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SUMMARY

The work described here involved the use of a Diesel engine and continuously variable transmission,
installed onto a test rig and into a test vehicle. The objective was a substantial improvement in

emissions and economy in the passenger car application, without a deterioration in drivability.

The use and history of automotive applications of continuously variable transmissions were surveyed
and alternative approaches to CVT driveline control considered. A vehicle drivability appraisal was
organised and subjective data compared with objective test results in order to investigate the
implications on CVT powertrain control. Computer models of the drivetrain components were
written and validated against experimental data. The complete driveline model was used for the
evaluation of newly designed alternative control strategies and investigative work concerning
powertrain efficiency. Simulation model performance was used in the prediction of drivecycle

emissions and dynamic controller action.

The engine and transmission were installed onto a transient test rig with full emissions capability and
into a vehicle. This allowed the evaluation of controller and drivetrain performance both in terms of
emissions and economy and vehicle drivability. The transient test rig and a chassis dynamometer
were used for emissions drivecycle tests. A second vehicle appraisal was completed to assess the
drivability performances associated with the new controllers. The newly designed strategies included
knowledge based approaches motivated by the field of artificial intelligence. These strategies,
implemented experimentally, had structures which enabled the calibrated control action to be highly
flexible and tuneable. The controllers were shown to enable lower vehicle drivecycle emissions and
higher economy with acceptable drivability when compared with both the original CVT controller and

equivalent vehicles with manual stepped ratio transmissions.
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1. INTRODUCTION

The focus of the research described in this thesis was the design, development and testing of an
optimised drivetrain controller for a passenger car powertrain comprising an electronically governed
Diesel engine and an electrohydraulically controlled continuously variable transmission.
Optimisation of the controller was for low engine emissions and high vehicle economy, whilst

maintaining vehicle drivability.

The work was undertaken as part of a larger research project, the aim of which was to exploit the
potential for emission reduction and efficiency improvement of a passenger car by integrating
electronic control of a Diesel engine and a continuously variable transmission (CVT). The research
was multi-disciplined and involved consideration of issues of thermodynamics, fluid power,

transmission and control engineering.

Background

Various reports of the effects of emissions upon both human beings and the environment, (DoE, 1993,
Guibet and Douaud, 1992, Hopfner, 1991), have raised the pubiic awareness of these issues. As a
result there has been increasing pressure on legislative bodies to take action to reduce emissions
production. A significant proportion of environmental emissions are due to the use of passenger cars
and there is cle;drly a need to improve vehicle economy and to reduce exhaust emission levels. The
resulting and ever tightening emissions legislation has forced vehicle manufacturers to consider every
conceivable approach to emissions reduction. More efficient engines h(ave been designed. Improved
engine control has been achieved through the use of fuel injection equipment and electronic mapping
of timing advance in petrol engines and electronic control of Diesel fuel injection equipment.
Catalysts for treatment of exhaust products are now required by law on all petrol passenger cars sold
in the UK. Oxidising catalysts are now fitted to some Diesel engines and research has continued into
the use of particulate traps and lean NOx catalysts. Future improvements in emissions will be made by
means of better engine design but immediate improvements can be made by alternative approaches.

In addition to improving engine design, legislation has caused vehicle manufacturers to look more
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widely at the whole vehicle powertrain rather than at the engine alone. Improvements have been
made by better control and matching of the engine and transmission, (Cuypers, 1984, Hendriks,

1993), and there is further scope for work in this area.

The Diesel engine was chosen for this work because it is the most efficient prime mover for passenger
car applications. This is due to its high compression ratio and lack of throttling. Engine efficiencies
of 36% to 40% are readily achieved and drive cycle fuel consumptions of 50 - 70 miles per gallon are
commonplace. Considerable benefits can be obtained by the adoption of an engine control strategy
such that the required output power is always produced in the most advantageous region of the torque
speed map. This implies the use of an engine ideal operating line and requires the use of a
continuously variable transmission to decouple the fixed relationship which would otherwise exist
between vehicle and engine speed with a stepped ratio transmission. The operating strategy of such a

powertrain must be based upon a compromise between drivability and economy and emissions.

1.1 Objective

The objective of the work described here was the design and implementation of a control system for
the passenger car powertrain comprising the electronically governed Diesel engine and the electro-
hydraulically controlled continuously variable transmission. The controller was to be optimised for

low engine emissions and high vehicle economy, whilst maintaining vehicle drivability.

To meet this objective it was necessary to develop a specification for the controller operation. This

necessitated the study of both the operation of the powertrain and the effect of powertrain operation

on the driver’s assessment of vehicle drivability.

13



1.2 Structure of this document

The first section of this chapter has introduced and justified the subject of this thesis. Section 1.3
reviews the recent trends in automotive transmissions. The discussion centres on the use of CVTs,
contrasting these with alternative automatic and manual transmissions. The automatic control of
various transmissions is discussed. Section 1.4 completes this chapter with a review of control
methodologies. The field of multivariable control is discussed in the first part of this section.
Following this, alternative methods of control are reviewed and their suitability for application to

vehicle powertrains is examined.

The research and progress of the work can be considered in three stages: Firstly, various alternative
controller strategies were designed which took into account theoretical powertrain issues and
consideration of the conclusions of a vehicle drivability study. The strategies were developed using
theoretical and empirical computer models of the complete vehicle powertrain. Secondly, testing of
the strategies was performed on a transient powertrain test rig with facilities for the evaluation of
engine emissions and economy. Finally, the controller strategies were evaluated in a test vehicle.
This allowed assessment of the drivability by comparison with an earlier study and also provided the
opportunity for chassis dynamometer emissions tests. The organisation of this thesis is described

below.

