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Abstract

In an automated manual transmission it is desired to have zero torque in the trans-
mission when disengaging a gear. This minimizes the oscillations in the driveline
which increases the comfort and makes the speed synchronization easier. The au-
tomated manual transmission system in a Scania truck, called Opticruise, uses
engine torque control to achieve zero torque in the transmission.

In this thesis different control strategies for engine torque control are proposed
in order to minimize the oscillations in the driveline and increase the comfort dur-
ing a gear shift. A model of the driveline is developed in order to evaluate the
control strategies. The main focus was to develop controllers that are easy to im-
plement and that are robust enough to be used in different driveline configurations.
This means that model dependent control strategies are not considered.

A control strategy with a combination of a feedback from the speed difference
between the output shaft speed and the wheel speed, and a feedforward with
a linear ramp, showed very good performance in both simulations and tests in
trucks. The amplitude of the oscillations in the output shaft speed after neutral
engagement are halved compared to the results from the existing method in Scania
trucks. The new concept is also more robust against initial conditions and time
delay estimations.
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Chapter 1

Introduction

High efficiency, low fuel consumption and good driving comfort are keywords for a
modern heavy truck. An automatic transmission has the benefits of good driving
comfort and fast gear shifts. Unfortunately, it is expensive and it has a low effi-
ciency and a short lifetime in heavy trucks. The benefits of a manual transmission
are better efficiency, lower costs and longer lifetime. The drawbacks are longer
gear shifts, clutch wear and that the fuel economy is very dependent on the driver.
It is desired to have a transmission with the benefits from both types and with
none of the drawbacks. One solution to these problems is the Automated Manual
Transmission (AMT). This type of transmission gives you the high efficiency of the
manual transmission but also the comfort of an automatic transmission. Scanias
AMT is called Opticruise which replaces the manual gear lever with pneumatics
and a control system. To perform a gear shift, first the transmission torque must
be controlled to zero to be able to disengage the gear. This is done using engine
torque control. When the neutral gear is engaged the engine speed is controlled
to fit the requested gear. The new gear can be engaged and the torque is restored
to the driver’s demand, see Figure 1.1.

A critical part of gear shifting with Opticruise is the torque control before
disengaging a gear and after engaging the new gear. In order to achieve high
efficiency it is important to minimize the time needed for a gear shift without
exciting driveline oscillations. The oscillations in the driveline may also lead to
problems with disengaging the gear and synchronizing speeds. Therefore it is of
high importance to control the torque to zero in such way that the total time
for gear shift is minimized without exciting driveline oscillations or making it
uncomfortable for the driver. Today’s solution works reasonably well but it is of
great interest to investigate different solutions that may work even better.

1.1 Objective

The purpose of this thesis is to investigate different control strategies for the torque
controller. The problem is to find a strategy that is robust against different types
of trucks (with different engines and drivelines) as well as parameter errors. A



2 Introduction

Shift from lower to higher gear

Gear 2

N Gear 3

Flywheel torque

Engine
control to
zero torque

Neutral
engagement

Synchronize
engine

Ramp back to
torque demand

Engage

Engine speed

\/

Time

Figure 1.1. Gear shift principle.

plant model of the driveline shall be implemented in Matlab\Simulink in order to
simulate the different control strategies. Different types of driveline configurations
shall be tested in order to evaluate the robustness. Different types of open-loop
controllers that controls the engine torque shall be tested during gear shifting.
A closed-loop control using the existing sensors shall be implemented in order to
compare this to the existing open-loop strategy. An investigation shall be made if
a new torque sensor on the input shaft of the gearbox can improve the results.

1.2 Assumptions and Limitations

Driveline dynamics and gear shifting is a big area, this thesis can only cover a small
part of it. In this section the assumptions and limitations of this thesis are listed.
If nothing else is stated, these limitations are valid in the whole thesis. The clutch
is assumed to be engaged all the time, i.e. the disengaged clutch is not modeled.
Wheel slip is not considered. Only the engine control during shift from a gear to
neutral gear is considered, i.e. the first phase in Figure 1.1. Only torque control
from a higher towards a lower torque is considered because this is the driving
situation where the largest shaft torques are found and is most difficult to control.
Also the conversion ratio of the gearbox affects how large the shaft torque become,
so this thesis will concentrate on lower gears. Only trucks with two driving wheels
are considered, i.e. there are only one propeller shaft and two drive shafts. This
thesis will focus on simple robust controllers with few tuning parameters to be
able to use the controllers in a large variety of drivelines. Therefore controllers
that use a model are not considered.



1.3 Notation

1.3 Notation

The table below summarizes the parameters used in the plant model.

Parameter | Description
Engine
Je Engine moment of inertia
Tref Reference torque from controller
Tin Flywheel torque
Tiarget Engine torque that compensates for driveline friction and
driving resistance to achieve zero torque in the transmission
Ttorque Torque delay, time delay from 7.5 to Ty,
6, Enine angular velocity
Transmission
Jt.in Moment of inertia of input shaft
It lay Moment of inertia of lay shaft
Jt.main Moment of inertia of main shaft
Jt,out Moment of inertia of out shaft
Ji Transmission total moment of inertia
Tsplit Split conversion ratio
Lgear Gear conversion ratio
Lrange Range conversion ratio
it Total conversion ratio of the gearbox
by Total transmission friction
b1 Transmission friction on input shaft of disengaged trans-
mission
bt .o Transmission friction on the output shaft of disengaged
transmission
0, Transmission angular velocity
Final drive
Jy Moment of inertia of final drive
iy Final drive conversion ratio
Drive shaft
keng Stiffness coefficient of engaged driveline
kdiseng Stiffness coefficient of disengaged driveline
Ceng Damping coefficient of engaged driveline
Cdiseng Damping coefficient of engaged driveline
Ty Shaft torque acting on transmission
Tw Shaft torque acting on wheel (same as Ty)
‘Wheel
Jw Moment of inertia of wheel
m Vehicle mass
Tw Wheel radius
Tar Driving resistance torque
O, Wheel angular velocity







Chapter 2

Previous Work

This chapter describes previous work done in other papers in the same field as this
thesis. In this thesis “model based control” means that an actual model is used in
the controller like e.g. MPC (Model Predictive Controller) or feed forward where
the inverse of a model is used.

