage-ment of neutral gear should be at a torque level that gives no oscillations in thedriveline speeds. Hereby, the disturbances to the driver and the time spent in thespeed synchronization phase can be minimized. The inuence on shift quality frominitial driveline resonances, and torque impulses from trailer and road roughnessshould be minimized.Control CriterionThe transmission-torque controller is realized as a state-feedback controller, basedon the Drive-shaft model. The controller is obtained by deriving a control criterionthat describes the control problem of minimizing the transmission torque. The
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Figure 8.2 Estimated transmission torque, z, in (8.8) and (8.26) for a test withstep inputs in accelerator position with the 144L truck. The solid line correspondsto the Drive-shaft model and the dashed line corresponds to the Clutch and drive-shaft model.
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Figure 8.3 Transfer functions from control signal, u, and load, l, to transmissiontorque, z. The Drive-shaft model is shown in solid and the Clutch and drive-shaftmodel is shown in dashed lines. The modeled clutch adds a second resonance peakand a steeper roll-o� rate.



8.2 Transmission-Torque Control Criterion 105criterion is then minimized by standard software for a controller solving the controlproblem.The gear-shift problem can be described as minimizing the transmission torque,z, but with a control signal, u, possible to realize by the diesel engine. Therefore,the criterion consists of two terms. The �rst term is z2 which describes the deviationfrom zero transmission torque. The second term describes the deviation in controlsignal from the level needed to obtain z = 0. Let this level be ushift, which will bespeed-dependent as described later. Then the criterion is described bylimT!1 Z T0 z2 + �(u� ushift)2 (8.35)The controller that minimizes this cost function will utilize engine controlled damp-ing of driveline resonances (since z2 is minimized) in order to obtain z = 0. At thesame time, the control signal is prevented from having large deviations from thelevel ushift. The trade-o� is controlled by tuning the parameter �.In the following subsections, the inuence from each term in the criterion (8.35)will be investigated, and then how these can be balanced together for a feasiblesolution by tuning the parameter �.Unconstrained Active DampingThe inuence from the �rst term in the criterion (8.35) is investigated by mini-mizing z2. The performance output, z = Mx + Du, is derived in (8.8) for theDrive-shaft model as a function of the states and the control signal. The term z2can be minimized for a control law, since z includes the control signal and D isscalar. If u is chosen as u = �D�1Mx (8.36)z = 0 is guaranteed. This control law is called unconstrained active damping andthe reason for this is illustrated in the following example.Example 8.1 Consider the 144L truck modeled in Chapters 4 traveling at aspeed of 3 rad/s (5.4 km/h) with gear 1 and a total load of 3000 Nm (� 2 % roadslope).Figure 8.4 shows the resulting transmission torque, the control signal, the enginespeed, and the wheel speed, when a gear shift is commanded at t=1 s, with thecontrol signal chosen according to (8.36). Unconstrained active damping is achievedwhich obtains z = 0 instantaneously. The wheel speed decreases linearly, while theengine speed is oscillating.Unconstrained active damping (8.36) ful�lls the control goal, but generates acontrol signal that is too large for the engine to generate. It can be noted thatdespite z = 0 is achieved this is not a stationary point, since the speed is decreasing.This means that the vehicle is free-rolling which can be critical if lasting too long.
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Figure 8.4 Unconstrained active damping of the Drive-shaft model. At t=1 s, agear shift is commanded and the control law (8.36) calculates the engine torquesuch that the transmission torque is driven to zero instantaneously. The oscillationsin the transmission torque are damped with an unrealizable large control signal.The wheel speed decreases linearly.Gear-Shift ConditionThe inuence from the second term in the criterion (8.35) is investigated by mini-mizing (u� ushift)2, resulting in the control lawu = ushift (8.37)where the torque level ushift is the control signal needed to obtain zero transmissiontorque, without using active damping of driveline resonances. Hence, ushift can bederived from a sti� driveline model, by solving for z = 0.By using the labels according to Chapter 5, the di�erential equation describingthe sti� driveline is (J1i+ J2=i)��w = u� (b1i+ b2=i) _�w � l=i (8.38)



8.2 Transmission-Torque Control Criterion 107This equation is developed by using the Drive-shaft model in (4.29) and (4.30), andeliminating the torque transmitted by the drive shaft, k(�m=i��w)+ c( _�m=i� _�w).Then, by using _�m = _�wi (i.e. sti� driveline), (8.38) results.Equation (8.5) expressed in terms of wheel speed isz = u� bt1i _�w � (Jm + Jt1)i��w (8.39)Combining (8.38) and (8.39) gives the performance output for the sti� driveline.z = (1� (Jm + Jt1)i2J1i2 + J2 )u� (bt1i� (Jm + Jt1)iJ1i2 + J2 (b1i2+ b2)) _�w+ (Jm + Jt1)iJ1i2 + J2 l (8.40)The control signal to force z = 0 is given by solving (8.40) for u while z = 0. Thenthe torque level ushift becomesushift( _�w; l) = �x _�w + �ll with�x = (bt1i� (Jm + Jt1)iJ1i2 + J2 (b1i2 + b2))(1� (Jm + Jt1)i2J1i2 + J2 )�1�l = � (Jm + Jt1)iJ1i2 + J2 (1� (Jm + Jt1)i2J1i2 + J2 )�1 (8.41)This control law is called the gear-shift condition, since it implies zero trans-mission torque. The following example illustrates the control performance whenusing (8.41).Example 8.2 Consider the 144L truck in the same driving situation as in Ex-ample 8.1. The stationary point is obtained by using (6.3) and (6.4).x30 = 3; l = 3000 ) x0 = � 0:0511 178 3:00 � ; u0 = 138 (8.42)Figure 8.5 shows the resulting transmission torque, the control signal, the enginespeed, and the wheel speed when a gear shift is commanded at t=1 s, with thecontrol signal chosen according to (8.41).This control law achieves z = 0 with a realizable control signal, but the oscillationsintroduced are not damped. Therefore, the time needed to obtain zero transmissiontorque is not optimized. The performance of this approach is worse if the drivelineis oscillating at the time for the gear shift, or if there are disturbances present.Final Control CriterionThe �nal cost criterion for the transmission-torque controller is obtained by includ-ing (8.41) in the cost criterion (8.35)limT!1 Z T0 z2 + �(u� ushift( _�w; l))2 (8.43)= limT!1 Z T0 (Mx+Du)2 + �(u� �x _�w � �ll)2
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Figure 8.5 The Drive-shaft model controlled with the gear-shift condition (8.41).At t=1 s, a gear shift is commanded. The speed dependent realizable control signaldrives the transmission torque to zero. Undamped oscillations in the transmissiontorque increase the time needed to ful�ll the goal of controlling the transmissiontorque to zero.If the driveline is sti�, there is no di�erence between the two terms in the costfunction (8.43). Furthermore, the point at which the cost function is zero is nostationary point, since the speed of the vehicle will decrease despite z = 0 andu = ushift.8.3 Transmission-Torque Control DesignThe new idea for gear-shift control is in this section given e�cient treatment bysolving (8.43) for a control law by using LQG technique, and available software.This is done by linearizing the driveline model and rewriting (8.43) in terms of thelinearized variables. A state-feedback matrix is derived that minimizes (8.43) by