In Chapter 2, the chosen powertrain is described. Installation of the powertrain on to the test rig and
into the test vehicle is also discussed in this chapter. The test and data acquisition equipment used in
both applications are described here. A drivability study is described in Chapter 3. The findings of
this and the implications for CVT powertrain control are also discussed. Chapter 4 deals with the
powertrain simulation work. The chosen simulation package is described and details of each of the
powertrain component models are given. Some of the basic model validation work is also discussed
here. In Chapter 5 the design considerations for the powertrain controller are discussed and the
chosen approach to an overall controller architecture is described. Alternative designs of controller

within the chosen architecture are described in Chapter 6. Their modes of operation are contrasted
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with the operation of the production hydromechanical controller. The implementations of the
alternative controllers on the test rig and in the test vehicle are described. Chapter 7 discusses the
results of the simulation studies. Chapter 8 includes description of both the test rig and test vehicle
work. Both chapters include examinations of the characteristic performances of each of the
alternative controllers. The experimental emissions test work is discussed in Chapter 8 and an
analysis of a drivability appraisal of three alternative controller calibrations is also included. Chapter
9 concludes this thesis with a general discussion and some consideration of possible future work. The
achievements of this work and its context within the field of automotive powertrain control and within

the more general automotive field are discussed.

1.3 Continuously variable transmissions

In this section the development of continuously variable transmissions is considered. Their
background and present position within the automotive transmission market place are discussed. The
most recent CVTs are compared with manual and alternative automatic transmissions in terms of their
efﬁciency and operation, cost of production and the customer perception of the resulting vehicle
drivability. The Van Doorne CVT, used for the work presented here is examined in detail. Finally,
current powertrain control approaches to both CVTs and alternative transmissions and the trends

towards the use of electrohydraulic control are considered.

1.3.1 Advantages of CVTs

The advantages of CVTs when compared with stepped ratio manual or conventional automatic
transmissions depend somewhat upon the CVT in question. Generally, as discussed in Section 1,
CVTs enable the decoupling of the engine speed from the vehicle speed. This enables a greater
freedom in the choice of an engine operating point and gives greater ability to follow an ideal

operating line, certainly during steady state conditions and when not limited by the CVT ratio.
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Always ensuring strict adherence of the engine to an ideal operating line would not, however, be
satisfactory in terms of the vehicle's transient performance. It is therefore necessary to allow the
engine to deviate from the ideal operating line during vehicle transients, the length and duration of the
deviation being dependent mostly on the driver's demand. Due to the lack of gear changes, an
additional advantage is the absence of interruptions in transmitted power. Depending upon the type

of CVT, there may not be a need for a starting device due to the inherent inclusion of a geared neutral.

The motivations for the development of CVTs, namely the benefits of lower vehicle emissions, higher
economy and improved drivability, have been discussed above. However, the technical challenges
have been long-standing. To date, no low cost, easily controllable CVT has been developed with high

operational efficiency and a ratio range large enough to enable all engine speeds at all vehicle speeds.

Current CVTs are disadvantaged in the two main areas discussed below. These are the resulting
drivability of CVT vehicles and the efficiency of the transmissions themselves. CVTs are also more
complex and more difficult to manufacture than alternative transmissions. However, much progress
has and is being made in all of these areas, and the use of CVTs is becoming increasingly popular,

(Autocar & Motor, 1992, Van Doorne Transmissie b.v., 1994).

Drivability/performance

The drivability, performance and the associated customer acceptance of CVT vehicles have
historically been some of the greatest problems faced by powertrain engineers. The difficulties have
been caused partly by the need for both transmission ratio control and control of the engine power
output simultaneously. Added to these has been the challenge of the design and precise control of a

device to enable the vehicle to start from rest.

Problems to be resolved in the areas of drivability and performance of CVT vehicles may be classified

by association with vehicle acceleration, deceleration, steady state operation and starting and

stopping. The challenges associated with customer acceptance may be divided into the areas of firstly
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perception and subjective assessment of powertrain behaviour, and secondly the resulting need to

translate customer comment and desire into a practical control strategy.

Engine ideal operating lines have usually been biased towards the high torque low speed area of the
engine map. This has produced the better vehicle fuel consumption performance, but inherent in this
strategy is the delay in achieving full power while the engine is accelerated from low to high speed.
During this delay the vehicle may be either accelerated more gradually, maintained at constant speed

or worse, decelerated.

During vehicle deceleration, the engine speed may be kept high to enable engine braking. In addition
to this effect, high engine speeds enable fast engine power delivery response if the accelerator pedal is
suddenly pressed during the deceleration. However, high engine speeds are also generally associated
with higher fuel consumption and emissions and higher noise levels. These arguments promote
lowering the engine speed during deceleration to a value limited only by the transmission ratio.

Engine speed control during deceleration is thus a compromise dependent upon these factors.

When at constant speed, the best operating point for combined engine and transmission efficiency
may be used. As discussed above, this is generally towards the high torque, low speed area of the
engine torque speed map which is also better for low powertrain noise. However, if the chosen point
is a low power point close to the engine limiting torque curve, there may be considerable delay in
moving the engine to a higher power delivery point. This is due to there not being sufficient extra

torque available to accelerate the engine quickly to higher speed.