Much work has been done trying to control and damp driveline oscillations
with torque control. For this purpose several driveline models have already been
developed and explained in different papers. The complexity of the models differ
but a common conclusion is that a third order model (two-inertia model with one
flexibility) is enough to explain the main behaviour of the driveline and accurate
enough for controller design [6], [1].

2.1 Gear-Shift Experiments Without Control

In [6] several gear shift experiments are performed in a heavy duty truck. The gear
shifts are performed without torque control on both a stationary driveline and a
driveline with a relative speed difference between the transmission speed and the
wheel speed. Engagement of neutral gear are then commanded at different times
and the behavior of the engine speed, transmission speed and the wheel speed are
analyzed and explained. A model of the disengaged driveline is derived to be able
to simulate the gear shifts as well.

The experiments show that the stationary driveline and the driveline with a
relative speed difference have different characteristics of the oscillations. According
to [6] this indicates that a feedback control is needed in order to minimize the
oscillations after a gear shift.
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2.2 Different Control Strategies

2.2.1 Feedback With PID-Controller

One method to damp out the driveline oscillations is to use a feedback controller.
This can be done with an observer in combination with a PID controller structure,
with simple tuning rules [6]. The observer is used to estimate the drive shaft
torsion since this has a dominating impact on the oscillations in the transmission
speed [5]. The general idea in [6] is to observe the drive shaft torsion using a
Kalman filter, and control it to zero with the PID controller in order to unload
the driveline without exciting oscillations in transmission speed. This gives a
much better result than to control the transmission torque which would be a more
natural approach. The advantages with drive shaft torsion control are that it is
more robust and easier to implement then transmission torque control.

2.2.2 Model Based Controllers

Another method is to use model based linear controllers. This is discussed in [2]
where the idea is to develop a control system that takes the engine limitations like
e.g. the smoke limiter into consideration. The aim of the controller is to damp
out the oscillations that occurs during a tip-in and tip-out (pressing and releasing
the accelerator pedal). The resulting control strategy is to use a combination of
a feed-forward and a feedback controller. The feed-forward controller consists of
a filter and the inverse of the driveline model. The feedback controller consists
of a LQ controller with an observer which is used to take care of model errors
and disturbances. The highest state penalty in the LQ controller is on the wheel
speed. The control system needs to take the engine limitations into consideration
so that the feed-forward controller does not calculate a control signal that is out
of range for the engine. This is done in [2] by using a reference governor that
modifies the reference signal by calculating a command signal to the feed-forward
control, such that the feed-forward control signal stays within the engine bound-
aries. This requires that the reference governor has knowledge about maximum
available engine torque and the dynamics of the feed-forward controller. Simula-
tions and field experiments in a heavy truck show that the control strategy damps
out the oscillations and is robust against model errors. A problem with the strat-
egy is that the response of the truck becomes slower than with just a feed-forward
controller. Also, the reference governor only takes the feed-forward contribution in
consideration, so if the feedback controller gives a positive contribution the control
signal may violate the engine boundaries despite of the reference governor. An-
other problem is that the observer for the LQ controller uses a model that has only
been parameterized for one certain truck. If the control system is to be used in
a more commercial way, the parameterization of the model needs to be adaptable
to different vehicles.
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2.2.3 Multiple Controllers With Contradictory Aims

A problem with driveline control is that fast engine torque changes during tip-in
and tip-out leads to good acceleration but excites driveline oscillations. It is desired
to damp out the oscillations and at the same time have good vehicle dynamics
(good acceleration response). These two objectives are contradictory and therefore
a new approach is investigated in [8]. Two different LQ-controllers, and a Kalman
filter to estimate the non-measurable state, are used. The aim of the control system
is to maximize the comfort and on the other hand increase vehicle dynamics. One
LQ-controller aims for high comfort and the other to increase dynamics. FEach
of these two controllers calculates a manipulated variable independently from the
other. The way of merging both variables depends on the driving situation and
must therefore be adaptive online. This is solved by using fuzzy logic where the
idea is to support the vehicle dynamics as long as the comfort is not getting too
bad (see [8] for more details). The model in the observer must also be adaptive
online due to modeling errors, time depending parameters and variable vehicle
mass. Therefore a recursive least-square estimation is used to identify the model
parameters and adapt the observer. Simulations with a plant model of the driveline
show a very good improvement of both comfort and vehicle dynamics at the same
time. With the use of the adaptation algorithm the control system is robust
against model errors and the difference in construction of the driveline in different
trucks. The method is however only tested in a simulation environment with a
plant model.

2.2.4 Model Predictive Control With Comfort Evaluation
Algorithm

The concept described in Section 2.2.3 uses two controllers that works at the
same time in order to increase both driving comfort and vehicle dynamics dur-
ing tip-in and tip-out. This can cause a conflict during a switching phase and the
parametrization of the desired compromise between the controllers is very difficult.
Therefore a new concept is introduced in [9] where the theory of model predictive
control (MPC) is used in order to achieve an easy parametrization of the conflict-
ing control targets. The two contradictory aims are fused together and an optimal
control target is predicted based on the fusion. The concept uses the parameter
An which is the difference between engine speed and wheel speed. This is not only
an indicator of comfort but also for vehicle dynamics. The higher the amplitude
of the first oscillation after a tip-in/out the higher the dynamics but the less the
comfort. The amplitude is predicted to the first maximum using the MPC and
the reference trajectory is calculated to get maximum Ang in order to guarantee
acceptable comfort. This means that a reference trajectory with amplitude Ang
can be calculated in order to respect both control targets. See [9] for more details.