8.3 Transmission-Torque Control Design 109solving a Riccati equation. The derived feedback law is a function of �, which ischosen such that high bandwidth together with a feasible control signal is obtained.The linearized driveline model is given by (6.8) and (6.9) in Section 6.3. Thecost function is expressed in terms of �x and �u by using (6.9)limT!1 Z T0 (M�x+D�u+Mx0 +Du0)2+ �(�u� �x�x3 + u0 � �xx30 � �ll)2= limT!1 Z T0 (M�x+D�u+ r1)2 + �(�u� �x�x3 + r2) (8.44)with r1 = Mx0 +Du0 (8.45)r2 = u0 � �xx30 � �llThe constants r1 and r2 are expressed as state variables, by augmenting the plantmodel (A, B) with models of the constants r1 and r2. This was done in (6.13) to(6.16).By using these equations, the cost function (8.44) can be written in the formlimT!1 Z T0 xTr Qxr +R�u2 + 2xTr N�u (8.46)with Q = (M 1 0)T (M 1 0) + �(0 0 � �x 0 1)T (0 0 � �x 0 1)N = (M 1 0)TD + �(0 0 � �x 0 1)T (8.47)R = D2 + �The cost function (8.46) is minimized by the state-feedback gainKc = Q�1(BTr Pc +NT ) (8.48)where Pc is the stabilizing solution to the Riccati equation (6.21). The resultingcontrol law is�u = �Kcxr = � � Kc1 Kc2 Kc3 ��x�Kc4r1 �Kc5r2 (8.49)which by using (8.45) givesu = K0x30 +Kll � � Kc1 Kc2 Kc3 �x (8.50)with K0 = � �x �x �x �� (8.51)Kl = � �l �l �l ��



110 Chapter 8 Gear-Shift Controller Design and Simulationswhere � is given by � = 0@ 1�Kc4D �Kc5� Kc1 Kc2 Kc3 ��Kc4MKc5 1A (8.52)with �, �, and � given by (6.3), (6.4), and (8.41).The solution to the gear-shift criterion (8.43) is the transmission-torque con-troller (8.50), which obtains active damping with a realizable control signal. Theparameter � is tuned to balance the behavior of the unconstrained active damp-ing solution (8.36) and the gear-shift condition (8.41). The transmission-torquecontroller with tuned � is studied in the following example.Example 8.3 Consider the 144L truck in the same driving situation as in Ex-ample 8.1. The transmission-torque controller (8.50) then becomesu = 2:37 � 10�4x30 � 0:0327l� � 4:2123 0:0207 �1:2521 �x (8.53)where � = 0:03 and � = 0:0001 are used. With this controller the phase margin isguaranteed to be at least 60� and the amplitude margin is in�nite [14].Figure 8.6 shows the resulting transmission torque, the control signal, the enginespeed, and the wheel speed when a gear shift is commanded at t=1 s, with thecontrol signal chosen according to (8.53).The transmission-torque controller achieves z = 0 with a realizable control signal.The oscillations in the driveline are damped, since the controller forces the engineinertia to work in the opposite direction of the oscillations. Therefore, the timeneeded for the torque control phase and the speed synchronization phase is mini-mized, since resonances are damped and engagement of neutral gear is commandedat a torque level giving no oscillations in the transmission speed.8.4 Inuence from Sensor LocationThe transmission-torque controller investigated in the previous section uses feed-back from all states (x1 = �m=itif � �w, x2 = _�m, and x3 = _�w). A sensormeasuring shaft torsion (e.g. x1) is not used, and therefore an observer is neededto estimate the unknown states. In this work, either the engine speed or the wheelspeed is used as input to the observer. This results in di�erent control problemsdepending on sensor location. Especially the di�erence in disturbance rejection isinvestigated.The observer gain is calculated using Loop-Transfer Recovery (LTR) [14]. Theunknown load can be estimated as in Section 6.4.3.The transmission-torque control law (8.50) becomesu = K0x30 +Kll � � Kc1 Kc2 Kc3 � x̂ (8.54)
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Figure 8.6 The Drive-shaft model controlled with the transmission-torque con-troller (8.53), solving the gear-shift criterion (8.43). At t=1 s, a gear shift iscommanded. A realizable control signal is used such that the transmission torqueis driven to zero, while oscillations are actively damped.with K0 and Kl given by (8.51). The estimated state x̂ is given by the Kalman�lter � _̂x = A�x̂ +B�u+Kf (�y � C�x̂) (8.55)Kf = PfCTV �1 (8.56)where Pf is found by solving the Riccati equation (6.30).When using a LQG-controller with feedback from all states, the phase margin,', is at least 60�, and the amplitude margin, a, is in�nite, as stated before. Thisis obtained also when using the observer by increasing � towards in�nity. ForExample 8.3 the following values are used�m = 104 ) 'm = 77:3�; am = 2:82 (8.57)�w = 1011 ) 'w = 74:3�; aw = 2:84 (8.58)where the aim has been to have at least 60� phase margin.
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Figure 8.7 Closed-loop transfer functions from load disturbance, v, to perfor-mance output, z, and to control signal, u. Feedback from _�w is shown in solidand feedback from _�m is shown in dashed lines. With _�m-feedback the transferfunctions have a resonance peak, resulting from the open-loop zeros.The observer dynamics is cancelled in the transfer functions from referencevalue, r, to performance output, z, and to control signal, u. Hence, these transferfunctions are not a�ected by the sensor location. However, the dynamics will beincluded in the transfer functions from disturbances to both z and u.8.4.1 Inuence from Load DisturbancesFigure 8.7 shows how the performance output and the control signal are a�ectedby load disturbances, v. In Section 6.4 it was shown that for the speed controller,the resonant open-loop zeros become poles of the closed-loop system when feed-back from the engine-speed sensor is used. The same equations are valid for thetransmission-torque controller with the minor di�erence that the D matrix in theperformance output, (8.8), is not equal to zero, as for the speed controller. Hence,also the transfer function DGvu should be added to (6.33). The closed-loop transferfunction Gvu is given by (Gvu)cl = � FyGvy1 + FyGuy (8.59)according to (5.18) and the matrix inversion lemma. Thus, the closed-loop transferfunction from v to u also has the controller Fy in the numerator. Hence, theclosed-loop transfer function from v to z has the open-loop zeros as poles. For
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Figure 8.8 Closed-loop transfer functions from measurement noise, e, to perfor-mance output, z, and control signal, u. Feedback from _�w is shown in solid andfeedback from _�m is shown in dashed. The di�erence between the two feedbackprinciples are described by the dynamic output ratio. The e�ect increases withlower gears._�m-feedback, this means that a resonance peak is present in the transfer functionsfrom v to performance output and to control signal.8.4.2 Inuence from Measurement DisturbancesThe inuence from measurement disturbances e are shown in Figure 8.8. Accordingto (6.39) the closed-loop transfer function from e to z is(Gez)cl = � GuzFy1 +GuyFy (8.60)Then (Gez)cl = �Tw GuzGuw with _�w�feedback (8.61)(Gez)cl = �Tm GuzGum with _�m�feedback (8.62)with the transfer functions Tw and Tm given by (6.40).When � in (6.31) is increased towards in�nity, Tm = Tw, as was discussed inSection 6.4. Then (8.61) and (8.62) give(Gez)cl;m = (Gez)cl;wGw=m (8.63)
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Figure 8.9 Sensitivity function S and complementary sensitivity function T .The dash-dotted lines correspond to the case with all states known. When onlyone velocity is measured, the solid lines correspond to _�w-feedback, and the dashedlines correspond to _�m-feedback.where cl;m and cl; w denote closed loop with feedback from _�m and _�w respectively.The dynamic output ratio Gw=m was de�ned in De�nition 5.1, and is given by(6.43).The frequency range in which the relation Tm = Tw is valid depends on howlarge � in (6.31) is made, as discussed in Section 6.4. Figure 8.9 shows the sensitivityfunctions (6.45) and the complementary sensitivity functions Tw and Tm (6.40) forthe two cases of feedback. It is seen that Tm = Tw is valid up to about 10 rad/s(� 1:6 Hz). The roll-o� rate at higher frequencies di�er between the two feedbackprinciples. This is due to that the open-loop transfer functions Guw and Gum havedi�erent relative degrees. Tw has a steeper roll-o� rate than Tm, because that Guwhas a relative degree of two, and Gum has a relative degree of only one.Hence, the di�erence in Gez depending on sensor location is described by thedynamic output ratio Gw=m. The di�erence in low-frequency level is equal to theconversion ratio of the driveline. Therefore, this e�ect increases with lower gears.8.5 SimulationsAs in the case of the speed controller in Section 6.5, the feasibility of the gear-shift controller is studied by simulating a more complicated vehicle model than itwas designed for. Also here, the disturbances that are di�cult to systematicallygenerate in real experiments are treated in the simulations. The control design is
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ControllerDrive-shaft modelControl law (8.54)Observer (8.55)