Starting from rest requires the use of a starting device. Van Doorne based transmissions have to date
used both clutches and torque converters for this purpose, (Hendriks, 1993). Some hysteresis is
needed in the control of the starting device. Swift acceleration from rest is achieved by running the
engine at high speed and power, the speed difference at the transmission input being handled by the
starting device. However, the starting device must be locked up during steady state powertrain

operation and low vehicle acceleration to enable operation of the engine at lower speed. This leads to
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improved emissions and economy. In the case of a gradual acceleration from rest, synchronisation of
the starting device input and output speeds should occur at a lower engine speed than in the case of a
rapid acceleration from rest. Torque and hence power delivery is less in this case and the power lost

in the starting device is also lower.

Hysteresis in the starting device is also an important factor when considering control of the
transmission as the vehicle comes to rest. As the vehicle comes to rest the transmission is likely to
have reached the lowest ratio enabling the lowest possible engine speed. The starting device will be
locked up due to the probable small torques present across it. As the vehicle comes to rest it is
necessary for the starting‘ device to disengage either partially or completely and for the transmission to
change to the highest ratio ready for the next start. These procedures must be completed without

causing an unacceptable variation in the perceived deceleration rate of the vehicle.

Fuel consumption/emissions

The fuel consumption of CVT vehicles using the Van Doorne based transmission tend to be worse
than those using conventional stepped ratio manual gearboxes, (DoT, 1994). The efficiency of
vehicles fitted with the Van Doorne based transmission is affected by factors such as the hydraulic
pump size and the design of the hydraulic circuit (Guebeli, 1993, Micklem 1991). The overall
powertrain control strategy in terms of where the engine operates for various demanded powers is also
important in determining the vehicle fuel consumption. Emissions performance is related to fuel
consumption perfoimance. Carbon dioxide production is directly related to the amount of fuel
burned. Other gaseous and solid emissions vary across the engine torque speed map. Vehicle
emissions are generally measured per distance travelled. The amount of vehicle acceleration and
braking over the distance clearly has an effect on the overall emissions, but in addition to this the
steady state engine torque and speed for a given vehicle speed also has an effect. Therefore the
choice of engine operating line for steady state use and the allowable deviation from this line during

acceleration and deceleration is vital in enabling low vehicle emissions.
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1.3.2 Comparison of CVTs with manual and alternative automatic transmissions

Manual and stepped ratio (conventional) automatic transmissions have the largest share of the
automotive transmission market. The following paragraphs describe the current trends in manual and
conventional automatic transmissions. In this way, the discussion reviews the state of the market

place in which automotive CVTs are promoted.

Developments in materials, manufacturing techniques and lubrication technology have enabled
improved overall efficiencies in all types of vehicle transmissions. In addition, there has been a move
towards the use of a greater number of ratios in both manual and conventional stepped ratio automatic
transmissions. These two factors have led to generally improved vehicle efficiency and performance

(DoT, 1994).

nsmission
Over the last few years there have been no great changes in manual transmission design. Manual
gearboxes are highly efficient in transmitting torque across a large range of ratios. This gives them an
advantage over conventional automatic transmissions and current CVTs in terms of overall vehicle
economy and emissions levels. However, there is a trend towards automatic control of conventional
manual transmissions, (Watanabe et al, 1984, Page, 1985, Kasai et al, 1986), using actuators to
control the clutch and gear change and these types of automated transmissions will have efficiencies

approaching those of manual gearboxes.

Conventional automatic stepped ratio transmissions

The developments in automatic stepped ratio transmissions have also been driven by the goal of
greater efficiency and performance. Four speed transmissions are now usual (DoT, 1994). Intelligent
interpretation of the driver’s intentions and electronic control of the ratio selection have all led to
greater refinement and performance. Better matching of the transmission with the engine, improved

regimes of starting device operation, for example, torque converter lockup and freewheeling
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capability on the overrun, and measurement and interpretation of such variables as driving style are

all becoming commonplace in the current market.

Alternative automatic stepped ratio transmissions

The basic disadvantage of the energy lost to the tqrque converter has led manufacturers to look to
other types of drive as an alternative for use in an automatic stepped ratio transmissicn. The
efficiency advantages of geared drives over other types of transmission have caused a recent trend in
manufacturers attempting to automate manual stepped ratio geared transmissions. If this was easily
possible, there would be an argument (offset against one of cost) to increase the number of ratios
available which would move the ratio capability of the transmission towards that of CVTs. However,
there are still challenges to be met in the areas of clutch and engine management during the gear shift.
Lees (1992) believes that Automotive Products has overcome the gear shift problem in an Automatic
Clutch System (ACS) which comes in a range of levels, the most automated using a conventional
design of clutch and gearbox. In the past Automotive Products worked with Porsche to develop a
two-clutch gearbox which worked using the clutches alternately to progress through the gears (Scott,

1983).

1.3.3 Development of CVTs -

CVTs for passenger cars have been under investigation for most of this century. However, it is only
over the last twenty years that the significant and commercia]ly viable developments have taken
place.

