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Abstract i

Abstract

In this thesis an integrated powertrain control for gearshifts on twin clutch transmissions is
developed.

First, a detailed model of an automotive powertrain featuring a twin clutch transmission is
developed 1n Matlab/Simulink®. This model includes detailed friction models for the twin
clutch that enable an investigation into the effects of different friction materials on the
performance of the gearshift controller. The transmission model also includes detailed models
of the synchronisers and thus allows a simulation of synchroniser-to-synchroniser shifts. A
simplified phenomenological model, derived from a more complex non-linear model, is
employed to model the hydraulic actuation of clutches and synchroniser. The thests finds that
the dependency of the friction coefficient on the sliding speed has an important influence on the
gearshift quality and the performance of gearshift controller, while the absolute level of the

friction coefficient is less important.

Based on this powertrain model the key problems of gearshifts on twin clutch transmissions
were identified and a control that overcomes these problems was developed. The first stage was
to devise a gearshift control algorithm that handles single clutch-to-clutch shifts without a one-
way (freewheeler-, overrunning-) clutch. This basic gearshift control algorithm featured a
control of clutch slip for the engine torque transfer and a control of engine speed through engine
torque manipulation (plus clutch pressure manipulation for downshifts). In a second stage, an
optional transmission output torque control was developed that could be integrated in the basic
control. The thesis shows that these control strategies are superior, in terms of shift quality, to

conventional gearshift controls as used on planetary-type transmissions and are also robust

against variations in the powertrain parameters (including friction coefficient) and sensor noise.
The control strategies developed for single clutch-to-clutch shifts were extended to handle

double and other multiple gearshifts that take place in the same transmission half.

The thesis also investigates the other main part of gearshifts on twin clutch transmissions, the
gear pre-selection. The thesis shows that, on power-on gearshifts, the torque reactions at the
transmission output due to the gear pre-selection with conventional hydraulically actuated

synchronisers can be effectively compensated for by a simple manipulation of engine torque.
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Notation

avenicie- - Vehicle acceleration in the longitudinal direction [m/s’)

A,ir...Cross sectional area in air gap at armature of solenoid valve [m’]
Aanaus. .- Orifice area at exhaust port of solenoid valve [m’)

A gont- .. Frontal area of the vehicle [m?]

A raxsupply- - -Maximum orifice area at supply port of solenoid valve [m’]

A maxexhaust. - - Maximum orifice area at exhaust port of solenoid valve [m®)
A,...Hydraulic actuator piston area [m’]

Aspiy--- Orifice area at supply port of solenoid valve [m’)

A....Frontal area of spool of solenoid valve [m’)

A,B,C,D,EJF...Coefficients of polynomial description of kinetic friction coefficient -]
A/F...Air-to-fuel ratio in engine cylinder [-]

B...Magnetic flux density in solenoid of the solenoid valve [T]

Cc12.me-- Damping of inertia at input of clutch 1,2 [Nms/rad]

Cci2.0um---Damping of inertia at output of clutch 1,2 [Nms/rad]

cp...Aerodynamic drag coefficient [-]

Coir...Damping of inertia of differential [Nms/rad]

Cdrive- - .ouUm of damping rates of left and right hand side drive shaft [Nms/rad]
Cim12... Damping rate of input shaft 1,2 [Nms/rad]

Cout 2--. Damping rate of layshaft 1,2 [Nms/rad]

Cp...Damping of hydraulic actuator piston [Ns/m]

Csin-..Damping of inertia at input of synchroniser of 1%, 3™ and 5 gear [Nms/rad]
Cs1.ow. .. Damping of inertia at output of synchroniser of 1*, 3" and 5™ gear [Nms/rad]
Cs2.in-.. Damping of inertia at input of synchroniser of 2™, 4" and 6™ gear [Nms/rad]
Cs2.0u... Damping of inertia at output synchroniser of 2™, 4™ and 6" gear [Nms/rad]
Crp-.. Damping rate of torsional damper [Nms/rad]

Core---SUM of damping rates of left and right hand side tyre [Nms/rad}
Cv...Damping rate of armature and spool of solenoid valve [Ns/m]

C12... Damping rate of shaft connecting clutch 1 and 2 [Nms/rad]

Cp...Onifice discharge coefficient (solenoid valve) [-]

C1,C5,Cs...Constants used in gear pre-selection compensating control of upshift [m’],[Nm],[s’]
dspoot- . . Diameter of spool of solenoid valve [m]

CTow--. 1 TANSMISSiONn output torque error (torque control) [Nm]

Cas.-.Clutch slip error (clutch slip control) [rad/s]
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Cue...Engine speed error (engine speed control) [rad/s]
fr...Rolling resistance coefficient at tyres of the vehicle [-]
Fa...Acrodynamic drag force [N]

Finker...Braking force at front wheels [N]

Fiake,s ...Braking force at rear wheels [N]
Fr...Tangential force at clutch [N]
Fua...Aerodynamic lift force at vehicle [N]
Fyn...Clamp force at clutch [N]
Fyi2...Clamp force at clutch 1,2 [N]

Fxsias...Clamp force at synchroniser of 1*,3" and 5% gear [N]
Fx.s2.4.6---Clamp force at synchroniser of 2™,4", and 6™ gear [N]

Fr...Total rolling resistance force at vehicle [N]

Fre...Rolling resistance force at front wheels [N]

Fi....Rolling resistance force at rear wheels [N]

Fsa...Solenoid force [N]

Fspeing. . . FOrce of synchroniser actuator return spring at end of idle stroke
of the actuator piston [Nm]

Fuactive- - - T ractive force at drive wheels [N]

Fxs... Tractive forces at front wheels [N]

Fxr... Tractive forces at rear wheels [N}

F2zr...Axle Load at front wheels [N]

Fz...Axle load at rear wheels [N]

g... Gravitational constant [m/s’]

G,(s), Gi(s) and G;(s) ... Linear transfer functions according equations (36) to (38)
H...Magnetic field intensity (solenoid valve) {H]

1...Electnic current (solenoid valve)[A]

1acc -..(3c¢ar ratio of accessory load drive [-]

ir...Final dnve gear ratio {-}

i,...gear ratio of gear currently engaged on the torque transmitting path [-]
Inighiow- - - Rat10 Of gear ratios of high gear (target gear) and low gear (initial gear) of gearshift {-]
i)3s... Gear ratio 1%, 3™ or 5 gear [}

i246... Gear ratio 2™, 4® or 6™ gear [-]

J acc-.. Inertia of accessory loads [kgm’]

Jc12.n.. Inertia at input side of clutch 1,2 [kgm?’]

Jci2.0u--- Inertia at output side of clutch 1,2 (kgm®]

J.... Inertia of engine parts [kgm’]

Jevinr2.-. Inertia of gearwheels reduced to input shaft 1,2 [kgm’]
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Joisr-.. Inertia of differential [kgm?]

Jeeart 23.4.5.6--- Inertia of gearwheels 1 to 6 according Figure 3.15 [kgm’)

Jeeans 1011102 Inertia of gearwheels 7 to 12 according Figure A.1 [kgm’]

J rotnon-driven- - Inertia of all non-driven rotating part [kgm’]

Jsin-.. Inertia (cffective) at input of synchroniser of 1*, 3™ and 5" gear [kgm’}
Js1 0u... Incrtia at output of synchroniser of 1%, 3™ and 5 gear [kgm’)

Js2im-.. Inertia (effective) at input of synchroniser of 2™, 4™ and 6" gear [kgm’]
Js2.0m... Inertia at output of synchroniser of 2™, 4™ and 6™ gear [kgm’]

Jwheet.-. Inertia of both driven wheels and drive shafts [kgm’]

Karive...Sum of stifiness of left and right hand side dnve shaft [Nm/rad]
kcp...Axial stiffness (compressibility) of clutch pack [N/m]

Kia1 2...Stiffness of input shaft 1,2 [Nm/rad]

Koui 3.-.Stiffness of layshaft 1,2 [Nm/rad]

kgr...Spring rate of actuator return spring [N/m]

kr+cp...Combined spring rate of actuator return spring and clutch pack [N/m]
K1p1.23.4...5pring rates of stages 1,2,3,4 of torsional damper [Nm/rad]
Kyre-..Sum of rotational stiffness of left and right hand side tyre [Nm/rad]
k,...Spring rate of armature retumn spring (solenoid valve) [N/m]}
ki2...Stiffness of shaft connecting clutch 1 and 2 [Nm/rad]