z (8.34)y ( _�w or _�m)r VehicleThe Nonlinear Clutch anddrive-shaft model (4.60)-(4.62)
Figure 8.10 Simulation con�guration. As a step for demonstrating feasibility forreal implementation, the Nonlinear clutch and drive-shaft model is simulated withthe controller based on the Drive-shaft model.simulated with the Nonlinear clutch and drive-shaft model, according to Figure 8.10.The e�ects from di�erent sensor locations are also studied in accordance with thediscussion made in Section 8.4.The Nonlinear clutch and drive-shaft model is given by Equations (4.60) to (4.62).The steady-state level for the Nonlinear clutch and drive-shaft model is calculatedby solving the model equations for the equilibrium point when the load and speedare known. By using the parameter relationship (8.13), the equation for the trans-mission torque is computed by (8.34).The transmission-torque controller used is based on the Drive-shaft model, andwas developed in the previous sections. The wheel speed or the engine speed isinput to the observer (8.55), and the control law (8.54) generates the control signal.Three simulations are performed with the driving situation as in Example 8.3,(i.e. with wheel speed _�w = 3 rad/s, and load l = 3000 Nm). In the simulations, agear shift is commanded at t = 2 s. The �rst simulation is without disturbances.In the second simulation, the driveline is oscillating prior to the gear shift. Theoscillations are a result of a sinusoid disturbance acting on the control signal. Thethird gear shift is simulated with a load impulse at t = 3 s. The disturbance isgenerated as a square pulse with 0.1 s width and 1200 Nm height.In order to simulate the nonlinear model, the di�erential equations (4.60) to(4.62) are scaled such that the �ve di�erential equations (one for each state) haveabout the same magnitude. The model is simulated using the Runge Kutta (45)method [26] with a low step size to catch the e�ect of the nonlinearity.Figure 8.11 shows the simulation without any disturbances. This plot shouldbe compared to Figure 8.6 in Example 8.3, where the design is tested on theDrive-shaft model. The result is that the performance does not critically dependon the simpli�ed model structure. The design still works if the extra nonlinearclutch dynamics is added. In the simulation, there are di�erent results dependingon which sensor that is used. The model errors between the Drive-shaft modeland the Nonlinear clutch and drive-shaft model are better handled when using thewheel-speed sensor.
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Figure 8.11 Simulation of the Nonlinear clutch and drive-shaft model with observerand control law based on the Drive-shaft model. A gear shift is commanded at t=2 s.Feedback from the wheel-speed sensor is shown in solid lines, and feedback fromthe engine-speed sensor is shown in dashed lines. The design still works whensimulated with extra clutch dynamics.
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Figure 8.12 Same simulation case as in Figure 8.11, but with driveline oscillationsat the start of the transmission-torque controller. Feedback from the wheel-speedsensor is shown in solid lines, and feedback from the engine-speed sensor is shownin dashed lines. The conclusion is that the control law works well despite initialdriveline oscillations.
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Figure 8.13 Same simulation case as in Figure 8.11, but with a load disturbanceat t=3 s. Feedback from the wheel-speed sensor is shown in solid lines, and feedbackfrom the engine-speed sensor is shown in dashed lines. The conclusion is that theload disturbance is better attenuated when using feedback from the wheel-speedsensor.However, neither of the sensor alternatives reaches z = 0. This is due to thelow-frequency model errors discussed in Section 8.1. In Figure 8.12 the simulationwith driveline oscillations prior to the gear shift is shown. The result is that theperformance of the controller is not a�ected by the oscillations. Figure 8.13 showsthe simulation with a load disturbance. The disturbance is better damped whenusing feedback from the wheel-speed sensor, than from the engine-speed sensor,which is a veri�cation of the discussion in Section 8.4.8.6 SummaryDriveline oscillations are a limiting factor in gear shifting by engine control. Internaldriveline torque control is a new idea for handling resonances and optimizing shiftquality. A criterion for a gear-shift controller is obtained, based on a model of thetransmitted torque in the transmission, characterizing the behavior for each gear.The resulting transmission-torque controller drives the transmission torque to zerowith damped driveline resonances.When using a linear driveline model with drive-shaft exibility, it is possible tosolve the criterion for a control law that minimizes the cost function. The controllaw is derived with LQG/LTR technique. Simulations show that the controller,