Christenson (1975) described the toroidal drive and the hydrostatic split power transmission as those
CVTs showing most promise for use in‘medium to large size cars of the future. At this time the DAF,
manufactured in Holland, was the only production car making use of a CVT. It used two V-belts in
tension, one for each driven wheel, each with variable sheaves to allow continuous change of the
speed ratio. However, the DAF was a small, low powered car and the transmission system was not

thought suitable for more demanding applications.
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By 1980 the metal push-belt variable speed unit (VSU) had been developed to such a level that it was
shown by Horowitz (1980) to be the only CVT design sufficiently practical and efficient to be used
for automotive applications. Horowitz compared many types of transmissions including continuously
variable belt, chain and traction drives and geared and timing belt drives. The significance of his
paper has been shown by the fact that the metal belt CVT is the only automotive CVT currently in

production. There are still, however, challenges in the areas of efficiency and transient control.

At present, the metal push belt design, described by Hendriks (1988) continues to gain ground in its
share of the automatic transmission market. It is supplied as a variable speed unit by Van Doome
Transmissie b.v. Early problems in belt reliability which appear to have been linked to manufacturing
techniques seem to have been solved and the Van Doorne V-belt variable speed unit (VSU) now has a

life expectancy equal to that of the other major components of a car.

Over the last decade the Van Doorne metal thrust belt VSU has been incorporated into several
transmissions by European motor vehicle manufacturers. Ford developed the CTX, (Roper and
Simon, 1987), the VSU being under the supervision of a hydraulic controller which also controlled
the operation of two wet clutches. Fiat, (Howard, 1992), and Rover went into production with
vehicles equipped with CVTs similar to the CTX. Meanwhile both Subaru and Nissan developed
electronically controlled transmissions based on the Van Doorne VSU (Sakai, 1988, Narumi et al,
1990). Section 1.3.4 gives more detail on the Van Doorne VSU and its use in various manufacturer’s

transmissions.

There have been many other belt and chain CVT drives which have been developed from the times of
the first motor cars. These belt drives can be classified by whether their method of operation is
dependent upon tension or compression. Cuypers (1984) compares two metal V-chains with the Van
Doome metal V-belt in his discussion of traction drives. He relates forces acting on individual belt
and chain elements to overall unit efficiencies and concludes that V-belts have advantages over V-
chains in terms of higher power density at large diameters and lower operating noise levels. Cuypers

draws attention to the manufacturing challenges of the V-belt. An electrohydraulically controlled
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tension belt CVT is presented by Schneider (1989) in his paper. The system is designed such that the
speed of the engine is controlled by the transmission ratio. The engine fuel is then scheduled
. according to the engine speed. This can be done with a focus on optimising efficiency or
performance. Drivability considerations are taken into account, by, for example, limiting the engine

speed set point as a function of vehicle speed above, say, 70 % throttle demand.

Kumm and Kraver (1986) discuss a flat-belt CVT in their paper. The efficiency characteristic of the
unit is investigated with reference to the output speed and the ratio. Economy Mode and Sport Mode
engine operating lines are described. However, since it is ultimately the efficiency of the whole
vehicle which is important, it is clear that any engine ideal economy line must be combined with an
efficiency map of the transmission so that an overall powertrain efficiency map can be obtained. The
work presented by Kumm and Kraver did not indicate that they had analysed the overall powertrain
efficiency. If this was done, then the powertrain efficiency map could be used for generation of the
ideal operating point. In the steady state, the system would be operated at this point. However, due to
the need for good vehicle drivability, it would be necessary to deviate from this line during a vehicle
transient. Control of the rate of ratio change of the CVT in response to pedal movements would play
an important role in the amount of this deviation from the ideal operating line and hence would be a

critical factor affecting vehicle drivability.

As the use of the push belt CVT has grown, the toroidal drive, described as having much potential by
Christenson (1975), has been developed further. One of the most well known toroidal traction drives
is the Perbury Transmission (Perry, 1980, Stubbs 1981), first developed by Hayes. Stubbs describes
the transmission in terms of the acceptable drivability performance of a test car. The vehicle was also
found to have improved acceleration and fuel economy compared with a vehicle fitted with a
conventional stepped ratio automatic transmission. It was concluded that the toroidal drive had good

potential for future applications but that the challenges of transient control still required attention.

The development was continued over many years by Perbury Engineering, Leyland Cars, Leyland

Vehicles and most recently Torotrak (Development) Ltd., who installed the transmission into a Rover



820i saloon car for the purpose of evaluation (Smith, 1992). Results indicated that by using a strategy
that governed the engine to operate on a 'predetermined control line’ savings of 10 % in economy and
20 % in carbon based emissions could be made compared with the manual transmission vehicle over
the US emissions drivecycle. The types of control strategy used are described in more detail by
Ironside and Stubbs (1980). The significance of the control of the Perbury CVT is the use of a
proportional solenoid valve to regulate the torque transmitted by the CVT rather than the CVT ratio.
It is this feature which enables the geared neutral to be workable. Ironside and Stubbs (1980) also
make particular reference to an ‘ideal operating line’ for ar 60 kW Otto engine and to deviations of the
operating point from this line during vehicle transients. It is emphasised that when an increase in
pedal demand occurs, a compromise must be made between using the available excess torque at the
current engine speed to accelerate the vehicle and using this torque to accelerate the engine to a new

higher speed where more power can be developed.

Hydrostatic transmissions, which consist of an hydraulic pump connected hydraulically to a motor,
are attractive due to the wide ratio range possible, the existence of a geared neutral and the ease of
installation into the vehicle. They are particularly suited to vehicles needing four wheel drive and
large ground clearance. The disadvantages, however, are due to the low operating efficiencies
obtained in at least part of the speed / power range. Despite this, work by Luo et al (1986) has
predicted average efficiencies of 92 to 94 % using various control strategies in a project involving
such a system on a vehicle of mass 1360 kg powered by a 1.8 L engine. Their control strategy made
use of both a torque and a power control regime. By switching between the two and ensuring that the
engine was close to its most efficient operating point for the required power output, an optimised

overall system resulted.