The concept is evaluated with regard to both dynamics and driving comfort. The
performance regarding dynamics is easy to evaluate by just looking at the vehicle
acceleration. The evaluation of the comfort needs, however, a more advanced the-
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ory. In [9] this is done by using a model of a humans perception of acceleration
and jerk in different directions. There is also a chapter suggesting to use neural
network in order to approximate human feelings. However, the algorithm that is
implemented in order to evaluate the comfort of the control method is based on
the human perception model.

The evaluation is done in simulation only, where the results are very good. The
comfort is acceptable and the considered time for acceleration is reduced by 85%
for a tip-in on gear four compared to the common solution! for driveline control.
The MPC can also handle the torque delays which gives good result even on higher
gears. The drawbacks of the control method is of course the need of a model. In
order to use this method in a commercial way the model must be adaptive online
to handle model errors and changes in parameters.

IDefined in [9].



Chapter 3

Modeling

The driveline can be modeled with different complexity levels. A simple model has
several advantages, it is easier to understand the behavior when the equations are
simple and there are less parameters to adapt to measurements. The drawback
is that it may not fit the measurements correctly. A more complex model could
fit the measurements better while there will be harder work to get there. The
complexity of the model depends on how much the basic equations are simplified
or if nonlinearities are introduced. A basic model of the driveline is described
in [3]. An overview of the basic model and equations can be seen in Figure 3.1
and 3.2.

3.1 Basic equations

In this section the basic equations of the driveline will be explained. From these
equations different models will later be developed.

The engine

The engine control system receives many different torque-requests and limitations
from different parts of the vehicle. They have different priorities, e.g. the smoke-
limiter have a high priority and will always limit the torque. During a gearshift
the reference torque, T}y, have a high priority and will therefore be assumed to
control the engine itself. 1.y is sent from the transmission software and is a ref-
erence for the flywheel torque. Engine friction, parasitic losses etc. are considered
when the amount of fuel is calculated in order to produce the requested torque
on the flywheel. Therefore the resulting torque on the flywheel, T;,, is already
compensated for friction and other losses. This torque will accelerate the engine
and the engines moment of inertia is the only thing that needs to be modeled.
The function from T,.; to Tj, is a variable delay depending on the engine
speed. The engine control unit have an interrupt to sample the reference torque
in every revolution at a specific angle before top dead center (TDC), to be able
to calculate the amount of fuel to inject. For an engine with six cylinders the

9



10 Modeling

Drive Shaft
Clutch

Propeller Shaft
Drive Shaft
Figure 3.1. The driveline.
Tla[
‘Je J, kC‘ Ce Jt I bt
UB OC 01
Engire Clutch Transmission
T, T, Tp
kp, S Jpip by
% Propeller % Final O
shaft drive
Tp T, T,
Kq Gy Jy
0, . 0, 0,
Er;';;" Wheel
Td Tw erd rive resistance

Figure 3.2. The driveline.
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reference torque will be sampled three times each revolution. So the worst case
of delay caused by sampling will in this case be 120° which translates to time
through the engine speed. Besides the sampling delay there are an injection time
and an ignition time before the torque is transferred to the flywheel. There is also
a transfer delay from the transmission control unit to the engine control unit due
to the CAN bus, more about this in Section 5.1. The total torque delay, Torque,
from the reference torque to the flywheel torque will be modeled as a constant
delay 7; added with a variable delay depending on the sampling angle azampiing
and the engine speed. This yields:

Ti (t) = .f (Tref; Ttorque) = Tref (t - Ttorque) (31)
Ttorque = Ti + W (32)
Jeée = Tzn - Tc (33)

Clutch

The clutch transfers the output torque of the engine to the transmission. In
ordinary manual transmissions the clutch is disengaged by the driver to achieve
zero torque during a gear shift. In an AMT the clutch can be automatically
engaged and disengaged if it is used. In this work the clutch will be assumed to
be engaged at all time. There is a weakness in the clutch and the clutch can be
modeled as a damped spring.

Ty =T. =k (0 — 0.) + cc (e — 6.) (3.4)

Transmission

The transmission basically consists of four shafts where the power is transfered
with different cogwheels between the shafts. They are named input shaft, lay
shaft, main shaft and output shaft (see Figures 3.3 and 3.4). The power can be
transfered with two different cogwheels between the input shaft and lay shaft.
These cogwheels define the split gear. The cogwheels that transfer the power
between the lay shaft and main shaft define the gear. The last part in the gearbox
is a planetary gear called range, that transfer the power between the main shaft
and the output shaft. Each part of the transmission has a moment of inertia and
a stiffness. The stiffnesses will be moved toward the wheel side, explained later
in Section 3.2. There is also a friction term in each part of the transmission. All
frictions will be modeled as viscous frictions.
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All moments of inertia are seen from the output shaft of the transmission.

Since the stiffness is moved, these equations (3.5)—(3.8) can be simplified to
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one equation which represents the whole transmission block in Figure 3.2:

Ji0, = T —bb, —T,

: 3.9

{ ztOt = 00 ( )

where b; is the total friction, i; is the total conversion ratio and J; is the total

moment of inertia in the transmission. When frictions and moments of inertia are

moved through conversion ratios, the old values are scaled with the conversion
ratio.