118 Chapter 8 Gear-Shift Controller Design and Simulationsbased on the simpli�ed model, works well for a more complicated model witha nonlinear clutch characteristics. However, there can be problems with a low-frequency level that gives a stationary error. This di�erence in level is a result ofthe di�culty to estimate driveline friction parameters.An investigation of the inuence that di�erent sensor locations have on the con-trol design results in the same conclusions as in Chapter 6. When using LQG/LTRdesign methodology the open-loop zeros are cancelled by the controller. This re-sults in undamped load disturbances when engine-speed feedback is used. There-fore, load disturbances are better attenuated with feedback from the wheel-speedsensor.Measurement disturbances are better attenuated when the engine-speed sensoris used, than when using the wheel-speed sensor. This e�ect increases with lowergears. Two di�erent closed-loop transfer functions result, depending on feedbackcon�guration. The di�erence between these two is captured by the dynamic outputratio. As mentioned before, both sensors are normally avaliable on a driveline, butthe principle study can be used as a guideline on where to invest in improved sensorquality.In conclusion, actively damped transmission-torque control works well also inthe case of existing initial oscillations. Furthermore, disturbances occuring duringthe control action are actively damped, and thus reducing the time needed for agear shift.



9Additional Modeling and Analysisfor Gear-Shift Control
Gear-shift control is based on control of internal torque in the driveline. A basicquestion when evaluating �eld tests is how to validate the controller performancesince a measurement of the torque of interest is not available. A number of otherindicators must then be used, e.g. the possibility of disengaging a gear, indicatinglow torque in the transmission. Another important basis for validation is thedynamic behavior of the driveline before and after going from a gear to neutral.This requires additional modeling of the driveline since it is separated in two partswhen in neutral. This is the topic of this chapter together with an analysis ofthe possible oscillation patterns of the decoupled driveline. Besides being used forvalidation in the next chapter, this analysis will cast light on the sometimes, at�rst sight, surprising oscillations that occur in an uncontrolled driveline. It willalso be used as a further indication for the value of feedback control.The oscillations in the driveline speeds, following a gear shift, are investigatedby performing a number of �eld trials in Section 9.1. Experiments with threedi�erent types of oscillations are presented, which are analyzed in Section 9.2.9.1 Open-Loop Gear-Shift ExperimentsThe �eld-trial platform was described in Chapter 3, and neutral gear is engagedby sending a speci�c CAN message to the transmission node, which then performsthe shift by using a gear lever actuator, driven by air pressure. A delay-time fromcommanded gear shift to activated gear-lever movement is seen in the experiments.This is a combined e�ect from a delay in the actuator, and a delay in building upthe air pressure needed to overcome friction.119