K,...Derivative Gain of PID controller [-]

K;...Integral Gain of PID controller {-]

K,...Proportional Gain of PID controller [-]

K;,K;...Gains of linear solenoid model [Pa/V)

L..p...Length of air gap at armature (solenoid valve) [m]

L,.a ...Length of magnetic circuit in steel (solenoid valve) [m]
m,...Mass of air inside the engine cylinder for combustion {10~ kg}
m,...Mass of hydraulic actuator piston [kg]

m,...Mass of armature and spool of solenoid valve [kg]

Michicle: o .Vehicle mass [kg]

m, ...Mass flow rate of air into intake manifold of engine [10” kg/s)

m,, ...Mass flow rate of air out of the intake manifold of engine (107 kg/s]

M venicie onat- - - 1 Otal vehicle mass (including inertia of non-dnven wheels) [kg]
MMEF...Magnetomotive force (solenoid valve) [A]

N...Number of turns (solenoid valve) [-]

p... Road gradient in percent [%]

pc...Hydraulic pressure at clutch actuator (and at control port of solenoid valve) [Pa]

XViil
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Pa.-.Engine manifold pressure[10°Pa)
ps...Hydraulic pressure at synchroniser actuator [Pa]

Pswply-- - Hydraulic pressure at supply port (line pressure) [Pa]
Po...Atmospheric pressure [10° Pa)

Qconrat- .. Net 0il flow out of control port of solenoid valve [m’/s]

Qexbaust. - -Oil flow out of exhaust port of solenoid valve [m'/s]

Qpeodvack---Oil flow through feedback path of solenoid valve [m’/s]
Qsuepiy---Oil flow into valve at supply port of solenoid valve [m’/s]

Teyre-. 1 yTe radius [mj

R...Specific gas constant [k]/(g K)}

R;...Inner radius of friction contact area of clutch/synchroniser {m]
Rm...Mean friction radius of friction contact area of clutch/synchroniser [m]

Re...Outer radius of friction contact area of clutch/synchroniser [m]
Rying... Winding resistance (solenoid valve) [QQ]
s... Laplace vanable [-]

t... Vanable of running time [s]

tinertis- - - Parameter determining the length of time of the inertia phase {s]
to.incria- - - Value of t at the beginning of the inertia phase (s]
to.sorque- - - Yalue of t at the beginning of the torque phase [s]
T...Temperature [K]

Tace... Torque from accessory loads [Nm]

Tc...Friction torque at clutch [Nm]

Tci2...Friction torque at clutch 1,2 [Nm}

Te12.enagaged. .- TOrque at clutch 1,2 in “engaged” state [Nm]

Tarive... TOrque at dnve shaft [Nm]

Tgrad...Parameter defining the gradient of the reference torque trajectory [Nm]j

T ia...Indicated engine torque {Nm]

Tyi2... Torque at shaft connecting clutch 1 and 2 [Nm]

Tui2... Torque at input shaft 1,2 [Nm]

Trowr 2... Torque at layshaft 1,2 [Nm]

Tross. .. LOSS torque at the input side of the synchroniser (clutch disengaged) [Nm}
Touw.-. Transmission output torque [Nm]

Touret. .. Reference trajectory for transmission output torque control [Nm]
Tsyn...Friction torque at synchroniser [Nm]

Tsya1.2...Friction torque at synchroniser 1,2 [Nm]

Tsyn1.2.cnagaged- -- TOrque at synchroniser 1,2 in “engaged” state [Nm]
Tuactive- - - Drive torque that produces a tractive force at the wheels [Nm}

X1X
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Trp... Torque at torsional damper [Nm]

To... (Mean-) Value of T, sampled at the beginning of the gearshift [Nm]

To.lorque--» Value of Ty sampled at the beginning of the torque phase [Nm]

To,inertia- -« Value of Toe sampled at the beginning of the inertia phase [Nm)]

AT....Necessary reduction in engine torque to compensate for AT, (gear pre-selection) [Nm}
ATou-..Change in To due gear pre-selection [Nm)]

Vsol-..00lenoid Input Voltage [V]

Vsol stipCut- - -Output of clutch slip controller [V]

Vsol speedCurt- - - Sutput of engine speed controller [V]

Vsol TorqueCuri- - - Output of torque controller [V]

Vienicle- - - LONgitudinal velocity of vehicle [m/s]

Av...Differential velocity across clutch [m/s]

Va.. Volume of engine manifold [m’]

Vomses---Constant voltage offset depicted in Figure 3.25 (solenoid valve) [V]
V,0...Initial volume of feedback chamber (solenoid valve) [m’]

Xexhaust- - Maximum orifice width at exhaust port of solenoid valve [m]

X max- --Maximum displacement of spool of solenoid valve [m]

Xp... Piston travel of hydraulic actuator [m]

Xosmoke- « - POSItION travel where actuator piston is in contact with clutch pack [m]
X,...Displacement of synchroniser actuator rod [m]

X, max---Displacement of synchroniser actuator rod where mechanical locking starts [m]
Xsupply-- - Maximum orifice width at supply port of solenoid valve [m]
Xv...Displacement of armature/spool of solenoid valve [m]

X,...Position of solenoid valve spool where supply port opens/closes [m]
X;...Position of solenoid valve spool where exhaust port closes/opens [m]
z...Number of frictional contacts of clutch/synchroniser [-]

a...Cone angle of friction surface at synchroniser [deg])

OLroeg---Angle of road gradient [deg]

B...Bulk modulus (solenoid valve) [Pa])

C: and &, ...Damping parameters of linear transfer functions of the solenoid valve {-]
Nace. .. Efficiency of accessory load dnive [-]

Nouwr-.. Efficiency of the differential [-]

N ¢earvont - - Efficiency of gear box 1 [-]

Ngearbor2- - Efficiency of gearbox 2 [-]

0...Throttle Angle (denoted as “alpha” in figures) [deg]

Ospeeacui- .. OQutput of engine speed controller manipulating throttle angle [deg]
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1...Friction coefficient (static or kinetic) [-]

... Kinetic friction coefficient at Clutch/Synchroniser [-]
Hs...Static friction coefficient at Clutch/Synchroniser [-]
Ho...Permeability of air [H/m]

Pair...Density of surrounding air [kg/m’)

Paa---Density of oil (hydraulic actuator) [kg/m’]

o...Spark advance in engine (denoted as “SA” in figures) [deg BTDC]
Ospecacui- - - Output of engine speed controller manipulating spark advance [deg BTDC]
Q....Angular displacement at input side clutchl [rad]

Qq2...Angular displacement at input side clutch 2 [rad]

Qco---Angular displacement at output side of clutch 1[rad]
Qc20-..Angular displacement at output side of clutch 2 [rad]
Ppisr-..Angular displacement at input side of the differential [rad)
QOprive---Angular displacement at the drive shaft {rad]

¢....Angular displacement at engine side (crankshaft) [rad]
Qm1.2...Angular displacement at input shaft 1,2 [rad]

Qowi 2.--Angular displacement at output side of synchroniser 1,2 [rad]
Qvehicke- - -Angular displacement of wheel (tyre surface) [rad]

Q@wheet. . .Angular displacement at the wheels (rims) [rad]
AQ, 2...Boundaries for torsional clutch damper stages [rad]

... Magnetic flux (solenoid valve) [Wh]

®...Joint speed of both clutch/synchroniser halves when clutch/synchroniser is engaged [rad/s]
o....Speed at input side of clutchl [rad/s}]

We...Opeed at output side of clutchl [rad/s]

We...Speed at input side of clutch 2 [rad/s]

We20..-Opeed at output side of clutch 2 [rad/s]

Wpirr-..Speed at input side of differential [rad/s)

Oprive. . .3pced at drive shaft [rad/s]

... Engine speed [rad/s]

We rer- .. Reference engine speed trajectory (engine speed control) [rad/s]
W0...value of engine speed at tyn [rad/s]

Weear2 a6 --» Speed of gearwheel 2,4,6 according to Figure 3.135 [rad/s}]
Wgears 10,12 - - .Opced of gearwheel 8,10,12 according to Figure A.1 [rad/s]
WOy ,2...5peed at input shaft 1,2 [rad/s]
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Oowi.2-..Spced at output shaft 1,2 [rad/s]
Ovenicle- - - EQuivValent vehicle speed [rad/s])