Jt - Jt,out + i%ange (Jt,main + igear (Jt,lay + igplitt]t,in)) (310)
1y = Z.spliitZ.gearirzmge (311)

The friction b; is calculated correspondingly.

Only a measurement with the total moment of inertia (for each gear) was
available at Scania. The other moments of inertia have been calculated from this
measurement. Since the conversion ratio changes between the moving parts the
total moment of inertia will be different for different gears. The moment of inertia
have been measured on the input shaft, but in this thesis the transmission moment
of inertia means the one seen from the output shaft.

J measure
Jy = Thmeasured (3.12)
&

Gear Shifting

The cogwheels in the transmission are of different types. The ones on the lay shaft
are fix and rotates with the shaft. The cogwheels on the input shaft and the main
shaft slides on their shafts and rotates with the lay shaft. A certain cogwheel
can be locked to the input shaft and the main shaft respectively. This is done by
sliding a collar on the shaft that locks one cogwheel to it. This means that the
torque can be transferred different ways through the gearbox which defines the
different gears. When no cogwheel on the main shaft is locked to it, no torque will
be transferred. This defines the neutral gear.

Propeller Shaft

The propeller shaft connects the gear box with the final drive. It will be modeled
as a damped spring.

Ty =Ty, =ky (0 — 0,) +cp (6 — 6,,) (3.13)

Final Drive

The final drive is a differential gear with a conversion ratio. In this work the
differential is assumed to be locked, i.e. the two drive shafts will not be able to
turn relative each other.

Jféf ifo—bféf—Td
iy = 0,

(3.14)
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Drive Shaft

In this thesis only trucks with two driving wheels are considered. In these trucks
there are two drive shafts, one for each driving wheel. If the final drive is locked,
one can say that the drive shafts are connected to the ground through the wheels
in parallel. The replacing stiffness simply is the sum of the two stiffnesses, k; =
kq.right + kd,lefe. From here on the drive shafts will be treated as one total drive
shaft with the resulting stiffness k4. The drive shaft is known to have the smallest
stiffness in the driveline.

Ty = Tf = kd(af - 9(1) + Cd(éf - Gd) (3.15)

Wheel

Newton’s second law gives the force balance in the longitudinal direction.
mv = Fy, — Fgy (3.16)

where F, is the friction force acting on the wheel, and Fy,. is the driving resistance
which can mainly be divided in the following quantities [3]:

e [, the air resistance is approximated by

Fair - Cair'UQ (317)

e [, the rolling resistance is approximated by

F. =m(cr1 + ¢rov) (3.18)

e mgsin(«), is the gravitational force and « is the road slope.

The wheel itself has its own moment of inertia and Newton’s second law yields

Jwéw = Tw - Twa (319)

Equations (3.16)-(3.19) together with v = r,,0,, (no wheel slip) yields
(Jw + mri) b = Ty — 1 (Fair + Fr + mgsin(a)) = Ty — Tyy (3.20)

The constants ¢, ¢-1 and ¢.o are unknown parameters that need to be identified.
The equations can be written as a polynomial, F;,. + F, = A + Bv + Cv? where
A, B and C can be identified instead.

3.2 Model Reduction

The equations above is enough to describe the main behavior of a truck. To get
a model that is easy to work with, one would like to reduce the model as long as
the behavior is satisfactory. When reducing the model the purpose of the model
is considered. The model does not necessarily have to function in scenarios that
will never happen during a normal gear shift.
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3.2.1 Three Inertia Model

The weakest part of the driveline is the drive shaft. The second weakest is the
propeller shaft. The clutch and the transmission are known to be stiffer. A three
inertia model only contains the drive shaft and the propeller shaft, see Figure 3.5.
To motivate this one can look at the dynamics between the engine and the out-

Jy Ji J

Figure 3.5. The three inertia model with two springs.

put shaft. Measurements at Scania have resulted in some mechanical data for the
transmission stiffness but as seen in Figure 3.6 the difference between engine speed
(scaled) and output shaft speed is very small. There is almost a static connec-
tion from the engine to the output shaft. But since there are measurements of
the transmission stiffness these values are taken in consideration by letting them
influence on the propeller shaft stiffness (see Section 4.1.1).

The model has the same structure as the one in Figure 3.2 but the engine,
clutch and transmission blocks are lumped together. The equations for the three
inertia model becomes:

Tin - .f (Trefaitét) (321)
J10y = iy Tin, — befy — T, (3.22)
Tp = Tf = kp (9,5 — if@f) +cp (9,5 — iféf) (3.23)
JféfZifo—bféf—Td (3.24)
if@f = 0, (3.25)
Ti=T, = kq (Gf — Gw) “+ cq (9f — Gw) (3.26)
J2éw = Tw - Td'r (327)
where
Ji = Jeit + Jy (3.28)

Jo = (Ju +mr2) (3.29)
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Figure 3.6. Engine speed (solid) and output shaft speed (dashed).

3.2.2 Two Inertia Model

In a two inertia model there is only one rotational spring, i.e. only one weak shaft.
The three inertia model consists of three inertias, but the inertia of the final drive,
Jy, is less than the other two inertias. The three inertia model will act as if there
are two springs in series. Therefore the two springs are lumped together and the
moment of inertia of the final drive becomes a part of J;. How the resulting spring
stiffness can be calculated is found in Section 4.1.1. The friction in the final drive,
by, can not be estimated separately from b;. The two frictions are lumped together
and the result is called just b;.