120 Chapter 9 Additional Modeling and Analysis for Gear-Shift Control9.1.1 Stationary TrialsFirst, a series of gear-shifts with a stationary driveline are performed without us-ing driveline torque control. This means that an RQV speed controller controlsthe engine speed to a desired level, and when the driveline speeds have reachedstationary levels, engagement of neutral gear is commanded.Figure 9.1 shows two of these trials where the engine speed is 1400 RPM and2100 RPM respectively, on a at road with gear 1. The behavior of the enginespeed, the transmission speed, and the wheel speed is shown in the �gure. Att = 14 s, a shift to neutral is commanded and there is a delay time before theengagement is completed. This delay is longer the higher the speed is.After the shift, the driveline is decoupled into two parts. The movement ofthe engine speed is independent of the movement of the transmission speed andthe wheel speed, which are connected by the propeller shaft and the drive shaft,according to Figure 4.1. The RQV controller maintains the desired engine speedalso after the gear shift. The transmission speed and the wheel speed, on theother hand, are only a�ected by the load (rolling resistance, air drag, and roadinclination), which explains the decreasing speeds in the �gure.The transient behavior of the transmission speed and the wheel speed di�erhowever, and the energy built up in the shafts is seen to a�ect the transmissionspeed more than the wheel speed, giving an oscillating transmission speed. Thehigher the speed is, the higher amplitude of the oscillations is obtained. Theamplitude value of the oscillations for 1400 RPM is 2:5 rad/s, and 5 rad/s for 2100RPM.9.1.2 Dynamical TrialsIn the previous trials there was no relative speed di�erence, since the driveline wasin a stationary mode. If a relative speed di�erence is present prior to the gear-shift,there will be a di�erent type of oscillation. Figures 9.2 and 9.3 describe two trialswhere neutral gear is engaged with an oscillating driveline without torque control.The oscillations are a result of an engine torque pulse at 11.7 s.There is only a small di�erence between the measured engine speed and trans-mission speed prior to the gear shift. This di�erence was in Chapter 4 explainedto be a result of a sensor �lter and a sti� clutch exibility. After the gear shift,the energy built up in the shafts is released, which generates the oscillations andminimizes the di�erence between the transmission speed and the wheel speed. Thetwo speeds then decrease as a function of the load. Hence, a relative speed dif-ference between the transmission speed and the wheel speed at the shift momentgives oscillations in the transmission speed. The larger the relative speed di�erenceis, the higher the amplitude of the oscillating transmission speed will be.Figure 9.3 shows a similar experiment as in Figure 9.2, but with neutral gearengaged at 13.2 s. The relative speed di�erence has opposite sign compared tothat in Figure 9.2. The transmission speed transfers to the wheel speed, and thesetwo decrease as a function of the load. However, initially the transmission speed
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Figure 9.1 Engagement of neutral gear commanded at 14 s, with stationarydriveline at 1400 RPM and 2100 RPM on a at road with gear 1. Engine speed(dashed) and wheel speed (dash-dotted) are scaled to transmission speed which isseen in solid lines. After a delay time, neutral gear is engaged, causing the drivelinespeeds to oscillate. The amplitude of the oscillating transmission speed is higherthe higher the speed is.deviates in the opposite direction compared to how the relative speed di�erenceindicates, which seems like a surprising behavior.The three di�erent types of oscillations described by Figures 9.1, 9.2, and 9.3will in the following be analyzed and explained.9.2 Predicting Gear-Shift QualityEngaging neutral gear can be described as in Figure 9.4. Before the gear shift, thedriveline dynamics is described by the Drive-shaft model (derived in Chapter 4).This model assumes a lumped engine and transmission inertia, as described previ-ously. When neutral gear is engaged, the driveline is separated into two parts asindicated in the �gure. The two parts move independent of each other, as men-tioned before. The engine side of the model consists of the engine, the clutch, andpart of the transmission (characterized by the parameters Jt1 and bt1 accordingto Chapter 8). The parameters describing the lumped engine, clutch, and part oftransmission are �J1 and �b1 according to the �gure. The wheel side of the modelconsists of the rest of the transmission (characterized by the parameters Jt2 andbt2) and the drive-shaft exibility out to the wheels, which is named the Decoupledmodel. The model is described by the following equations.
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Figure 9.3 Same �eld trial as in Figure 9.2, but with engaged neutral gearat 13.2 s. Engine speed (dashed) and wheel speed (dash-dotted) are scaled totransmission speed (solid) in the right �gure. After the gear shift the transmissionspeed oscillates.
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Figure 9.4 Description of how the driveline model changes after engagement ofneutral gear. The �rst model is the Drive-shaft model (see Chapter 4), which isthen separated into two sub-models when neutral gear is engaged. The left partconsists of the engine and one part of the transmission. The right part of the modelconsists of the rest of the transmission and the drive shaft out to the wheels, calledthe Decoupled model.The Decoupled ModelJt2��t = �bt2 _�t � k(�t=if � �w)=if � c( _�t=if � _�w)=if (9.1)J2��w = k(�t=if � �w) + c( _�t=if � _�w)� b2 _�w � l (9.2)The model equipped with the sensor �lter in (4.48) gives the true sensor outputs(yt, yw).All these parameters were estimated in Chapter 4, except the unknown parametersJt2 and bt2. The model is written in state-space form by using the states x1 =drive-shaft torsion, x2 = transmission speed, and x3 = wheel speed.This section is concentrated to the study of the behavior of the Decoupled modelafter the gear shift. The model structure is the same as the Drive-shaft model, butwith the di�erence that the �rst inertia is considerable less in the Decoupled model,since the engine and part of the transmission are decoupled from the model.
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Figure 9.5 Measured oscillations after a gear shift at 13.0 s in solid line. Theoutputs of the Decoupled model are �tted to data, shown in dashed line. The De-coupled model is able to capture the main resonance in the oscillating transmissionspeed after the gear shift.9.2.1 Quality of the Decoupled ModelThe unknown parameters Jt2 and bt2 can be estimated if the dynamics describedby the Decoupled model is excited. This is the case when engaging neutral gear ata transmission torque level di�erent from zero, giving oscillations. One such caseis seen in Figure 9.5, where the oscillating transmission speed is seen together withthe Decoupled model with estimated parameters Jt2 and bt2, and initial drive-shafttorsion, x10. The rest of the parameters are the same as in the Drive-shaft model,which were estimated in Chapter 4. The rest of the initial condition of the states(transmission speed and wheel speed) are the measured values at the time for thegear shift. The model output (yt and yw with sensor �lter) are �tted to the mea-sured transmission speed and wheel speed. The conclusion is that the Decoupledmodel is able to capture the main resonance in the oscillating transmission speed.If the initial states (drive-shaft torsion, transmission speed, and wheel speed) ofthe Decoupled model are known at the time for engaging neutral gear, the behaviorof the speeds after the shift can be predicted. In order to explain the di�erentbehavior in the transmission speed seen in Section 9.1, a simulation study withdi�erent initial values are performed in the following two subsections.9.2.2 Simulation of Gear Shifts with Stationary DrivelineFirst, the Decoupled model is simulated with a stationary driveline, i.e. withoutrelative speed di�erence between the transmission speed and the wheel speed. The
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Figure 9.6 Transmission speed oscillations after engagement of neutral gear. TheDecoupled model is simulated with di�erent initial values of the drive-shaft torsion,x10. The relative speed di�erence, xr = x2=i � x3, is equal to zero. The dashedline with no oscillations has the initial value x10 = �0:004 rad. The higher thedrive-shaft torsion is, the higher the amplitude of the oscillations will be.inuence from di�erent initial drive-shaft torsions on the transmission speed arestudied in Figure 9.6.The higher the drive-shaft torsion is, the higher the amplitude of the oscillationswill be. This was also the case in the experiments shown in Section 9.1 (Figure 9.1),since a higher speed requires a higher drive-shaft torsion to maintain the speed.However, in order to have no oscillations in the transmission speed, there must bea small negative drive-shaft torsion (x10 = �0:004 rad in the �gure). The reasonfor this is to balance the torque resulting from the viscous friction component bt2.This e�ect is seen in the simulations, but in experiments, the e�ect is not detectabletogether with measurement disturbances.9.2.3 Simulation of Gear Shifts with Driveline OscillationsTo analyze gear shifts with oscillating driveline, simulations are performed witha constant relative speed di�erence. Figure 9.7 shows the transmission speed forthree simulations with the same initial speed di�erence, xr = 3 rad/s, but withdi�erent initial drive-shaft torsions, x10.The transmission speed oscillates also when the drive-shaft torsion has a valuethat gave no oscillations in the stationary simulations (Figure 9.6). The reason forthis is that the energy stored in the drive shaft is transferred to speed oscillations,and since the �rst inertia of the Decoupled model is almost 900 times smaller than
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Figure 9.7 Transmission speed oscillations after engagement of neutral gear.The Decoupled model is simulated with a relative speed di�erence, xr = x2=i� x3,equal to 3 rad/s, and with three di�erent initial values of the drive-shaft torsion,x10 = �0:050 rad (dash-dotted), x10 = �0:004 rad (solid), and x10 = 0:050 rad(dashed).the wheel inertia, almost all energy is released as transmission speed oscillations.The transmission speed is transferred to wheel speed, and the higher the speeddi�erence is, the higher the oscillations will be before the di�erence between thespeeds is minimized.If the drive-shaft torsion is di�erent from zero, the oscillation is a combinede�ect from the relative speed di�erence and the drive-shaft torsion. This meansthat the oscillation is increased if x1 has a value greater than zero (according tothe dashed line in Figure 9.7). If x1 has a value less than zero, the initial directionof the oscillation will be opposite the oscillation resulting from the relative speeddi�erence (according to the dashed-dotted line in Figure 9.7). This analysis explainsthe di�erent characteristics seen in Section 9.1 (Figures 9.2 and 9.3).SummaryThe di�erent characteristic oscillations seen in the experiments after engaged neu-tral gear are explained by the value of the drive-shaft torsion and the relative speeddi�erence at the time of engagement. The Decoupled model can be used to pre-dict the behavior of the driveline speeds if these initial variables are known. Thedemonstration of problems with an uncontrolled driveline motivates the need forfeedback control in order to minimize the oscillations after a gear shift.