Control of CVTs is a very different problem from that of control of a conventional stepped ratio
transmission. The issues involved are discussed with clarity by Yang, Guo and Frank (1985). The
control of the acceleration of a non - CVT vehicle can be performed by varying the throttle or the
amount of fuel injected. On a vehicle with a CVT, however, acceleration may also be affected by

controlling the rate of change of the transmission ratio. This most important difference between
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vehicles with conventional stepped ratio transmissions and vehicles with CVTs is the key to achieving
good drivability. It also leads to the possibility of controlling the vehicle acceleration by control of
the ratio alone, whilst scheduling the fuel injected or throttle position automatically according to the
values of the demanded and actual engine speeds. Although different CVTs may be more or less easy
to control, all of them may be used in the type of strategy described above. Section 1.3.5 discusses

the control of transmissions in more depth.

1.3.4 Detail of the Van Doorne CVT

The Van Doorne based transmission is manufactured under licence by several of the largest of the
world’s car producing companies. Van Doorne supplies the push belt CVT variable speed unit, the
principle of operation being the same in all cases. The differences occur in the choice and type of
starting device, the output gearing, the casing and the control strategies and their implementation.
Control is through the use of hydraulic valves which vary the clutch and primary and secondary
pulley pressures. The operation and hydraulic control of Ford’s version of the Van Doorne

transmission are described in Chapter 2.

The Van Doorme CVT has been used mainly in small and medium vehicles. There was an initial
limitation on their power handling capability but this is gradually being overcome and such CVTs are
now being implemented in larger vehicles. The response of the motoring press towards the new CVT
vehicles has been good and their share of the small and medium car market has gradually increased
since their introduction. Currently over one million Van Doorne based CVTs have been fitted to
passenger cars, (VDT, 1994). Autocar & Motor (1992) reported that 6% of Ford Fiesta sales were
cars fitted with the CTX transmission and that this figure was increasing. However, it must be

recognised that the CTX is the only automatic transmission available in this particular vehicle.

Hendriks (1993) describes the vehicle performance and powertrain control of a 3.3 L Chrysler

Voyager fitted with a 250 Nm capacity CVT. As in previous work in this field the use of the
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transmission to place the engine on an ideal operating line is discussed. Significant in this paper are
experimental test results which show a 17 % decrease in fuel consumption over the ECE drive cycle
when compared with the four speed automatic version of the vehicle. The same system with identical
calibration also shows an improvement of one second in the 0 - 100 km/h acceleration time. Different

control strategies enable powertrain operation in any of a sport, normal or economy mode.

Both Nissan and Subaru have marketed versions of the Van Doorne variable speed unit incorporated
into transmissions having electro-hydraulic control of secondary pressures and electronic control of a
magnetic powder clutch. A solenoid valve is used to control the hydraulic pump line pressure (which
is usually applied directly to the secondary actuator). Control of the primary pressure is
hydromechanical. The Subaru system is discussed by Narumi and Suzuki (1990), Sakai (1988) and
Kasai and Morimoto (1988). It is clear from the complexity of the rules governing the operation of
the clutch that a great deal of effort has been spent in the optimisation of its control strategy. The
correct amount of torque being transmitted by the clutch in different circumstances is vital to a good
vehicle drivability characteristic. For the control of the variable speed unit, Narumi and Suzuki first
relate the level of the secondary pressure to the amount of torque which is to be handled by the
transmission. Having set the engine throttle, and the secondary pressure, the remaining task is to set
the transmission primary pressure. Particular care is taken in the determination of the primary
pressure since it is this which controls the ratio and therefore has great effect on the perceived vehicle
drivability. The derivative of the pulley ratio with respect to time is considered. If this value
becomes too large, it indicates that the control strategy would cause an initial deceleration in the
vehicle before a higher but uneven acceleration. At the other extreme, a small rate of change of ratio
with respect to time would result in insufficient acceleration being achieved. The values of the target
pulley ratio and the throttle opening angle are used in the determination of the primary pulley

pressure. The resulting strategy is designed to operate the engine along an ideal operating line.

The experimental work presented in Chapter 3 involves testing of both an hydraulically controlled

Ford CTX transmission and an electrohydraulically controlled Nissan N.CVT transmission. The
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observed operating envelopes and driving characteristics of these transmissions are discussed in more

detail towards the end of that chapter.

1.3.5 Automatic control of transmissions

The task of controlling an automotive transmission can be considered to fall into two areas. Firstly
there is the strategic function of determining the most appropriate response of the powertrain to the

driver’s demands. Secondly there are the tasks associated with achieving this response.

The first task is concemed with interpreting the accelerator pedal signal level and its rate of change.
The strategy may adapt to the driving style and also be influenced by other vehicle and powertrain
sensors. Finally, a choice must be made about the amount of power demanded from the engine and
the ratio at which to operate the transmission. The demanded rates of change of these variables

during transients must also be determined.