The equations for the two inertia model becomes:

Tin = f(Trefa Z.tét) (330)
. . T
J160r = iy Tip, — b0y — Z.—d (3.31)
!
Ty="1T, = keng (ﬁ - ew) + Ceng <& - 9w> (332)
Ly Ly
J2éw =Ty —Tar (333)
where
2 Jy
Jl = Jelt + Jt + 2—2 (334)
f

Jy = Ju +mry, (3.35)
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3.3 Plant Model

The plant model is the model that the control systems will be evaluated against.
The model is chosen from the two models described above with regards to accuracy,
simulation time and simpleness. The most important thing with the plant model
is to capture the main dynamics of the driveline. The drive shaft is the weakest
part of the driveline which means that the major dynamics are captured with a
model that has drive shaft flexibility (see [5]). Both the three inertia model and
the two inertia model should therefore be able to capture the main dynamics but
the question is if the three inertia model can capture other important oscillations.
In order to compare the two models, parameters for each of the models have been
identified with the same measured data. Both models have been implemented in
Matlab\Simulink, the three inertia model was also implemented in SimDriveline.
SimDriveline is an extension to Simulink with tools for modeling and simulating the
mechanics of driveline systems. Instead of modeling the equations directly one uses
pre-made models of the driveline components like gears, shafts, torque actuators
and sensors. The idea was that this would give a faster simulation time and
perhaps a better result than the models implemented in Simulink. Unfortunately
the components were complicated to initialize and the simulation result was no
better then the original three inertia model. Furthermore the simulation time for
the model in SimDriveline was approximately ten times longer than the models in
Simulink. Therefore the model in SimDriveline was discarded.

Figures 3.7 and 3.8 show a simulation with the different Simulink models on
second and fourth gear. There is also a frequency comparison based on the two
models. Here we can see that the three inertia model is very similar to the two in-
ertia model both in time and frequency domain. When compared to measurements
the three inertia model does not give a better fit. Furthermore the three inertia
model takes longer time to simulate and is more difficult to parameter identify.
This is because the additional spring, representing the propeller shaft, give rise
to two extra differential equations, which make the system more difficult to solve.
In the two inertia model there is only one spring modeled but the stiffness and
damping from the propeller shaft and gearbox is included in the calculations (see
Section 4.1.1). This makes the two inertia model a better choice since it is equally
accurate as the three inertia model but have faster simulation time and is easier
to parameter identify. More about simulation and validation of the plant model
in Chapter 5. The resulting weakness in the plant model, that consists of the
transmission shafts, the propeller shaft and the drive shaft will from here on be
called just “the shaft”. The torque transmitted by the shaft will simply be called
“shaft torque”.

3.3.1 Engaged and Disengaged Model

To be able to simulate a gear shift well, it is desired to have a model for the
disengaged driveline as well. The plant model will switch between the models
when neutral gear is engaged. The purpose of the disengaged model is to capture
possible oscillations in the driveline after engaging neutral gear. When neutral
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Figure 3.7. Left: Simulated output shaft speed during a tip-in on gear 2 with optimized
parameters. Right: Amplitude spectrum of transfer function from Tj, to shaft torque
for gear 2. Two inertia model (solid) and three inertia model (dashed).
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Figure 3.8. Left: Simulated output shaft speed during a tip-in on gear 4 with optimized
parameters. Right: Amplitude spectrum of transfer function from Tj, to shaft torque
for gear 4. Two inertia model (solid) and three inertia model (dashed).



3.3 Plant Model 19

gear is engaged the engine is not able to affect the driveline.

Engaged Model

The engaged model is the two inertia model described above. The model are
described with Equations (3.30)-(3.35). If the flywheel torque, T}, and the driving
resistance torque, Ty, are seen as inputs, the system can be written in state space
form:

=52 +b,
—— J kae'ng Sﬂ
Aeng = 1 o (3.36)
szzg kcng —Ceng
Taiy T2 J2
}—tl 0
Beng = 0 0 (3.37)
0o =L
J2
where
) I
Ji = Jety + Ji + =2 (3.38)
f
Jo = (Ju +mr?) (3.39)
with states and input signals
Try = ét
T2 = & — Uw
Lf
z3 = Oy (3.40)
uy = T’zn
Uz = Td'r

Disengaged Model

The disengaged model have two independent parts since the torque chain is broken.
The engine only affects the transmission up to the lay shaft. The engine side has
two equations, derived from Equations (3.3), (3.5) and (3.6).

Tin = f(Trey,0c) (3.41)

J ay .
(Je + Jt,in + #)oe - Tzn - bt,loe (342)

split

where b; ; is the transmission friction on the input shaft. These equations have
not been modeled in Simulink since the engine control during the disengagement
is not part of this thesis.
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The rest of the driveline has almost the same equations as the engaged driveline
with some modifications:

.. . T
(Jt»mainigange + Jt,Out)et = _bt729t - Z_fd (343)
0 6, .
Td = Tw = kdiseng(._t - ew) + cdiseng <—t — 9w) (344)
f if
(Juw +mry)00 = Ty — Tar (3.45)

where b; > is the transmission friction on the output shaft. Note that there are
different stiffnesses and damping values in the disengaged model, see Chapter 4.

With the same inputs as for the engaged model the disengaged system can be
written in state space form:

by,
= 0 0
%447@2 i
f —Rdisen —Cdisen
Adiseng = 0 o Jo Jaiy - Joiy - (346)
0 o 0 ~1
Cdisen Kdisen —Cdisen
0 (f]gifg ng - ng <
1
I 0
0 0
Bdiseng = 0 0 (347)
—1
0 7
where
Jtla
Ty = Je + Jyin + S22 (3.48)
Zsplit
) Jy
JQ - Jt,mainzrange + Jt,out + Z_2 (349)
f
J3 = Ju + mf/‘i} (350)
with states and input signals
xry = o:e
xo = b
0
s iy (3.51)
Ty == Gw
u = T;
Uz = Tdr

It also shows in the state space formulation that the engine is cut off from the rest
of the driveline. State x1 does not influence the other states and vice versa.