10Gear-Shift Controller Experiments
The quality of gear shifts can be optimized by internal driveline torque controlwhen using automatic gear shifting by engine control. This was demonstrated inChapter 8 where a transmission-torque controller was derived, based on a modelof the transmission. In order to implement this strategy and validate the results,the unknown parameters describing the transmission torque must be estimated foreach gear. The values of these parameters are di�cult to estimate, since the truckused for experiments has no sensor measuring the transmission torque.A di�erent variant of internal driveline torque control is proposed in this chap-ter, where control of the drive-shaft torsion to zero is assumed to give su�cientgear-shift quality. This is motivated by the fact that the drive shaft is the mainexibility of the driveline, according to Chapter 4. If this torsion is small it isreasonable to believe that the transmission torque also is small, if the dynamicale�ects in the transmission are neglected. The estimation of the drive-shaft torsionis easier performed than estimating the transmission torque. No extra parametersare requested, because the drive-shaft torsion is one of the states in the Drive-shaftmodel. The controlling of the drive-shaft torsion is a more robust method, sincethe di�erent behavior for each gear is neglected, and the drive shaft is the samefor all gears. Another advantage with using a simpler scheme, utilizing a consis-tent physical variable, is that extensions to monitoring, supervision, and adaptivecontrol are simpler.In order to validate these assumptions, it is necessary to demonstrate that theestimated drive-shaft torsion is su�ciently accurate for gear-shift control. Sincethere is no transmission-torque sensor that can be used for validation, the onlymeasure of gear-shift quality is to use the measured driveline speeds. If neutral gear127



128 Chapter 10 Gear-Shift Controller Experimentsis engaged at an improper torque level, there will be oscillations in the transmissionspeed as discussed in Chapter 9.The reasons for using control of the drive-shaft torsion are further motivated inSection 10.1. The derivation and validation of a virtual drive-shaft torsion sensoris covered in Section 10.2. The torsion is estimated by using the measured enginespeed and wheel speed in a Kalman �lter and is validated in �eld trials. Finally, thecontrolling of the drive-shaft torsion to zero is given experimental and theoreticaltreatment in Section 10.3, which forms a major contribution of the chapter.10.1 Internal Driveline TorqueIn Chapter 8, internal torque control was investigated by controlling the estimatedtransmitted torque in the transmission. The aim of this chapter is to develop asimpler and more robust scheme, that is feasible for implementation with standardautomotive sensors, as mentioned before. The proposed strategy is to control thedrive-shaft torsion to zero with the use of a virtual drive-shaft torsion sensor,derived later. This section will give further motivation for selecting the drive-shaft torsion as internal driveline torque, together with a demonstration of theproblems of estimating the correct parameters describing the transmission torque.In Section 10.3, the choice of control scheme will be validated in closed-loop tests.Estimation of transmission-torque parametersThe transmission torque, z, for the Drive-shaft model is derived as a function of thecontrol signal, u, and the states, x1, x2, and x3 in (8.8) asz = Mx+Du withMT = 0B@ (Jm+Jt1)kJ1iJm+Jt1J1 (b1 + c=i2)� bt1� (Jm+Jt1)cJ1i 1CA (10.1)D = 1� Jm + Jt1J1The unknown parameters in the transmission are Jt1, Jt2, bt1, and bt2. The relationbetween these is given by (8.11) and (8.12) asJt = i2tJt1 + Jt2 (10.2)bt = i2t bt1 + bt2 (10.3)where Jt and bt are the total inertia and viscous friction components of the trans-mission, according to Chapter 8. The parameters Jt2 and bt2 were estimated inSection 9.2 and therefore Jt1 and bt1 in (10.1) can be solved for if Jt and bt areknown, by using (10.2) and (10.3).The �rst inertia of the Drive-shaft model has the estimated parametersJ1 = Jm + Jt=i2t + Jf=i2t i2f (10.4)



10.2 Virtual Drive-Shaft Torsion Sensor 129b1 = bt=i2t + bf=i2t i2fHence, Jt and bt are not directly estimated by the procedure used in Chapter 4.Test have been performed in order to fully estimate the unknowns in (10.1), butwith poor results. The main reason is that there is no actual measure of thetransmitted torque in the transmission.Inuence from drive-shaft torsionReal experiments and a simulation study in the previous chapter have concludedthat the oscillation in the transmission speed is a function of the drive-shaft torsion,x1, and the relative speed di�erence, xr, at the moment of engagement. Is it thesame thing to have z = 0 in (10.1) as to have no oscillations in the transmissionspeed? Equation (10.1) shows that the answer is no, since the transmission torqueis also a function of the control signal, which has no inuence on the Decoupledmodel (9.1) and (9.2). However, this e�ect is probably very small since the termu(1� (Jm + Jt1)=J1) is small compared to other terms in (10.1).The dominating term in (10.1) is x1(Jm + Jt1)k=J1i, which is an indication ofhow important the drive-shaft torsion is for describing the transmission torque.Further support to this is seen in Figures 10.1 and 10.2, where the estimated drive-shaft torsion, x1, and the measured relative speed di�erence, xr, are shown. It isdemonstrated that the delay time from commanded to engaged neutral gear, whichis a measure of how easily neutral gear can be engaged, depends strongly on howclose to zero x1 is. The �gures show that neutral gear is not engaged until x1 isclose to zero again.Inuence from relative speed di�erenceThe actual torque transferred in the drive-shaft is also a function of the relativespeed di�erence, xr, due to internal damping (the torque transferred is kx1 +cxr). However, the relative speed di�erence has little inuence on the ability toengage neutral gear, which can be seen in Figure 10.1. During the delay time fromcommanded to engaged neutral gear, xr varies from negative to positive values,but neutral gear is not engaged until x1 is small again. Another motivation is seenin Figure 10.2. Neutral gear is engaged at a low drive-shaft torsion, x1 = �0:0078rad, after a short delay time, but at the moment of engagement, xr has a negativevalue.Hence, neutral gear can successfully be engaged if the drive-shaft torsion, x1,is close to zero. This is true also if the relative speed di�erence is di�erent fromzero. The rest of this chapter treats the hypothesis that it is su�cient to controlthe drive-shaft torsion to zero for gear shifts with acceptable quality.10.2 Virtual Drive-Shaft Torsion SensorControl of the drive-shaft torsion is performed with a virtual drive-shaft torsionsensor, since the truck used for experiments uses no torsion sensor. The derivation