O wbeel---SPeed at the wheels [rad/s]
Ao...Differential angular speed across the clutch (clutch slip) [rad/s]
Awyer ...Reference value for clutch slip controller {rad/s]

©,;, ®; and a;... Frequency parameters of the linear transfer functions of the solenoid valve {-}



List of Abbreviations XXiil

List of Abbreviations

AT...Automatic (planetary type) transmission
AMT...Automated manual transmission
AMT-2... Automated manual transmission with 2™ clutch
CVT...Continuously variable transmission
DCT...Dual (Twin-) clutch transmission
MT...Manual transmission

SI...Spark ignition (engine)

LQR...Linear quadratic regulator
ATF...Automatic transmission fluid
MVEM...Mean value engine model
BTDC...Before top dead centre

WOT...Wide-open throttle
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Chapter 1

Introduction

In times where people become more aware of problematic issues connected to the automobile
such as environmental pollution, shortages of resources and traffic congestions, the need for
new technologies to escape these problems increases. In particular for an automobile the exhaust
emissions, the fuel consumption and driveability are major concerns of the automotive
development. Since restrictions on exhaust emissions through legislation will get stricter and the
requirements concerning fuel economy will rise, there is an increasing need to improve the
design and the operation of a variety of components in an automobile. The automotive
component that offers the greatest potential for improvements with regard to fuel consumption

and exhaust emissions is the automotive powertrain containing engine and transmission.

To ensure proper operation of the driveline in terms of low exhaust emissions and fuel economy
whilst guaranteeing fast response to the driver commands, the driving environment and its
interaction with the driver and the vehicle has to be taken into account. New electronic
powertrain management devices can help to coordinate the operation of engine and transmission
in an intelligent way to ensure optimum driveability, efficiency and environmentally
fiendliness of the automobile, taking into account a varying driving environment. However,
this powertrain management approach requires the installation of an automatic transmission in
the powertrain, which enables the controller to manipulate engine power, select the gear ratio
and the point of the gear change independently of the dniver. Manual transmissions, although
still supenor with regard to their mechanical efficiency, suffer from the intrinsic disadvantage of
leaving the choice of gear and shift point to the dnver who, on average, cannot achieve the same
performance (fuel consumption and driving performance) as provided by an automatic
transmission. One current aim of the automotive industry is to find new automatic transmission

concepts that offer the above-mentioned advantages, however, with increased mechanical

efficiency, thus closing the efficiency gap to the manual transmission.
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1.1 Transmission Concepts - An Overview and

Discussion of Characteristics

The following summary will give an overview of the most important transmission concepts that
are currently in production or under investigation. The main characteristics are distinguished
and advantages are compared. Due to the importance for the work, the question of how
gearshifts are executed and its effects on drivability is given special emphasis in the
comparnison. Tablel.1 gives an overview of the transmission family and compares the following
characteristics: gear ratios, capability for powershifts, mechanical layout, common start devices,

gearshift principle and provides a chart showing qualitatively the tractive effort dunng an
upshift.

The transmission family depicted in Tablel.1 compares the following transmission layouts: the

continuously variable transmission (CVT), the planetary type automatic transmissions (AT), the
twin clutch transmission, which is also known as dual clutch transmission (DCT), the automated
manual transmission with a second assisting clutch (AMT-2), the normal automated manual
transmission (AMT) and the manual transmission (MT). Apart from the CVT where the gear
ratio can be varied continuously by changing the radius of a push belt or roller running on the
variator, all other transmissions have fixed gear ratios that are engaged discretely. As can be
seen from the tractive force (or effort) chart for an upshift, the CVT offers a smooth gearshift,
which maintains traction throughout the change of gear ratios and that can be barely noticed by
the driver. This also allows an optimal matching of engine and transmission operation and
provides in theory a very good fuel economy. However, in practice due to the requirement for
high hydraulic pressures at the actuator of the variator, the overall efficiency is greatly reduced
cancelling the theoretical advantages. The conventional planetary type automatic transmission
(AT) also offers gearshifts without an interruption in traction (i.e. powershift) but it achieves
this in a different way as compared to the CVT. The gearbox itself contains planetary gearsets,
where the single elements such as sun gear, planetary camer and ring gear have to be coupled to
cach other (or have to be retained against the gearbox housing) through friction or one-way (i.c.
freewheeler-, or overrunning-) clutches to realise different gear ratios. A gearshift can be
accomplished by changing between friction clutches or one-way clutches in a so-called clutch-
to-clutch shift. How many friction clutches or one-way clutches are involved in the gearshift
depends on the mechanical layout of the geartrain. Since this kind of transmission often contains
several clutches usually of wet type, hydraulic energy has to be provided and clutch drag is

created due to the oily environment.
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Table 1.1 Overview of transmission concepts and their characteristics
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This circumstance, together with the hydraulic torque converter that is commonly used as a start
device, is responsible for the low mechanical efficiency of a planetary-type transmission. The
problem of the low mechanical efficiency has led to the investigation of a couple of alternatives,

which are all in a way related to the layout of a manual transmission. The manual transmission

(MT) compnises simply gear sets, synchronisers to engage the gears and a friction clutch for
launching the vehicle. This simple mechanical layout results in superior mechanical efficiency

compared to the two previously described transmissions.

In a first approach it was attempted to simply take the layout of the manual transmission and
convert 1t to an automatic transmission by robotizing the actuation of synchroniser and start
clutch. This resulted to the concept of the automated manual transmission (AMT), which comes
with either a hydraulic or an electric actuation of dry clutch and synchronisers. In particular the
clectric actuation offers good efficiency, on the other hand, it lacks the response speed and
actuator forces of the hydraulic actuation of similar size. By combining the mechanical

simplicity of the manual transmission with the automatic gear selection and gear change, the

overall fuel consumption could be drastically reduced to a level even below that of the manual
transmission. However, as can be seen from the chart showing the tractive force during an
upshift in Tablel.1, both the manual transmission and the automated manual transmission show
an interruption In traction at the wheels during the gearshift. This is a result of the necessary
disengagement of the friction clutch dunng the gear change, thus making the transmission
torque-free and enabling a change of synchronisers. This circumstance restricted the application
of the automated manual transmission to heavy-duty vehicles, performance cars and to some

extent to small cars, where the driver might accept an interruption in traction.

A step in developing the concept of the AMT further and thus eradicating the one principle
disadvantage, the lack of powershifting capability, was to add a 2™ clutch to the AMT thus,
creating the interruption-free AMT (i.e.AMT-2). The second clutch can be engaged whilst the

main clutch is disengaged to provide some fill-in torque. In detail, the second clutch is also
connected to the engine and is coupled to the output of the transmission via a fixed gear stage
(lowest gear ratio in the transmission) or is simply connected to the output via the highest gear.
The fact that only the lowest gear ratio is used explains that only little torque 1s transferred
during the gearshift as can be seen from the traction chart in Tablel.l. Thus, by offering some
traction throughout the shift, the gearshift can be smoothed making the change in gear ratio less
noticeable to the driver. This provides an improvement over the normal AMT but still does not
offer the true powershift capability of the planetary type automatic transmission. Also, the shifts
on the AMT-2 require two clutch changes, one at the beginning from the main clutch to the 2™
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clutch and one at the end of the gearshift that changes back to the main clutch. Hence, the
principle of the gearshift is different from that of a clutch-to-clutch shift.

The concept that seems to be most promising in solving all the shortcomings of the other

transmission types introduced so far, by combining good mechanical efficiency with true clutch-

to-clutch powershift capability, is likely to be the twin clutch transmission. The discussion of

the principle and characteristics of this transmission type forms the content of the next section.

1.2 The Twin Clutch Transmission

As already mentioned in the previous section the twin clutch transmission attempts to combine
advantages of an automated manual or manual transmission (high efficiency, simplicity and
small rotational inertias) with the advantage of planetary type automatic transmissions (power
shifts). The principle of the twin clutch transmission originates in a patent by Kégresse back in
1939 [Kégresse 1939 (Patent DE 894 204)] and is depicted in Figurel.l. The idea behind this
transmission concept is to split a manual gearbox into two separate sub-gearboxes. One sub-
gearbox, or half of the transmission, carries the odd gear ratios (gearbox 1 in Figure .1) whilst
the other one cames the even gear ratios. Each of the two halves of the twin clutch transmission

is connected to the engine through a separate friction clutch (clutch 1 and 2 in Figurel.l).