Chapter 4

Parameter Estimation

This chapter describes the parameters used in the plant model from Chapter 3.
The parameters that are used can be seen in Section 1.3. The majority of the pa-
rameters can be measured or calculated from technical data and the other param-
eters have been estimated with System Identification Toolbox in Matlab (SITB).

4.1 Estimation of Unknown Parameters

Some of the used parameters in the driveline model can not be obtained from
technical data at Scania. These unknown parameters are the damping coefficients
for the engaged model c¢png, and disengaged model cgiseng, stiffness for the non
modeled components k,, and the gearbox friction b;. The resulting stiffness and
damping for the engaged model varies with the gears since there are stiffnesses in
the clutch and the different shafts in the gearbox. The parameters are estimated
using SITB. A state-space model is used where all the known parameters are locked
and all the unknown parameters can be varied in order to obtain the best fit to
measured data.

4.1.1 Stiffness

The total stiffness used in the engaged model is called keyg4. This stiffness has been
calculated from technical data for the stiffnesses in the clutch, gearbox, propeller
shaft and drive shaft. An unknown stiffness parameter k, has also been estimated
and included to compensate for non modeled components and uncertainties in the
technical data. All stiffnesses parameters are added in a way that is equivalent to
adding different springs in a series. When adding the unknown stiffness parameter,
the resulting stiffness becomes somewhat lower than the calculated value from
technical data. Table 4.1 shows how much the estimated value differs from the
theoretical value on different gears.

In the disengaged model the parameter kgiseng is used. This parameter is
calculated from mechanical data for the components included in the disengaged
model. The only component that varies with the gears in the disengaged model

21
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Gear | Change in stiffness
when adding £k,
-8.9%

-10.5%

-10.5%

-11.3%

-8.7%

-4.6%

-5.4%

-7.9%

-7.0%

-5.4%

-3.5%

-6.2%

—= ==
B2 ©oo~o ote wi

Table 4.1. Change in the total stiffness when adding k. compared to just using the
technical data.

is the conversion ratio of the range gear, therefore the calculated stiffness has the
same value for all gears with the same range gear. As for the engaged model, an
unknown parameter ky qiseng is included to get the frequencies right. ky giseng is
chosen so the resulting stiffness only varies with the range gear, i.e. ky diseng has
only one value for range high, and one for range low. The resulting parameter
kgiseng differs much more from the mechanical data than k.4, but to capture the
oscillations from measurements it was necessary to tune the parameter. The value
of kgiseng changes with approximately 80 % when adding ku,diseng- The reason for
this big difference has not been found, but could perhaps be explained by model
errors in the disengaged model, such as backlashes, moment of inertias, etc. This
problem should however be investigated more in future work. The total stiffness
for two springs in a series is calculated as:

k1ko
kiot = 4.1
tot ki + ko ( )
If there is a gear between the springs the total stiffness is calculated as:
k1i%ks
kiot = ——— 4.2
tot k112 + ko ( )
where ¢ is the conversion ratio. The total stiffness keyg is now calculated as:
keky
ky = 4.3
" e+ ke (43)
kiZk,,
= tP 4.4
kli% + kp ( )
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koky,
ks = 4.
° 7 ko + ku (4.6)
kyi2ka
eng — 3 4.7
g kgz? + kg ( )

The total stiffness for the disengaged model Kg;seng is calculated in the same way
as above.

4.1.2 Damping

The total damping coefficient for two damped springs in a series with a gear
between, is calculated in the same way as the stiffness i.e.

Cli202

=22 (4.8)

Ctot 3
c192 + ¢

where ¢ is the conversion ratio. The damping coefficients can however not be
obtained from technical data. Therefore the total damping, ceng for the engaged
model and cgiseng for the disengaged model, are estimated directly using SITB.
A problem with the nonphysical values of kgiseng and cgiseng is that the ratio
between them does not coincide with the ratio between the values from the engaged
model:
k'diseng 7& @ (49)

Cdiseng Ceng

As a result of this the shaft torque can change sign when neutral gear is engaged.
If the part from the torsion and the part from the speed difference have different
signs, the sign of the calculated torque can change when the ratio between the
stiffness and the damping changes. This is a problem that makes the shaft torque
look discontinuous in simulations, but it was preferred to get the right frequency
and right damping of the oscillations in the disengaged model. The engaged model
and the disengaged model was validated with measurements from a truck with
good results. The problem with the discontinuous shaft torque, due to the non-
physical values of the parameters, occurs when switching between the models. Due
to lack of time this problem is not further investigated in this thesis but should
be included in future work.

4.1.3 Friction

The friction coefficient b; multiplied with the output shaft speed models the friction
in the gearbox and the final drive. This means that the coefficient will vary with
different gears. Therefore the parameter is estimated for each gear in order to fit
the measured data. In the disengaged model the friction coefficient b; is divided
into b;,; and bt o where by is the friction coefficient on the input shaft and b 5 is
the friction coefficient on the output shaft of the gearbox. A look at the geometry
of the gearbox, see Figure 3.3, shows that when neutral is engaged most of the
parts rotate with the input shaft. The cogwheels on the main shaft rotates with
the lay shaft. The parts that rotates with the output shaft are the main shaft
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(without cogwheels), the range gear and the final drive. This shows that most of
the friction should be placed in b¢; and parameter identification has showed that
b:,2 is near zero. The friction in other parts of the drive line is included in the
driving resistance and the engine friction has already been compensated for in the
torque Tj,.