130 Chapter 10 Gear-Shift Controller Experiments
12.5 12.6 12.7 12.8 12.9 13 13.1 13.2 13.3 13.4 13.5

0

[r
ad

]

12.5 12.6 12.7 12.8 12.9 13 13.1 13.2 13.3 13.4 13.5

−0.6

−0.4

−0.2

0

0.2

0.4

Time, [s]

[r
ad

/s
]

Commanded gear shiftDrive-shaft torsion, x1
Relative speed di�erence, xr = x2=i� x3

Figure 10.1 Field trial with gear shift when the driveline is oscillating. Theestimated drive-shaft torsion and the measured relative speed di�erence betweenthe transmission speed and the wheel speed are shown for a gear shift commandedat 12.63 s. Neutral gear is not engaged until x1 is close to zero (at 13.40 s indicatedby the second vertical line), after a large delay time.
12.2 12.25 12.3 12.35 12.4 12.45 12.5 12.55 12.6 12.65

0

0.15

0.2

[r
ad

]

12.2 12.25 12.3 12.35 12.4 12.45 12.5 12.55 12.6 12.65

−0.6

−0.4

−0.2

0

Time, [s]

[r
ad

/s
]

Commanded gear shift
Drive-shaft torsion, x1

Relative speed di�erence, xr = x2=i� x3

Neutral gear engaged

Figure 10.2 Field trial with gear shift when the driveline is oscillating. Theestimated drive-shaft torsion and the measured relative speed di�erence are shownfor a gear shift commanded at 12.50 s. Neutral gear is engaged after 12.63 s,indicated by the second vertical line, after a small delay time.



10.2 Virtual Drive-Shaft Torsion Sensor 131and validation of this sensor is the topic of this section. The modeling in Chapter 4concluded that the Drive-shaft model estimated a drive-shaft torsion with realisticvalues. A virtual sensor is constructed by using this model together with themeasured engine speed and wheel speed.The drive-shaft torsion has in previous chapters been estimated by an observerwith either the engine speed or the wheel speed as input. The quality of the torsionestimate is in this chapter of central importance, and to eliminate sources of errors,both engine speed and wheel speed measurements are used as inputs to the observerin this chapter. (By this way, not only the drive-shaft torsion is estimated, but alsothe total torque transmitted in the drive shaft, which is equal to kx1+c(x2=i�x3).)The observer gain was determined by solving a Riccati equation with weightsadjusted such that the engine speed and wheel speed are estimated as close aspossible, without following quanti�cation errors and measurement errors. Theobserver was implemented in the same way as the observer with one input inChapter 7.An example of how the observer with engine speed and wheel speed inputsperforms on-line is seen in Figure 10.3. It is shown how the measured signals areclosely estimated, which gives support to the estimated drive-shaft torsion.In the following subsections, the estimated drive-shaft torsion will be validated.There is no direct way of validating the estimate, since there is no sensor to comparewith. On the other hand, the previous chapter described a way in which thedrive-shaft torsion could be found by studying the oscillations in the transmissionspeed after neutral gear is engaged. The on-line estimated drive-shaft torsionshould be equal to the initial drive-shaft torsion explaining the oscillations in thetransmission speed after neutral gear is engaged. Hence, a series of experimentswith engagement at di�erent on-line estimated values of x1 are performed in thefollowing subsections.10.2.1 Validation in Stationary TrialsThe estimated drive-shaft torsion is validated by �rst performing �eld trials withstationary driveline, of the form described in Section 9.1 (Figure 9.1). Neutral gearis engaged with di�erent stationary speeds. For every trial, the initial drive-shafttorsion, x10, and the parameters Jt2 and bt2 of the Decoupled model, derived inChapter 9, are �tted to the measured oscillation after the shift.The result is that the estimated x10 agree well with the on-line estimates of thedrive-shaft torsion. However, validation with this type of experiments only coversa small range of drive-shaft torsions. To maintain the stationary speed, it onlyrequires a small torque amount, which means that the drive-shaft torsion is small.10.2.2 Validation in Dynamical TrialsTo validate the estimated torsion in dynamical trials, the driveline is set to oscillateby an engine torque pulse, as described before (see e.g. Figure 10.3). Neutral gearis then commanded at di�erent time delays after the torque pulse has occured.
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Figure 10.6 Similar experiment as in Figure 10.4, but the gear shift is commandedat 12.63 s, and neutral gear is engaged at 13.40 s. The long delay time fromcommanded to completed shift is due to the large negative values of x1.0:78 s, indicating a high transmission torque during the delay time. About thesame observation can be seen in Figure 10.6. For these trials, where there is a longtime delay from commanded to engaged gear, the on-line estimated torsion, x1,sometimes has a higher value than the initial value of the Decoupled model, x10.10.3 Drive-Shaft Torsion ControlThe goal is now to control the drive-shaft torsion to zero with damped drivelineresonances, and verify that su�cient gear-shift quality is obtained. The controllergoal means that both x1 and xr are driven to zero, since the driveline resonancesare minimized. The oscillations in the transmission speed and the wheel speedafter the gear shift are then minimized, according to Section 9.2.10.3.1 Controller Structure for Active DampingActive damping was in Chapter 8 achieved by minimizing a criterion, giving a state-feedback law that calculates the fuel amount. Before selecting controller structurefor drive-shaft torsion control, the open-loop transfer function from control signal,u, to drive-shaft torsion, x1, is investigated. The poles and zeros of the transferfunction are shown in Figure 10.7. One interesting fact is that the zero and thereal pole are close to cancel each other. If they do cancel, the third order systemwill act as if it is a second order system with no zero. The same result is alsovalid for higher gears. When controlling a second order system with no zero, it issu�cient to have a second order controller in order to be able to move the poles toany location.
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Figure 10.13 Control signal and drive-shaft torsion during �eld trials with startof the gear-shift controller at 13.0 s. The driveline is oscillating prior to the gearshift due to an engine torque pulse at 11.7 s. The controller controls the drive-shafttorsion to zero with damped resonances despite initial driveline oscillations.
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Figure 10.14 Control signal and drive-shaft torsion during �eld trials with startof the gear-shift controller at 14.0 s. The controller controls the drive-shaft torsionto zero with damped resonances despite initial driveline oscillations.
11.5 12 12.5 13 13.5 14 14.5 15 15.5 16

0

0.15

0.2

[r
ad

]

11.5 12 12.5 13 13.5 14 14.5 15 15.5 16

−200

0

200

400

600

800

[N
m

]

Time, [s]

Drive-shaft torsion, x1Start of gear-shiftcontroller at 14:25 s
Control signal, u

Figure 10.15 Control signal and drive-shaft torsion during �eld trials with startof the gear-shift controller at 14.25 s. The controller controls the drive-shaft torsionto zero with damped resonances despite initial driveline oscillations.