Clutch 1

Gearbox 1
Gear135

Gearbox 2
Gear24b

Clutch 2

Figure 1.1 Principle of the twin clutch transmission

The torque of both transmission halves is gathered at the output of the transmission by a gear
stage meshing with output gears located in the two halves. Gearshifts can be accomplished as

clutch-to-clutch shifts by changing from one sub-gearbox to the other, thereby retaining full
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traction at the wheels. Comparing the tractive effort charts in Tablel.l for the twin clutch
transmission and the conventional automatic transmission (AT) reveals that the tractive force
profiles of both clutch-to-clutch shifts are in principle similar thus, full powershift capability is
provided by the twin clutch design. The sub-gearboxes of the twin clutch transmission comprise

simple gear sets and synchronisers such as found on conventional manual gearboxes. This
mechanical design offers superior mechanical efficiency compared to that of planetary-type
automatic transmissions equipped with a hydraulic torque converter, This difference in the
mechanical layout explains why the twin clutch transmission is so interesting from an
cconomical and driving performance point of view. Similar to the AMT, the actuation of
clutches and synchronisers can be accomplished by a hydraulic or electric system. Especially,
the combination of dry friction clutch and electric actuation would be beneficial in terms of
overall efficiency. However the currently preferred approach still seems to be wet friction
clutches in combination with a hydraulic actuation, offering better controllability and smoother

engagements.

The automatic control of the two friction clutches during gearshifts has to be performed with
great care and is a difficult task to achieve. In the early development phases, the twin clutch was
operated manually through foot pedals. In the mid eighties, the concept of the twin clutch
transmussion was picked up again but the electronic control of the two clutches remained
difficult thus, preventing commercial production of the transmission. Also, the inherent
disadvantage of skipping one gear (i.e. multiple gearshifts such as from 4™ to 2™ gear) without
disengaging the torque-transmitting clutch was considered a major shortcoming. The advent of
faster and more capable clectronics at the end of the nineties led to new interest in the twin
clutch design from all major car and transmission manufacturers. In the year 2003, the twin
clutch transmission was finally put into production for the first time. This gearbox was

presented in [Rudolph et al 2003] and featured a combined twin clutch at the input of the

transmission and conventional cone-type synchronisers. The twin clutch was of wet type and the

actuation of both twin clutch and synchronisers was hydraulic.
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1.3 Powertrain Controls and the Integrated Powertrain

Control Approach

Table 1.2 gives an overview of the different control tasks evolving during the operation of a
vehicle powertrain. In the past, engine and automatic transmission were controlled separately.
Thus, for example, on the engine side control tasks such as control of fuel injection, throttle
angle and/or control of spark advance on a spark ignition (SI) engine, were designed with the
single aim of providing a certain torque at the crankshaft, based on the driver input via
accelerator pedal. Other classic control tasks in the engine environment are, for example, control
of engine speed during idle running or, on SI engines, the control of knocking in the combustion
and the control of the air/fuel ratio A. The classic task of the transmission controller was to
sclect the appropriate gear to provide the propulsion power requested by the driver. Other tasks
of the transmission controller were the control of the gearshift (i.e. the actual gear engagement
process and change of gears) and if equipped with a start clutch instead of a hydraulic torque

converter, the control of the vehicle launch. These control tasks are listed in the first row of

Tablel.2 and are described briefly in the following paragraphs.

Transmission/Powertrain Control Tasks
(fixed gear ratio transmissions)

Control Tasks: Shift schedule/ Gearshift Start
Powertrain management
Description: Selection of gear/ Change of Vehicle
Engine power Gears Launch

Objectives: Optimal dniving performance, High shift quality, Smooth vehicle launch,
Low fuel consumption, Minimum loss intraction, Good hill start/hold,
Low exhaust emissions, etc.  Low clutch wear, etc.  Low heat production etc.

Controls: Gear ratio/ Clutch torque and Clutch torque and
Engine torque/speed Engine torque/speed Engine torque/speed

Table 1.2 Transmission and powertrain control tasks

hift Schedule/Powertrain Managemen
The powertrain is controlled to optimise control objectives such as minimum fuel consumption,

low exhaust emissions etc. If the control strategy involves only local transmission control tasks
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(1.c. gear sclection), then the control scheme is often denoted by the term “shift schedule™.
However, if the powertrain control strategy also actively manipulates engine torque and speed in

addition to the selection of a gear ratio, then this is denoted here as powertrain management.

Control of the Gearshift

The control of the gearshift is necessary when a change in gear ratio on the transmission is
required. There are various objectives in achieving a good gearshift (e.g. low vehicle jerk,
minimum loss in traction at the wheels etc.). Again, this can be achieved through a local
transmission control strategy alone. This involves the control of shift elements on the
transmission (e.g. clutches, synchroniser etc.). However, to improve the gearshift control
strategy, the engine can be included in the control strategy, involving either a manipulation of
engine torque or a control of engine speed or a combination of both, depending on the degree of

sophistication of the control strategy.

Start Control strategy
If a device other than a hydraulic torque converter is used for the vehicle launch (e.g. start

clutch), then this device requires a controller as well. Again, one can distinguish between a
“local control strategy™, restricted to the control of the start device only, and a control scheme
where the engine is controlled as well. Various control objectives such as good launch
characteristics and low energy dissipation, often require the active control of engine torque and

speed.

At the end of the cightics and beginning of the nineties, car manufacturer started to realise the
potential of an integrated powertrain control concept, where both engine and automatic
transmission are controlled in a combined way. This step helped to improve vehicle driveability
and fuel consumption in order to satisfy the growing request for a smooth drive feel and

increased economy by the customer. Some early steps in that direction are described in [Lorenz
ct al. 1988] where the authors showed that an engine torque control (torque reduction by
retardation of spark advance) during gearshifts of an automatic transmission could improve the
shift quality. In [Schwab 1990] transmission control strategies were reviewed and some of the
benefits of employing electronic control to local transmission control tasks, including the
benefits of an integration of engine control, are listed. The author emphasises again that an
engine torque control has to be included in the control of gearshifts in order to improve the shift
quality. Also, some new transmission concepts were reviewed and various requirements
concerning the controller were given. Among these transmission concepts, the twin clutch
transmission and its advantages (greater efficiency, less complexity etc.) was listed, but it was

stated that an automation and therefore control turned out to be difficult and “can only be
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reasonably achieved with an electronic control scheme” [Schwab 1990] (compared to a
conventional fully hydraulic control scheme). [Narumi et al 1990] stated that “modern control
theories”, which make use of an integrated control approach are necessary to improve shift
quality. The authors also demand “intelligent” control techniques for gear selection (shift
schedule) in order to predict the road conditions and driver intentions — fuzzy control is

proposed by the authors as a solution to this problem.

1.4 Map of the Thesis

Chapter 1 has started with a brief introduction on twin clutch transmissions and powertrain

control concepts.

This first introductory chapter is followed by a review of literature on gearshift control and
powertrain modelling in Chapter 2. Chapter 2 concludes with a summary of findings of the

literature review and with the aims and objectives of this thesis.

In Chapter 3 the powertrain model is developed in detail. At the beginning of the chapter the
engine model 1s described. This is followed by a detailed development of the model of the twin
clutch transmission including hydraulic actuation. After that, the remainder of the powertrain

model is explained and a first simulation result is presented at the end of the chapter.

A basic control algorithm for single gearshifts on twin clutch transmissions is developed in
Chapter 4. The chapter starts with an analysis of the problems associated with conventional

gearshift control as used on planetary-type transmissions. The gearshift control is then

developed for upshifts and downshifts and its operation and advantages are demonstrated based
on simulation results. The chapter ends with an explanation of the detailed layout of the

proposed controller and an investigation into its robustness.