4.2 Eigenfrequency

The systems eigenfrequency can be calculated from the parameter values. It is
mostly affected by the stiffness. To calculate the eigenfrecuency it is easiest to
analyze the poles of the system. The eigenvalues for the matrix A.,, in Equa-
tion (3.36) determine the poles. The corresponding characteristic equation for the
eigenvalues is:

b bic bk
3 t 2 tCeng theng
en - ken 410
7’—1—(0 ga—i—Jl)r +< g0+ J1J2)7’+ T ( )
where 27 4
7 + J
= 7f.21 2 A= Jeii + Jp + ,—Qf, Jo = Jy +mr (4.11)
ijng Zf

The solution to Equation (4.10) is very complex. If the friction term is neglected
(i.e. by = 0), the solution of the characteristic equation becomes much simpler.
To see how much the friction affects the eigenfrecuency, the transfer function
from Tj, to the shaft torque was calculated using Matlab. The eigenfrequency of
the system is the peak response in the amplitude characteristics of the transfer
function. The friction was varied from 0 to 200% of its estimated value, and the
eigenfrequnecy was only affected less then one percent. Without the friction term
the characteristic equation is:

r (7“2 + Cengar + kenga) (4.12)

The solutions to this equation is:

2
T2 = __ce;ga + i\/kenga - (cegga) (4.13)

r3 = 0 (414)

The eigenfrequency can now be identified as the imaginary part of the complex

conjugated roots.
2
Weig = \/kenga - (Cegga) (4.15)

The relative damping of the system is described by:

¢ = —Ceng® (4.16)

2\/kenga



Chapter 5

Simulation and Validation

The plant model is implemented in Matlab\Simulink. Data to estimate and vali-
date the model have been measured at Scania. This chapter describes the signals
used in the simulations, how different delays affect the simulations and how the
plant model is validated.

5.1 Signals

The signals in a truck are transferred on a data bus, with the CAN (Controller
Area Network) protocol. There is a limit on how much data that can be extracted
from a truck, because of the limits of the bandwidth of the CAN bus. Different
signals are sampled with different frequencies depending on the variation of the
signal and how important it is to get a real time value of that signal. Most of the
signals used in this thesis are sampled with a rate of 100 Hz. The plant model is
simulated with continuous time but the input signal 7;..; and the output signals
is sampled with 100 Hz.

5.1.1 Input Signals

The input signals to the model are the reference torque, 7.y, the flywheel torque,
the signal from the neutral gear sensor and the road incline, ce. These are measured
signals that are used to drive the model. The road incline is used to calculate the
driving resistance, as described in Section 3.1.

The reference signal T}y is zero until a gear shift is ordered by the driver or
the control system. The reference torque can not be used until it is nonzero. When
the model is simulated, the measured flywheel torque is used until the delayed 7). s
is nonzero, i.e. a gear shift is ordered. Then the input is switched to the reference
signal, which is delayed according to Section 3.1.

. _ Tref (t - Ttorque)a Tref (t - Ttorque) 7& 0
Tm(t) - { Tflywheel,7neasu7“8d(t)7 else (51)
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Figure 5.1 shows the three signals in the same picture, the arrow shows where 77,
is switched from the flywheel torque to T;..;.

Torque [Nm]

1 1 - |
4 4.1 4.2 4.3 4.4 4.5 4.6 4.7 4.8 4.9
Time [s]

Figure 5.1. Measured flywheel torque (dashed), measured reference torque (dash-
dotted) and the simulated flywheel torque (solid). The arrow implies where the input
signal is changed from the flywheel torque to the delayed reference torque.

The timing of engaging the neutral gear in the model is a problem. To get the
model to disengaged mode at the same time as the real truck is hard. The real
truck uses compressed air to change the gear. Therefore the pressure have to be
built up in order to move the collars on the shafts before it can disengage a gear.
The total delay, called the blow delay, is the time from the blowing starts until
the gear actually is disengaged. There is a neutral sensor that indicates when the
neutral gear is engaged. But the engagement time according to the neutral sensor
and the time that looks to be the real engagement time in measurements of the
output shaft speed differs. It can also seem different from shift to shift. However,
the neutral sensor will be used since this is closest to the measurements.

5.1.2 Output Signals

The output signals from the model are the flywheel torque Tj,, shaft torque Ty,
output shaft speed 6, and wheel speed 6,,. All signals, except the shaft torque, are
also available on the CAN bus in a real truck. Therefore the output signals from
the model are sampled with the same rate as the sensors in the truck in order to
compare the model output with measured signals from the CAN bus.

5.2 Validation

Recordings from a real truck are used to validate the model. Parameters for the
model are taken from technical data and from estimations described in Chapter 4.
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The results from simulated and recorded signals for all states of the model can be
seen in Figures 5.2 and 5.3. The simulated torsion is hard to validate since the
real torsion can not be measured. The values of the torsion is however realistic
and in the same range as the values seen in other papers, like in e.g. [5].
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Figure 5.2. Top figure: Simulated (dashed) and measured (solid) transmission speed
when driving without gear shift on gear two. Bottom figure: Simulated (dashed) and
measured (solid) wheel speed when driving without gear shift on gear two.