In order to achieve control of the engine power developed, both the engine torque and the engine
speed must be governed. The amount of fuel injected per engine cycle is the main factor which
determines the engine torque. This quantity is regulated by the fuel injection pump control system.
The engine speed is a function of the vehicle speed and the transmission ratio when engaged.
Therefore the required ratio must be achieved so that the engine runs at close to the demanded speed.
In the case of the push belt CVT, it is the primary and secondary actuator pressures which must be
controlled in order to define the transmission ratio and its rate of change. In conventional automatic
transmissions, both the choices of discrete ratio and the conditions at which ratio shifts are to be made

must be determined.
Early controllers for both stepped ratio and continuously variable transmissions were implemented

hydraulically. Input signals were used from the accelerator pedal, selector lever position, engine

speed and vehicle speed sensors. With the general trend towards the use of electronics and
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microprocessors in the control of vehicle systems, controllers which ha?e been dependent upon
hydraulics alone have been superseded. Hydraulics has remained for the actuation of clutches, whilst
electronics is being used in making the choice of ratio and for the modulation of hydraulic clutch
pressures or electromagnetic clutch actuation. Electronics used in this way have enabled the

production of more flexible and refined strategies for all types of transmission.

Push belt CVT

Both the Van Doome hydromechanical and the Van Doome electrohydraulic controllers tested as part
of the experimental work described in Chapter 3 were designed to place the powertrain operating
point inside a pre-defined envelope on a vehicle speed - engine speed variogram (Figure 1.1).
Demanded engine speed was a function of vehicle speed and accelerator pedal position. Demanded
engine torque was a nearly linear function of accelerator pedal position. Inherent in the variogram
appfoach and control structure were the strategies for both steady state and transient performance.
Several algorithms designed to dampen and smooth the ratio shifting action were embedded into the
strategy. Due to the non-linear nature of the transmission ratio control, the closed loop controller
gains appeared to be scheduled with the transmission operating conditions. The Nissan N.CVT
transmission c;)ntroller operation also appeared to be based upon the philosophy of a vehicle speed -

engine speed variogram control strategy similar to that shown in Figure 1.1 and described above.

The Van Doome strategies were found to be generally good in terms of drivability. However, there
are significant drawbacks associated with the use of vehicle speed in the generation of the engine
speed demand and not considering the engine operating point in the torque speed domain as
prominently as in the variogram. One outcome was that the engine speed was often set at a rather
higher than necessary level for the power being devéloped and a lower torque used. The high speed,
low torque area of an engine speed map is often the poorest for emissions and economy. The Nissan
N.CVT powertrain operation suffered in the same way, albeit to a lesser degree. More detail is given
in Chapter 3 on the steady state and transient performance of each of the above coﬁtrollers for the Van

Doorne transmission.
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tepped ratio automatic transmissi i erters
Improvements have been made to shift quality in stepped ratio transmissions through the use of
engine torque reduction during shifts and the application of modemn electronic techniques in
controlling clutch pressures. Hojo et al, (1992) describe the application of modem control theory to
Toyota’s five speed automatic transmission. The five ratios are produced from two gear sets in series
and it is necessary to shift each gear of the two gear sets synchronously. The basic concept cf the
strategy lies in the setting of target values for the speeds of the sun gears of the two units. A feedback
system is then constructed so that the engagement pressures of the two clutches can be controlled such
that the speeds of the sun gears follow the target values. The hardware used to implement the strategy
consisted of the usual sensors, solenoid valves and two processors, one controlling the engine and

communicating with the second, used for the transmission itself.

Torque converters are usually implemented in conventional automatic transmissions as the starting
device. These allow the multiplication of torque when the input and output speeds are different.
Unfortunately, the use of a torque converter introduces an area of inefficiency into the powertrain. As
the difference between input and output speeds decreases, the efficiency increases. The use of a
converter lockup clutch can improve the efficiency by synchronising the input and output speeds
under certain suitable conditions. Electronic control strategies usually make use of engine load and
transmission output speed measurements in determining the operation of the lockup clutch. Computer
aided design tools have enabled optimisation of torque converter designs and operation. Kondo et al,
(1990) describe the implementation of such a unit in a four speed transmission. Simulation of the oil
flow within the unit enabled sudden changes of oil flow velocity, and the associated losses, to be
avoided by improved design. The converter lockup clutch operation was determined electronically

using speed and engine throttle signals.

Shift control strategies

Conventional automatic transmission shift control strategies which were inflexible and unable to
adapt to driver and system requirements in their hydraulic controller implementations, have become

greatly improved through the use of electronics. Original, hydraulically implemented, fixed shift

28



strategies were set up by choosing a compromise between fuel economy and drivability requirements.
Now, electrohydraulically implemented control systems adapt the transmission shift strategy
according to measured powertrain variables and driving style. Yamaguchi et al, (1993) describe the
implementation of a shift control strategy which uses fuzzy logic. A shift strategy, optimised for
economy, is developed by considering the fuel consumptions in each of the gear ratios. A second
strategy is developed for optimised drivability.. This is done by choosing shift points so that the
disturbance in force at the driving wheels during the shift is minimised. At large throttle openings it
is not possible to match the power delivery from the engine m two adjacent transmission ratios and so
the engine is allowed to reach rated speed during vehicle acceleration before shifts are initiated. As
part of their work, Yamaguchi et al studied the behaviour of drivers in terms of their use of the
accelerator, brake and steering wheel over both an expressway and a winding uphill road. A fuzzy
controller was then developed which was able to recognise the driving environment from the way in
which the vehicle was being driven. From this the controller was able to adapt the shift strategy in the
appropriate direction. The resulting control strategy produced an improved transmission operation. A
commonly recognised problem with shift strategies is symptomised by the transmission upshifting
just before a slight bend due to the driver decreasing the accelerator demand, followed by the
transmission downshifting again after the bend. The occurrence of this problem was greatly reduced

by the implementation of the fuzzy logic shift schedule.