The controller developed in Chapter 4 is then extended in Chapter 5§ to incorporate torque
control. At the beginning of this chapter the motivation for torque control is explained, followed
by a detailed description of how the torque control can be integrated in the basic gearshift
control strategy. The advantages of the torque control are demonstrated based on simulation
results. At the end of the chapter, again, the layout of the controller is explained and 1ts

robustness 1s investigated.
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In Chapter 6 the control of single gearshifts developed in Chapters 4 and § is extended to cope
with double/multiple gearshifts. This is demonstrated based on simulation results for a couple of

multiple downshift and upshift cases.

Chapter 7 treats the topic of gear pre-selection on twin clutch transmissions. The problems
associated with employing hydraulically actuated synchronisers for gear pre-selection, are lined
out at the beginning of this chapter and a control strategy that compensates for these problems is
developed subsequently for upshifts and downshifts. At the end of this chapter the robustness of
the proposed compensating control strategy is investigated.

Finally, the findings of this work are summarised in Chapter 8.
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Chapter 2

Review of Literature

This chapter reviews the literature of mainly two key areas, the control of gearshifts and the
dynamic modelling of powertrains. The first section (Section 2.1) reviews gearshift control
concepts as found on fixed gear powershift transmissions (i.e. planetary-type and twin clutch
transmissions). This section is split into three subsections, the first one gives an introduction to
powershifts, the second one reviews “local” gearshift control concepts and the third subsection

reviews “integrated powertrain control” concepts applied to gearshifis.

The following main sections review control issues specific to twin clutch transmissions (Section
2.2), the control of gearshifts on automated manual transmissions (Section 2.3) and shift quality
metrics in Section 2.4. Section 2.5 discusses the issue of torque measurements versus
mathematical observation and Section 2.6 reviews the literature on powertrain modelling, This

section reviews literature firstly, on powertrain modelling issues in general and then secondly,

on engine and transmission modelling (including hydraulic actuation) specifically.

The chapter ends with a section of conclusions from the literature review (Section 2.7) and

finally, a section stating the aims and objectives of this thests (Section 2.8).

2.1 Control of Gearshifts on Powershift-Transmissions

This section reviews gearshift control concepts for powershift transmissions (AT, DCT), found
in the literature. The first subsection reviews the principle of powershifts and points out the key
differences between powershifts on planetary-type automatic transmissions and twin clutch
transmissions. The first of the two following subsections reviews “local” gearshift controls and
the subsequent section reviews gearshift controls that make use of the “integrated powertrain
control™ approach. What distinguishes the two approaches will now be explained briefly: Since
nearly all of today’s production automatic transmission controllers integrate the engine to some
degree in their gearshift control strategies, mainly in the form of a simple reduction of engine
torque, the distinction between local and integrated control strategy is made here in a wider

sense. If the gearshift control strategy involves an active manipulation of engine controls such
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as throttle angle (SI-engine) or fuel injection (Diesel engine) in a closed-loop control, then it
will be referred to as an “integrated powertrain control”. On the contrary, control schemes that
only make use of simple open-loop engine torque reduction techniques, in conjunction with a
manipulation of the actuation pressure at the shift elements on the transmission, will be treated

as “local™ gearshift control strategies.

2.1.1 Brief Introduction to Clutch-to-Clutch Powershifts

The key feature of conventional planetary-type automatic transmissions and twin clutch
transmissions is the powershift capability, which means that there is no interruption in the
tractive forces at the wheels during the gearshift. On conventional planetary-type transmissions
and twin clutch transmissions a gearshift can, in principle, be carried out as a “clutch-to-clutch”
shift, 1.e. shifting from a clutch carrying the original gear to a clutch carrying the target gear,

without disconnecting the engine from the wheels.
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Figure 2.1 Pninciple of a conventionally controlled clutch-to-clutch power-on upshift

To make the concept of a clutch-toclutch powershift clear, the example of a power-on (i.c.
throttle on) upshift is briefly explained based on a conventionally controlled power-on upshift,
which makes use of simple pressure ramps and does not involve a manipulation of the engine
(see Figure2.1). The power-on upshift is also often used in the literature as a gearshift example
to demonstrate the operation of the proposed control strategy. For a more detailed explanation

of powershifts please refer to Chapter 4.
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The power-on upshift starts with a “torque phase”, where engine torque is transferred from the
offgoing (clutch 1 in Figure2.1) to the oncoming clutch (clutch 2 in Figure2.1) camrying the
target gear (i.c. a gear higher than the original one). This transfer of engine torque between the

two clutches results to a drop in the transmission output torque according to the change in gear

ratio. In the following inertia phase the engine is synchronised (i.e. decelerated) to the speed
level of the new gear. The deceleration of the engine can be accomplished through an increase
in torque at the oncoming clutch (clutch 2) beyond the level necessary for transmitting the
engine torque. The deceleration of the engine inertia transfers torque to the transmission output
and results to a “hump” in the transmission output torque profile and increased vehicle jerk at

the transition between torque and inertia phase.

The dynamics of clutch-to-clutch shifts and the influence of application timing of the two
clutches were investigated in principle in [Forster 1991]. In this treatise, also the improvement
of shift quality through engine torque reduction was discussed. Furthermore, differences in the
dynamics of clutch-to-clutch shifts between layshaft transmissions, such as the twin clutch
transmission and planetary-type transmissions were discussed. One finding was, that the inertia
of planctary gears can have a considerable influence on the dynamics of the clutch-to-clutch
shift leading to a smoother transmission output torque profile and longer shift times (upshifts)
compared to a layshaft design. The torque converter was also found to be beneficial to the shift
quality when the lock-up clutch (device that enables a mechanical locking of the two halves of
the torque converter) was disengaged during the inertia phase, leading to decreased inertia at the
transmission input. The use of two or more planetary gearsets can also mean differences in the
gearshift dynamics. Shifting between different planetary gearsets (“group change™) requires
control of several clutches/brakes and can produces a severe decrease in transmission output
torque. To avoid this problem, certain requirements concerning the mechanical layout and

procedure of the gearshift have to be considered. If these requirements are fulfilled, the shift

between planetary gearsets can then be executed as a “pseudo-group change”, which can be
handled like a clutch-to-clutch shift.

A key difference in the practical aspects of the control of clutch-to-clutch shifts between
planetary-type and twin clutch transmissions is given by the lack of a one-way or overrunning
clutch on twin clutch transmissions. These devices can help to a smooth transfer of engine
torque in the torque phase by disengaging precisely at the time where the oncoming shift
clement (i.e. clutch) is able to carry the full engine torque. Any further engagement of the
offgoing clutch beyond this point would lead to the creation of a negative torque contribution by

this clutch and thus, would result in a larger drop in transmission output torque.
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The above listed differences make it necessary to modify some of the clutch-to-clutch
techniques applied to planectary-type gearboxes. Also, on twin clutch transmissions a pre-
sclection of the target gear on the torque-free half of the transmissions needs to be accomplished

in addition to the clutch-to-clutch shift.

2.1.2 Gearshift Control — Local Transmission Control

Strategies

As mentioned before the “local” gearshift control approach contains all control strategies that do
not involve an active manipulation of throttle angle or fuel injection by the controller. However,
simple engine torque reduction can be part of the local gearshift control.

The techniques for local gearshift control can be divided into two sections:

- Open-loop control (majority of production transmissions), where the gearshift is
controlled based on clutch pressure profiles as functions of transmission and engine
variables.

- Closed loop control methods, where transmission (or engine variables) are controlled to

track specified reference trajectories.

Opcen-Loop Control Concepts

Open-loop control methods for gearshifts on automatic transmissions are basically simple
concepts that involve application of look-up tables. In these look-up tables the hydraulic clutch

pressure profiles and values for engine torque reduction are stored as functions of various
engine and transmission variables such as throttle angle, engine speed, engine torque,

transmission input/output speed, selected gear etc, (Figure2.2).