10.4 Summary 141The di�erence in control signal in Figures 10.13 to 10.15 is a strong evidencethat driveline dynamics a�ects shift performance so much that feedback control ismotivated. An open-loop scheme would not be able to handle these initial oscilla-tions, leading to longer time for gear shifts.10.4 SummaryThe main contribution of this chapter is a demonstration of gear-shift control withoptimized shift quality, implemented with standard automotive sensors. The ideaused is that gear-shift control can be obtained by controlling the drive-shaft torsionto zero. This approach is motivated by the following two main advantages� When the drive-shaft torsion is zero, neutral gear can be engaged fast, withonly small oscillations in the transmission speed and no oscillations in thewheel speed.� By controlling the drive-shaft torsion, it is su�cient to use an observer incombination with a PID controller structure, with simple tuning rules, forobtaining active damping of driveline resonances. The reason for this is thatthe third order system can be treated as a second order system when consid-ering the drive-shaft torsion as output.Control of the drive-shaft torsion is implemented by estimating the drive-shafttorsion from the measured engine speed and wheel speed. This is shown to givesu�cient accuracy for gear-shift control.Active damping of driveline resonances gives a way of optimizing the timeneeded for the torque control phase, and since there will be no oscillations in thetransmission speed, the new gear can be engaged with a minimum of time spent inthe speed synchronization phase, and thus leading to a minimized time for a gearshift.The problems with low-frequency errors due to friction parameter errors, de-scribed in Chapter 8, are avoided by the use of feedback. This also means thatthere is a measure of gear-shift quality, since the deviation from zero in drive-shafttorsion implies a gear shift with oscillating transmission speed.By using feedback control, initial driveline oscillations are handled indepen-dently of the state at which the gear shift is commanded. The di�erence in controlsignal, depending on the start time of the gear shift, is another strong motivationthat feedback control is necessary, since an open-loop scheme would not be able tohandle these oscillations.
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11Conclusions
The theme of this work is speed control and torque control of a vehicular drivelinewith engine controlled damping of driveline resonances. Novel strategies for twodriveline management applications are derived and validated in �eld trials with aheavy truck.One application is automatic gear shifting utilizing engine control to shift toneutral and synchronize speeds during the shift sequence, without using the clutch.The main contribution of the thesis is the derivation and implementation of anew strategy for fast engine control to a torque-free state in the transmission.The idea behind the strategy is to use internal driveline torque control. A keycontribution is the derivation of a transmission-torque control strategy, based ona model describing the transmission torque, and a criterion for a controller thatdrives this torque to zero. This gives a way of systematically disengaging thegear with minimized driver disturbances and faster speed synchronization, despitedisturbances and driveline resonances at the start of the gear shift. Field-trialdemonstrations show that it is su�cient to control the drive-shaft torsion to zero,and still maintain high gear-shift quality. This scheme is simple and robust againstvariations among di�erent gears. Furthermore, damping of driveline resonancescan be obtained with an observer in combination with a PID feedback structure,with simple tuning rules for active damping. The strategy has successfully beenimplemented with a virtual drive-shaft torsion sensor based on standard automotivespeed sensors and a Kalman �lter. Another advantage with using the simplerscheme, utilizing a consistent physical variable, is that extensions to monitoring,supervision, and adaptive control are simpler.143



144 Chapter 11 ConclusionsAnother application is wheel-speed control using engine control, aiming at re-duced vehicle shu�e. A new speed-control strategy, that includes the behavior ofthe driveline in the control scheme, is proposed. The derived model-based state-feedback controller calculates the fuel amount such that driveline oscillations arereduced. At the same time the speed is maintained with the same type of ve-locity lag (when going uphill or downhill) as with the traditional control scheme.Implementation shows signi�cantly reduced driveline oscillations, also when facingnonlinear torque limitations from maximum torque and diesel smoke delimiters.A common basis for the two control strategies is the modeling conclusions.Three driveline models of increasing complexity are derived that explain the os-cillations in the measured driveline speeds. The main exibility of the drivelineis shown to be the drive shaft, located between the �nal drive and the wheels. Akey result is that a simple linear model with a drive-shaft exibility can capturethe �rst main resonance of the driveline. The derived strategies are based on thismodel, which is shown to be su�ciently detailed for control design, and is easy toimplement with only three states.Successful implementations show that the response time of the diesel engine isclearly su�cient for reducing low-frequent driveline oscillations, despite the sim-pli�ed treatment of the dynamical behavior of the engine. Su�cient accuracy inthe estimated values can be obtained with standard automotive sensors. However,an investigation about how di�erent sensor locations inuence control performancehas demonstrated the importance of the wheel-speed sensor for disturbance rejec-tion and robustness properties. This investigation aims at understanding where toinvest in increased sensor quality in future driveline management systems, which isinteresting since successful �eld trials have demonstrated the advantage of activedamping.
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Notations
Variablesr Radius, reference signalu Control signalz Performance outputx State vectory Sensor outputv State disturbance, velocitye Measurement disturbancen Input disturbancel Load� Angle� Road slopeFa Air resistance forceFr Rolling resistance forceSymbolsJ Mass moment of inertia
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148 Notationsi Conversion ratiok Torsional sti�nessc Torsional dampingb Viscous friction componentm Vehicle masscr1; cr2 Rolling resistance coe�cientscw Air drag coe�cient�a Air densityAa Vehicle cross-section areaM Torque, performance output state matrixA State-space matrixB Input state matrixC Output state matrixH Load state matrixD Performance-output control-signal matrixG Transfer functionGw=m Dynamic output ratioS Sensitivity functionT Complementary sensitivity functionKc State-feedback gainKf Observer gain' Phase margina Amplitude margin Sensor �lter constantSubscriptsm Enginec Clutcht Transmissionp Propeller shaftf Final drived Drive shaftsw Wheelfr Friction0 Stationary valuet1 Transmission inputt2 Transmission output
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