Stepped ratio automated transmissions with dry friction clutches

Inefficiencies associated with torque converters have motivated interest in the possibility of
automating a conventional manual transmission and dry clutch. Such a system would not only have
higher overall efficiency than a conventional stepped ratio automatic, but would also be likely to
share many similar components making it less expensive to manufacture. Since driver effort would
not be involved, the number of ratios could be increased leading to further efficiency gains.
Watanabe et al (1984) applied an automatic control system to a mechanical clutch and five speed
transmission. Both the clutch and transmission were standard production units. Operation was
performed by actuators controlled by a central processor. The shift control strategy design for such a

transmission raises essentially the same considerations as those relevant in the case of conventional
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stepped ratio automatic transmissions. However, simple automation of the conventional manual
transmission and clutch does present a major challenge in the area of drivability. This is due in
particular to the interruption of power which occurs during clutch disengagement. The problem is
compounded by the fact that the driver may have no warning of an impending shift and that shifts can
often quickly follow an increase in demand from the driver. This has been overcome in systems
where there are two clutches but such systems can lose the advantage of full commonality with

existing manual systems (Scott, 1983).

1.4 Control methodologies

Electronic systems are now standard in automotive engineering. Their applications include fuel
injection and engine management systems, both for Diesel and spark ignition engines, supervisory
systems to interact between the driver and the powertrain, (Yamaguchi et al, 1993), and safety
systems such as anti-lock braking. The electronic hardware currently available has enabled
manufacturers to move towards the use of both modern state space methods and intelligent control in
their quest for improved powertrain control. This has led to cleaner, more efficient and more drivable

vehicles.

The development of control theory and the application of the latest control methods to practical
engineering problems is a vast and on-going process. Over the last twenty y;sars one of the main
growth areas has been that of robust multivariable feedback control and in the approach to problems
caused by unknown or highly non-linear plant. The challenges involved and the alternative
approaches are well documented, (Soeterboek, 1992, Lunze, 1988) At the same time, progress in
another quite different area has involved a group of ‘approaches collectively known as artificial
intelligence. This group, which includes both the fuzzy logic and neural network approaches to
multivariable control, is characterised by systems which have some ability to be trained or actively

learn from real or simulated data. Due to this property, they can be applied in decision making

systems, (White and Sofge, 1992, Pedrycz, 1993).
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Modem state space approaches to robust multivariable feedback control and various decision, rule
based and artificial intelligence methods are discussed in the following sections. Following this, there
are comments on the use of the different approaches in automotive applications today. The relevance

and suitability of the different methods to the objectives outlined in Section 1.1 are discussed.

1.4.1 Alternatives for powertrain control

The primary objective of this research work (that of designing an optimised controller for an engine
and CVT) is one which may require the use of methods previously applied to the control of other non-
linear multivariable systems. This section is used for a brief review of alternative methods of control

for multivariable systems.

State space method

The application and benefits of applying modern control theory to automotive engine control are
discussed by Tabe et al (1987) in their paper. Kamei et al (1987) also use state space methods in the
design of a controller for an automotive engine. Consideration of the complete vehicle powertrain
system in state space terms is essential for the application of some modern adaptive control

techniques, which are described below.

Neural networks

Recently neural networks have been used increasingly for the modelling of non-linear systems. Their
use is now being extended into areas of system control. Bacon et al (1992) discuss the replacement of
various functions within a modemn electronic engine control system with trained neural networks.
Benefits such as ease of calibration and reduction of control system strategy are also mentioned.
Since it is possible to construct a network with any desired number of inputs and outputs, this makes

neural networks particularly suitable for the control of non-linear multivariable systems.
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Fuzzy logic

Due to drivers’ varying behaviour when driving, it may be necessary to adapt the response of the
vehicle powertrain depending upon the levels and rates of change of the inputs received from the
driver's controls. This could cause the system to behave more or less sensitively to changes of input
signal levels. Fuzzy control has been applied to the shift scheduling strategy of an automatic
transmission by Yamaguchi et al (1993). Many other applications of fuzzy control exist. For
example, Abate and Dosio (1990) discuss its use with reference to engine idle speed control.
Research and current methods in the fields of fuzzy logic and control in uncertainty may be relevant

to the design of a suitable controller for a vehicle powertrain incorporating a CVT.

d for adaptive control
As discussed above, some type of controller adaptability to the driving style seems desirable.
Adaptive control has usually been applied to systems with the aim of producing a consistent
performance. Here, its use is intended to modify system performance in different circumstances. It
was envisaged that the control action would be aimed at generally raising the engine speed when the
driving style was more transient or busy. This would give a more responsive feel to the vehicle in
such conditions. The idea of a controller which adjusts its own parameters to the process is also
appealing and extremely valuable in the cases of unknown, highly non-linear, or time varying
processes. All of the control methods mentioned in this section can be configured so that they have
an adaptive capacity. However, there has been continually increasing interest, over the last thirty or
more years, in the broad field of adaptive control, and some methods of control have been specifically

developed for their adaptive capability.