The clutch pressure profiles can also be functions of the transmission oil temperature to account
for changes in the friction coefficients at the clutches. These pressure profiles normally have the
shape of ramp functions and the parameters of those ramp function i.e. slope and time span need
to be adjusted manually during time-consuming calibration tests. These methods still prevail
with production transmissions. Although sometimes relatively good results can be achieved in
terms of shift quality, such open-loop gearshift control cannot per se account for parameter
variations and changes in the driving situation that have not been considered at the time of the

calibration.
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Figure 2.2 Example of an open-loop control concept in an automatic transmission

Open-loop control strategies for twin clutch transmission were described in [Webster 1981,
Flegl et al. 1982, Flegl et al 1987, Op de Beck et al. 1983). In [Webster 1981] each upshift and
downshift was controlled by its own open-loop timing circuit and the time delay in releasing the
offgoing clutch was a function of the throttle position. This was found to be vital to a smooth
gear change. Furthermore to overcome poor rollout shifts (when coming to rest the gearbox
would change down through all the gears and then disengage the clutch) and bad shift
performance under heavy braking (not enough time to complete the full gearshift sequence and
thus danger of stalling the engine exists), speed sensitive clutch disengagement was employed.
The controller of the twin clutch transmission presented in [Flegl et al. 1982] processed engine
speed, engine load, accelerator pedal position, program selection, engaged gear, transmission
speced as input vanables to determine clutch pressure, timing of clutch and shift rail
(synchronisers) application. The average time of the total gear change including disengagement
of the previous gear after the clutch-to-clutch shift was about 0.4 to 0.7 seconds, whereas the
actual clutch-to-clutch shuft took about 0.3 to 0.5 seconds. In order to avoid longitudinal shocks,
the clutch pressure profile was modified to be a function of the engine load. The same
transmission has been described in [Flegl et al 1987], where the authors emphasised the strong
influence of the pressure profiles at both clutches during the gear change on shift quality.
Therefore the pressure profiles were made to be dependent on the engine speed and throttle
position. In {Op de Beck et al. 1983.] the synchronisation during the inertia phase was executed

by manipulating the clutch pressure depending on the engine torque and on the nature of the
shift (up- or down shift).

To overcome the deficits of open-loop control strategies in terms of a lack of adaptability to
disturbances, methods of parameter adaptation and optimisation have been developed that allow
considerable reduction in the calibration time and improve the shift quality. The following

control techniques were applied to planetary-type automatic transmission.
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For a conventional automatic transmission an off-line optimisation of the parameters “engine
torque reduction™ and “clutch pressure” during a gearshift was described in [Haj-Fraj, Pfeiffer
2000]. The optimisation was based on a multicriteria approach, with the goal to minimise
dissipated energy and maximise shift quality (defined through vehicle jerk — i.e. the first time
denivative of the vehicle acceleration). A powertrain model for simulation of the gearshift from
the 1* to the 2™ gear was developed. In this particular shift a one-way clutch was used as an
offgoing “clutch™. To minimise dissipated energy a cost function that minimised the shift time
was employed. For the maximisation of the shift quality a cost function containing the integral
over the square of the vehicle jerk was minimised. The optimisation parameters contained the
clutch pressure as a function of turbine torque and speed and the engine torque reduction factor
as a function of engine torque and speed and were stored as sampling points in a look-up table
and were represented by a parameter vector. The aim of the optimisation process was to find a
parameter vector that solved the equations of motion (constraint to the optimisation problem)
and optimised the cost functions. The vector problem was reduced to a scalar problem by using
the method of objective weighting, where also the relative importance of the two objectives
could be influenced. This non-linear optimisation problem was solved by a sequential quadratic
programming algonithm. The simulation result showed an improvement in both the shift time
and the level of vehicle jerk during an upshift from 1* to 2™ gear. However, the optimisation
procedure was only applied to that specific gearshift and since the control principle was still

open-loop control, parameter variations could, of course, not be compensated for.

The optimisation cnitena used in the previously discussed paper were extended in [Haj-Fra;j,
Pfeiffer 2002], with the result that three different criteria for shift quality and two for energy
dissipation could be used alternatively. The three cost functions for the shift quality were
defined as a quadratic form of the vehicle jerk, a quadratic form of the deviation of the
longitudinal vehicle acceleration from the target value and peak-to-peak values of the

acceleration and the vehicle jerk. The last cost function was defined according to [Gebert,
Kicikay 1997] by evaluating peak-to-peak values and slopes of flanks in the vehicle
acceleration and jerk. As cost functions for the evaluation of the clutch wear, either the
dissipated energy during the gearshift or alternatively the shift time was used. The results show
that for a wide-open throttle condition the optimisation procedure produced gearshifts with
improved shift quality for all three shift comfort criteria (all having the same criterion for clutch
wear). In particular the third criterion (Peak-to-peak values) provided a low jerk level at the
beginning of the gearshift but showed a higher level of vehicle jerk at the end of the shift. The
optimisation of clutch wear produced a similar result for both alternative criteria. With both

criteria a reduction in the dissipated energy at the clutch could be achieved.
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In [Gebert, Kiicikay 1997] a detailed characterisation of the longitudinal vehicle acceleration
profile of a gearshift was undertaken and a shift metric was developed. The shift metric is
discussed in detail in Section 2.4. After the shift metric had been developed, a sensitivity

analysis by means of a parameter variation was carried out to identify those parameters (e.g.

clutch fill pressure, fill time), which influence the gearshift metric most. Based on this
parameter identification, a control algorithm that automatically determined the parameter
settings for optimum shift quality was developed. Although, the parameter variation and
adaptation could be, in principle, executed on board, the control algorithm was not able to

recognise which parameter had to be varied, which limited the application of the presented

control technique to calibration procedures only.

The optimisation of the pressure trajectories for open loop control of torque and inertia phase
was the aim of [Yoon et al.1999]. Optimisation criteria such as the drop of transmission output
torque during the torque phase and the increase of transmission output torque during the inertia
phase were introduced in the optimisation procedure. The optimal pressure trajectories were
then determined by three different random search algorithms. For this aim the pressure profiles
of oncoming and offgoing clutch were parameterised (basically a series of pressure ramps,
charactenised by slope and time span). Then, appropriate cost functions were chosen to
charactenize the shift quality. In particular, the five cost functions penalized the torque drop
duning the torque phase, the torque increase during inertia phase, the total shift time and the

period of time the pressure at the off-going clutch takes to reach zero. The overall cost function

was formulated as a sum of these single costs, which could be weighted to specify the relative
importance. The optimum solution was determined by three different techniques, which were all
modifications of a random search algorithm and showed only slight differences in the solution.
However, as with every open loop technique, the control algorithm is not robust against changes

in, for example, friction coefficient and delays in the hydraulic actuation. This fact was also

recognised in the paper and it was admitted that closed-loop control is necessary to make the

gearshift control robust against these parameter variations.

A completely different approach was chosen in {Jacobsen 2000], where a clutch-to-clutch
control concept was proposed that made use of a third clutch. The pressure gains for the
oncoming clutch and the additional clutch were derived in that paper based on an optimisation
procedure. This optimisation procedure attempted to minimise “discomfort™ (first derivative of
the output torque) and “wear” (energy dissipation during gear shift). To find the pressure gains
that minimise “wear” and *“discomfort™ an iterative optimisation algorithm was developed. The
best results were achieved if the gear ratio corresponding to the additional clutch was chosen to

be larger than those of the other clutches. The additional clutch was only applied in the inertia
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phase and hence, the torque phase was not improved. The simulation results showed that the
proposed control algorithm was able to reduce the size of the transmission output torque
“hump” in the inertia phase. Also, energy dissipation was slightly reduced in the inertia phase.

However, the gradient of the increase in transmission output torque at the beginning of the

inertia phase, responsible for the high vehicle jerk at this point, was not reduced.

An approach to the control of the engine torque transfer in the torque phase from a design point
of view was suggested in [Bai et al. 2002). Instead of using two independently operating
proportional pressure control solenoid valves for the two clutches involved in a clutch-to-clutch
shift, the actuation pressure (outlet port of control valve) of the higher gear was used as a
“washout™ pressure at the solenoid valve of the lower gear. Essentially, the pressure of the
oncoming clutch was used to “push down” the pressure of the offgoing clutch. This technique
made the coordination of the two clutches independent of the oncoming clutch fill time.
However, the correct “overlapping” of the two clutch pressure ramps still needed to be

calibrated by choosing the correct pressure control and washout gain for the low gear clutch.

The pressure ramp at the offgoing clutch was a function of engine torque and gear. Simulation
results for upshifts and downshifts between the 2™ and the 3™ gear show the effectiveness of the
proposed hydraulic design in the torque phase. A robustness study was carried out for different
oil temperatures and thus different filling times and showed that the proposed design could cope
with these vanations. However, since the control strategy relies on choice of control valve
gains, 1t still seems to be sensitive to variations in the hydraulic system. The inertia phase was
controlled in a conventional way by pressure manipulation with its problematic creation of

output torque “hump” and resulting high levels of vehicle jerk.

Closed-Loop Control Concepts

The discussion of the closed-loop control concepts in this section starts with the most
sophisticated control concept, the optimal control, next leads to torque-based gearshift control
strategies and ends with the simplest approach the, speed based control of gearshifts.
Controlling transmission variables in a closed-loop way during the gearshift can help to
decrease or even cancel the influence of disturbances and, to some extent, parameter variations.
It also allows a gearshift performance that is unaffected by the driving situation. Furthermore
the closed-loop control approach enables a direct influence of the gearshift character (shift feel)

by specifying appropriate reference trajectories for engine and transmission variables.
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Optimal Control of a Gearshift
The objective of optimal control theories is to generate *“optimal” control laws or controller

gains that minimise a given performance index. State variables of the transmission (e.g.

rotational speeds) or of the whole powertrain are fed back in a state variable feedback loop. The

state vaniables are then controlled to some initial or fixed reference value (optimal regulator) or
to track specific reference trajectories (optimal tracker). The performance index specifies the
objectives of the control strategy that should be optimised. Common contents of performance
indices are the control signal expenditure, the amount of time to reach end state, the tracking
crrors ctc. If applied to gearshift control, additional optimisation criteria might be included in

the performance index. Figure 2.3 shows the main criteria of an optimal gearshift control.

Interruption in Tractive Force

Multicriteria

Optimum
Vehicle Jerk Energy Dissipation

Figure 2.3 Optimisation targets of an optimal control of gearshifts

The equations of motion are usually also included in the performance index as a constraint to
the optimisation problem. This, together with other constraints, can be used to ensure that no
interruption in traction occurs during the gearshift. The two other optimisation cniteria attempt
to minimise vehicle jerk while at the same time minimising energy dissipation. By introducing
weights in the performance index, the optimisation of these two conflicting aims can be adjusted
towards the more important objective. In the most common form of optimal control these
objectives are specified as quadratic forms, which leads to the concept of linear quadratic
regulators (LQR) or trackers. For such quadratic optimisation problems, solutions exist, in the
form of a so-called Riccati equation. From this Riccati equation the gains of the controller or the
control law can be derived. Techniques to obtain the Riccati equation include for example,
Pontryagin’s minimum principle, dynamic programming, minimisation via Lagrange

multipliers, calculus of variation etc.

For a planetary-type automatic transmission [Haj-Fraj, Pfeiffer 2001] have derived an optimal
control law that minimised vehicle jerk. The powertrain was descnibed by using a state space

model containing five state variables (engine speed, turbine speed, output speed, input speed at
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the differential, difference in angular displacement at the input and output of the propeller shaft
and the vehicle acceleration). The control vector contained the amount of engine torque
reduction and the clutch pressure as control variables. Only the upshift from first to second gear

was considered (one-way clutch-to-clutch shift). The problem of the transition of the state of the

oncoming clutch at the end of an upshift from slipping to being locked was given specific
consideration. Thus, the performance index contained two cost functions, a quadratic form of
the vehicle jerk in the inertia phase and at the end of the gearshift and a quadratic form
evaluating the control signal expenditure. The optimal control law, which was derived through
usc of dynamic programming, has only been applied to the inertia phase, thus leaving the
problematic transfer of engine torque in the torque phase apparently to conventional open-loop
clutch pressure control. Simulation results were presented which demonstrated that the level of
vehicle jerk could be drastically reduced at the end of the gearshift. The vehicle jerk in the
torque phase was naturally unaffected by the control algorithm.

In [Hojo et al. 1992], a gearshift controller for gearshifts between the 2™ and the 3™ gear was

developed. This was necessary because, on the considered automatic transmission, a gearshift
between these two gears required changing the gear ratios on two planetary gear sets
simultaneously (see “group change” explained in Section 2.1). In particular, on one planetary
gear set the gear ratio had to be changed to a higher value and on the other gear set to a lower
value. This circumstance, as also explained in Section 2.1, caused considerable shift quality
problems. To solve the troublesome shift from 2™ to 3™ gear a new so-called “two-clutches
cooperative controller” was developed. The idea behind this control strategy was, to specify
speed reference trajectories for the two brakes taking part in the gearshift and to devise a
controller that enables the tracking of the reference speed trajectories by manipulation of brake

pressure. A discrete state space model of the transmission was constructed using a state vector

that contained as state variables, the speed errors at both brakes, the speed errors for the next

sampling step k+1 (discrete equivalent to derivative) and variables to compensate for a delay in
the hydraulic actuation. A normal linear state variable feedback loop was introduced (as a servo
system) and the controller gain matrix was obtained by solving a discrete Riccati equation that
minimised a quadratic performance index (has not been stated in detail in the paper). For
vanious different weightings the gain matrices were calculated and the optimum gain was
determined through simulation of shift transients. The presented simulation and vehicle results
showed that the proposed controller could reduce torque vibrations at the end of the gearshift
from 2™ to 3™ gear. Since the proposed controller was applied to a special gearshift case
involving a “group shift” it is not quite clear, whether this controller can also be used in a

beneficial way for normal clutch-to-clutch shifts.
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Torque-based Control of a Gearshift

The problem with controlling the pressure at the clutches involved in a clutch-to-clutch gearshift
is, that because it is not possible to accurately determine the torque transmitted by the clutches

from the clutch pressure signal, the influence of the application timing and parameter changes

(c.g. change in fniction coefficient) on the transmission output torque and therefore on the shift
quality is not exactly known. Other advantages of torque control are added robustness and a
direct influence on the shift character because the clutch torque or transmission output torque
trajectories are directly related to the vehicle acceleration. Ideally, a direct control of clutch
torque would have to be employed. However, information about the torque at the clutches i1s
difficult to obtain. Thus, the more easily obtainable transmission output torque is controlled
directly to improve shift quality. The problem of obtaining the torque signal is reviewed in
detail in Section 2.5. All the control strategies reviewed here were applied to planetary-type

automatic transmissions and made use of torque observation techniques.

The problem with conventional automatic transmissions is, that because of the existence of a
torque converter and its non-linear dynamic behaviour when mechanically unlocked, the turbine
torque is difficult to determine. A torque estimator and controller applied to an upshift were
described in [Ibamoto et al. 1997]. The torque estimator calculated the turbine speed and turbine

torque from throttle opening, engine speed and transmission output speed by using engine and

torque converter characteristics. With the gear ratio the output torque could then be calculated in
the inertia phase from the turbine torque.
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Figure 2.4 Closed-loop control by torque observation [Ibamoto et al 1997]
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The torque control is depicted in Figure2.4 and was only activated in the inertia phase. The
estimated output torque was sampled at the beginning of the gearshift. From this sampled output
torque, an optimum line pressure and a reference torque was calculated. The output torque was
compared with the reference torque during the inertia phase and a spark retard request was sent

to the engine controller if the error in torque was negative, The accuracy of this estimation
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method was evaluated against measurements for steady state and was reported to be +/- 10% of
the measured value. The time delay between the measured and the estimated signal was about
S0ms. The output torque peak at the end of the gearshift (upshift) could be reduced by the

proposed control method. How the torque estimator coped with uncertainties in the model

(engine and torque converter characteristics) and sensor noise has not been investigated. Also,

how the synchronisation of the engine speed was managed in the inertia phase and how the

torque phase was controlled has not been explained in the paper.

Another form of “torque” control for downshifts was described in [Minowa et al. 1996].
However, in this paper the first time derivative of the rotational speed at the output shaft was
controlled instead of an estimated value of the output torque. The aim of the proposed control
strategy was to reduce the vibrations at the end of the torque phase of a downshift. From
comparison of measured shaft acceleration and shaft torque signals it was concluded, that the
beginning of the torque vibrations at the output shaft could be effectively detected in the
differential value of transmission output speed (acceleration). At the point where the start of the

vibrations was detected, the torque control was activated. In this torque control the shaft
acceleration, calculated from the rotational speed of the shaft, was fed back with a proportional
gain to manipulate the spark advance. The feedback gain was determined by calibration. Further
investigations on road gradients had shown that for a 2-1 kick-down shift on a 9% gradient the
acceleration characteristic was different, which made it necessary to add a detection of the road

slope and to suppress the proposed torque control on a steep road slope. Although the

experimental results show that the torque fluctuations could be reduced on downshifts changing
to the first gear, the sensitivity of this method to changes in the drniving situations and the
operating point of the engine is obvious. In the considered downshifts, the torque transfer in the
torque phase was managed by a one-way clutch and the proposed control strategy was only used
to suppress vibrations coming from the engagement of this device. Hence a control of the

transmission output torque, leading to a smoother increase in torque in the torque phase, was not

achieved.