Some predictive controllers belong to the class of model based adaptive controllers. They have been
applied successfully to both single input single output and multivariable control problems. Their
performance can be comparable to Linear Quadratic or Pole Placement controllers but their
implementation and tuning is often much easier. However in contrast to either of the above methods,
predictive controllers may be applied to non-linear problems. There are many designs of predictive

controllers some of which contain adaptive features. In all designs of predictive control, the future
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controller output sequence is calculated so that the predicted output of the process is close to the
desired process output. The desired process output is called the reference trajectory and may be an
arbitrary sequence or the response from a dynamic reference model. The process is continually
repeated using the latest measured information which takes into account disturbances. The length of
time ahead for which the predictions are made is known as the prediction horizon. This is a finite
length for predictive control whereas for LQ control it decreases as time elapses. In practice LQ
controllers often have an infinite prediction horizon making them similar to predictive controllers. In
this case the only differences are that LQ controllers cannot take into account restrictions on the
available control output and also cannot make use of non-linear plant models. In both LQ and
predictive controllers a function is used to measure how well the output follows the reference
trajectory. The control sequence is determined by minimising a function of the difference between

the output and reference trajectories over the prediction horizon.

The development of an accurate reference model of the Diesel CVT automotive powertrain is fraught
with difficulties due to key variables such as vehicle mass and road gradient being unknown and
complex or impractical to measure or predict. Application of the state space approaches to the CVT
powertrain control problem would certainly be hampered by the lack of a good reference model. In
contrast to the LQ and predictive model based methods, both the fuzzy logic and neural approaches to
multivariable control do not require any kind of dynamic reference model. In their application to the
CVT powertrain control problem, - the artificial intelligence methods are therefore at a distinct

advantage.

1.4.2 The chosen approach to the design of the control strategy

The continually developing field of control theory and its application in engineering has been
discussed briefly in the section above. Various alternative approaches have been discussed. So far
the discussion has centred on the issues associated with the engine torque and speed control, for

example the injected fuel quantity control signals, the transmission control pressures, the plant

33



feedback signals, key variables and the practicalities of a system reference model. However, a further
major issue to consider is the interaction of the driver with the system, at the other end, or side of the
controller strategy. As discussed in Section 1.3.5, there is clearly a need for accurate interpretation of
the driver’s requirements from the inputs he or she supplies to the controller. Here it is also important
to find the correct compromise between the goals of low vehicle emissions, high economy and good
drivability. The fuzzy logic and neural network control approaches are considered advantageous in
their ability to blend together operating rules or desired system behaviour into a realistic control

action and in this way interface between the driver and the powertrain.

Due to the apparent advantages of the artificial intelligence approaches over alternative methods in
their application to the CVT powertrain control problem, the decision was taken to investigate these
methods further. This choice was made in the light of the issues already discussed and for the reason
that the fuzzy and neural approaches were considered most appropriate for the tasks of decision
making during powertrain transients and for the implementation of knowledge based control. The
remainder of this section is used for a more detailed discussion of the artificial intelligence methods

and the particular way in which they could be appropriately applied to the Diesel CVT powertrain.

uz ontrolle
The idea of fuzzy sets, upon which fuzzy controllers are based, appeared first in about 1965. Zadeh
(1965) published a number of papers at this time explaining their conception and properties. The
concept of fuzzy sets seeks to provide a mathematical interpretation of situations which were
previously only describable in terms of linguistics/semantics. Whereas with conventional set theory, a
Boolean model is used to determine the state of belonging to a set, fuzzy logic defines a grade of
belonging to a set. Members of a fuzzy set may have any state of intermediate belonging to a set
between total membership and total non - membership. A membership function is a formula relating

the member to its grade of membership.

Fuzzy sets may be used to represent various conditions of the measured inputs and/or plant feedbacks

into and outputs from a control strategy. Controller operation can then be described initially in
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semantic terms. The control strategy may be implemented by means of a number of output actions
dependent upon certain input conditions. Each of the possible input condition scenarios is described
in this way, and by this means the output actions are blended together as the input conditions change

from a strong match with one defined configuration to a strong match with another.

An early application of fuzzy control was in the adjustment of the fuel rate, the kiln speed, the
burning and back zone temperatures and the exhaust oxygen from a cement kiln (Larsen, 1979).
Human operators were questioned to determine their learned response in terms of control actions to
meet each of the possible input situations. A set of linguistic rules was then written for the operation
of the kiln, Fuzzy primary terms such as drastically low and slightly high were used for the measured
variables and terms such as negative and very positive for the control variables. Rules representing
the operating conditions were then translated into fuzzy conditional statements linking the input terms

to the control terms.

The following years saw many further applications of fuzzy control in both domestic and industrial
applications. Generally the concept was applied in areas where a great deal of information and
experience had previously been gathered from running a process. Sensor cost was not usually a
problem since high accuracy was not required due to the fuzzification process. Unit cost in
applications warranting fuzzy control was usually high compared with sensors, due to implementation
only in the ‘top of the range’ models. Development time was considered lower than when using

alternative ‘classical’ methods.

Applications of fuzzy control may be classed according to the types of controller inputs and outputs.
At one end of the spectrum are the numerical input, numerical output closed loop controllers of which
there are many examples. A final output control action is a result of the numerical inputs and a
number of rules and fuzzy functions. The controller may make use of previously developed look-up
tables. Alternatively, applications exist in which the controller action is only used for information and
guidance and it is a human operator who makes the final decision about the control action. Clearly

the implications for stability and safety vary greatly at these two extremes.
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