The results obtained in both of the above described approaches had been combined by the same
authors in [Minowa et al 1999] to detect both the beginning of the torque phase and the
beginning of the inertia phase more accurately and to be able to control the estimated
transmission output torque in the inertia phase of upshift and downshift. The proposed gearshift
contro! system was developed for a conventional automatic transmission without a one-way
clutch and made use of a feedback clutch pressure control, designed by Ho control theory.
Since the proposed torque control relied on clutch pressure manipulation in the inertia phase, 1t

is not quite clear how the engine synchronisation was controlled. Use of engine control for this
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task was not mentioned. However, the pressure profiles depicted in that paper, hint that clutch
pressure manipulation was still used for engine synchronisation and that the torque control was
only activated once the engine has already started to change its speed. Experimental results were
given for a 2-3 upshift and 3-2 downshift and showed that the torque control was able to
compensate for changes in the oil temperature (i.e. friction coefficient). However the large

change of the output torque (vehicle jerk) at the point of transition between torque and inertia

phase could not be reduced and hence it is questionable whether this control strategy really
improves shift quality as proposed in the paper.

A further step towards precision of torque estimation was accomplished in [Shin et al. 2000],
where the torque at the turbine shaft of the hydraulic torque converter was estimated using a
neural network, which proved to be more accurate than a static model. The data for training the
ncural network had been acquired from experiments. The estimation error of the neural network
method was less than 10%. Again the torque control was only active in the inertia phase where
the aim was to control the acceleration of the turbine shaft along a specified reference trajectory.
The tracking error was fed into an inverse model of the powertrain and solenoid valve located in
the feed forward path of the controller to calculate the necessary clutch pressure (i.e. controller
gain). The friction coefficient in this inverse plant model was estimated and adapted based on
measurements of turbine shaft speed and transmission output speed. Thus, the control algorithm
could compensate for variations in the friction coefficient. The presented experimental results
showed that the control algorithm was indeed robust against changes in the oil temperature and
thus friction coefficient. The change of the friction coefficients with increasing temperature lead
to a spike in the transmission output torque at the end of the inertia phase of an upshift. This
torque peak was successfully reduced by the control. However, since the control had only been
applied to the inertia phase (of an upshift) and engine speed synchronisation was apparently
accomplished in a conventional way by manipulation of clutch pressure, no substantial

improvements in the overall shift quality could be observed.

Speed-based Control of a Gearshift

Most of the control strategies described in this section, have as their main objective, the tracking
of a reference engine speed profile (turbine shaft speed if transmission 1s equipped with a torque
converter) in the inertia phase, by a modulation of clutch pressure. The reference speed
trajectories are usually obtained from vehicle tests. The closed loop tracking of an engine
reference speed profile provides a means for a direct, if limited, influence on the gearshift
characteristic and some consistency in the gearshift performance when the operating point of the

engine changes. In Figure2.5 an example of such a speed based control circuit of a multi disc
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brake (conventional automatic transmission) is depicted. The pressure at the brake (clutch) is
manipulated via a proportional solenoid valve. The advantage of an inexpensive control method
(specd measurement) is opposed by the disadvantage of not being able to directly influence the
shift quality through due to the lack of a control of transmission output torque. At the end of this
section a speed-based control strategy is described for application to the control of the transfer

of engine torque in the torque phase.
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Figure 2.5 Speed control through manipulation of clutch pressure [Sanada, Kitagawa 1998§]

For a conventional automatic transmission such speed-based controllers have been described in
[Zheng et al. 1998 and 1999]. In the earlier paper a powertrain model, which included engine,
torque converter, transmission and clutch hydraulics was developed. The dynamic model of the
turbine speed response to accumulator backpressure was non-linear and had to be linearised.
Due to pole cancellation 1t was possible to reduce the seventh order model to a fourth order

model. The solenoid valve that manipulated the accumulator backpressure was modelled as a
linear second order transfer function. In the latter paper, a 1-2 upshift controller was developed
that manipulated the accumulator backpressure in order to let the turbine speed track a specified
trajectory (simply a linear decrease of engine speed) during the inertia phase. By varying the
slope of the reference trajectory, the time and smoothness of the shift could be influenced. The
controller basically consisted of a lead compensator together with a free integrator for tracking
and was designed in the frequency-domain. The simulation results showed clutch speed and
output shaft torque profiles for various slopes of the reference trajectory and demonstrated the

cflcct of these difierent slopes on the output shaft torque and hence shift quality.

In [Sanada, Kitagawa 1998}, a robust control system consisting of a feed forward and a
feedback loop (two-degrees-of-freedom control system) was developed, where the feedback
controller ensured stability and the feed forward loop enabled the system to follow the specified
speed trajectory (ramp signal). The design of the feed forward controller required the
development of a reference model, in order to let the rotational speed follow the desired signal

without any steady state error and within a specified shift time. The feedback controller was
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designed using p-synthesis. The uncertainties introduced in the model contained, an error in the

model of the proportional valve and a variation in the coefficient of friction. The specifications

of the robust controller contained norms of weighted sensitivity and complementary sensitivity.
The controller gain was obtained by using the Matlab® p-toolbox. Experimental results showed
the effectiveness of the proposed controller in tracking the reference speed signal. The

robustness against variations in the friction coefficient was demonstrated for two values (0.16
and 0.1). However, the friction coefficients have been assumed to be constant values, i.e. not
functions of the sliding speed. This simplification may allow robust tracking of the speed signal,

however, does not eliminate the effects of the friction coefficient on the transmission output

torque, hence shift quality.

A robust speed controller for an automatic transmission of layshaft type was developed in
[Furukawa et al. 1994), using Hew control theory. The plant (transmission) was treated as a time-
varying system, which was linearised around five sampling points. The controller, which
manipulated clutch pressure in the inertia phase, was designed using the worst-case design
approach. The uncertainties considered in the model, contained variations in engine torque, in
the fnction coeflicient and in the measured speed variable. Simulation results have been
presented that show the difference in the speed profiles between a case where no disturbances
(fnction coefficient, engine torque) occurred and one with disturbances. It was argued that the
robust controller can cope with these disturbances and thus the shift quality improves. However,

judging from the vehicle acceleration profiles depicted in that paper, it was not apparent that the
shift quality actually improved when using the proposed controller.

A speed-based control applied to the torque phase of a clutch-to-clutch shift on a twin clutch
transmission was proposed, in principle, in [Volkswagen AG 1998 (Patent DE 196 31 983 C1)].

The relative speed across the offgoing clutch (i.e. clutch slip) was controlled to a fixed constant

value of about 50 rpm during the torque phase of upshifts and downshifts. The control of clutch
slip was accomplished by manipulating hydraulic pressure at the offgoing clutch. Ramping the
pressure up at the oncoming clutch, forces the clutch slip controller to reduce the pressure at the
offgoing clutch, in order to maintain the clutch slip reference value. At the time the pressure at
the offgoing clutch has been reduced to zero by the controller, all engine torque has been
transferred to the oncoming clutch, without a negative torque contribution from the offgoing
clutch. The slip controller effectively mimics the behaviour of a one-way clutch disengaging the
original gear, once the oncoming clutch carries the full engine torque. This is a very powerful
technique of controlling the torque transfer between the two clutches without creating too much

vehicle jerk and without actually employing a one-way clutch.,
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In [Meinhard and Berger 2003] the application of clutch slip control for vibration damping
duning vehicle launch was described. An interesting observation was made, namely, that if the
clutch is controlled to operate in part-slip (alternating transitions between the states of slipping

and of stiction), then the mean value of the transmitted torque would increase with increasing
clutch slip. This behaviour effectively reflects a positive gradient of friction with sliding speed

and thus avoids the problem of self-excited vibrations (negative gradient) leading to instability

in the control system.

2.1.3 Gearshift Control — Integrated Powertrain Control
Approach
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