The simulated data captures the main behavior but drifts over time when
compared to the measured signals. The cause of this is probably poor estimation
of driving resistance and friction. This is however not an important issue since the
model is used to evaluate gear shifts over a very short period of time. Figure 5.4
and Figure 5.5 show the transmission speed during a shift from gear two and
gear four to neutral gear. In Figure 5.6 an FFT (Fast Fourier Transform) of
measured and simulated output shaft speed are compared where the simulation
uses measured input signals from the same sequence as the measured output shaft
speed. The agreement between simulated and measured data is accurate enough in
order to evaluate the quality of the gear shift. One problem is that the engagement
of neutral gear happens at a different time in the simulation compared to the
measurements. This is caused by the inaccuracy of the neutral sensor as mentioned
above. The results from the simulations have also showed that the model has better
agreement against measurements on lower gears. On the higher gears the drift over
time is bigger and the amplitude of the oscillations after a gear shift is inaccurate.
However, since this thesis focuses on lower gears where the problem with bad gear
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shifts mainly occur, the model is accurate enough.
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Figure 5.3. Simulated torsion (solid) and flywheel torque (dashed) when driving without
gear shift on gear two.
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Figure 5.4. Simulated (dashed) and measured (solid) transmission speed during tip-in
and neutral engagement on gear two. The vertical line shows when the neutral sensor
indicates that neutral is engaged.
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Figure 5.5. Simulated (dashed) and measured (solid) transmission speed during tip-in
and neutral engagement on gear four. The vertical line shows when the neutral sensor
indicates that neutral is engaged.
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Figure 5.6. Upper: FFT of measured output shaft speed. Lower: FFT of corresponding
simulated data.






Chapter 6

Torque Control During Gear
Shift

To do a good gear disengagement it is important that the shafts are unloaded.
If they are winded up, the speed on the output shaft of the transmission will
oscillate after disengagement which makes it harder to engage the next gear. In
principle, the problem is to unload a spring without making it oscillate. This
chapter describes the idea with torque control, discuss open-loop control versus
closed-loop control and describes how the different controllers are evaluated.

6.1 Basic Idea With Engine Torque Control

The torque that should be controlled to zero is the torque transmitted between the
lay shaft and the main shaft, because that is where the torque chain is cut off when
neutral gear is engaged. In a truck there are dynamics between the transmission
torque and the drive shaft torque, mostly in the propeller shaft. These torques
are therefore not the same. But if the drive shaft torsion is controlled to zero, the
transmission torque will be at least close to zero (See [6]). However, in the plant
model where there is only one weakness modeled, these two torques coincides.
When the driving torque is ramped down, the shaft will begin to unwind itself.
The driving torque acting on the wheels will be decreased and the vehicle will start
retarding because of the driving resistance (if positive i.e. driving on a flat surface
or uphill). To get zero torque in the shaft, the retardation of the transmission side
must be equal to the retardation of the wheel side. Therefore a negative torque
must be acting on the transmission side. The level of the engine torque to achieve
this will be called engine target torque, T;qrge¢. Note that the value of T ger does
not have to be less then zero, because the friction in the transmission will also
give a retarding contribution on the transmission side. If the torque in the shaft
is zero when engaging neutral gear, no oscillations will occur. It is not desirable
that the shaft torque is negative anywhere during a gear shift since this would
apply a braking torque on the wheels. The torque should preferably approach
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zero from a positive value. Tiqpger is calculated online in the truck, and is based
on measurements that may be inaccurate. Tiqrqes is calculated in the transmission
control system, and will be seen as a known input signal. In simulation T}qrget
can be calculated exactly since the friction and the driving resistance are known.
Using Equations (3.31), (3.33), and setting T,; = 0, the angular accelerations can
be set equal (with a scaling):

A Ao Ttar etit btét Tdr btét Tdrjlif
0y = 97«” = 2 - = - = Ttarget = — — -
t Zf Jl Jl JQ target 1t JQZt

(6.1)

where J; and Jo are defined by Equations (3.34) and (3.35).

6.2 Controller Evaluation

To decide if a gear shift is good or bad, different aspects are considered. Most
important is how the driver experience the gear shift and how the gear shift affects
the dynamics of the vehicle. In a real truck things like how it sounds and how
it feels can be as important as the behavior of the truck. Since the controllers
are developed in models, these things cannot be evaluated very well until they are
implemented in a truck. To be able to compare the different controllers in the
simulation environment only measurable magnitudes are considered:

e The shaft torque and the speed difference between the output shaft and the
wheels just before neutral gear is engaged.

e The amplitude of the oscillations in the output shaft speed relatively the
wheel speed after engaging neutral gear.

e The total shift time for neutral engagement.

The shaft torque and the speed difference is measured at the last sample in en-
gaged model, just before the switch to the disengaged. The speed difference is
proportional to the derivative of the shaft torque, because the shaft torque mainly
depends on the torsion.

Td ~ keng (f_; - 9w> = Td ~ keng <f_; - 0w> (62)

The amplitude of the oscillation is calculated as the maximum value minus the
minimum value after engaging neutral gear. See Figure 6.1. The total shift time
is the time from when the gear shift is demanded until neutral gear is engaged.

What the driver perceives as discomforting is the acceleration and jerk of the
vehicle, i.e. the value of the shaft torque and its derivative acting on the wheels.
As stated by Equation (6.2) the shaft torque derivative is proportional to the speed
difference. The wheel speed is constant or at least linear during the control time,
so variations in the output shaft speed is a measure of how discomforting the gear
shift is perceived by the driver.
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Speed difference [rad/s|

Figure 6.1. How the amplitude is calculated to evaluate shift quality. étif — 6y, (solid)
and time when neutral is engaged (dash-dotted).

6.3 Open-Loop Control vs Closed-Loop Control

The main reason for using open-loop control is the simpleness of the controller. A
major problem with open-loop control is that the initial state of the driveline is
unknown when starting a gear shift. If the driveline is stationary when starting a
gear shift it is possible to find a open-loop control that works well enough. How-
ever, if the driveline oscillates at the start of the gear shift the result will generally
be bad since the open-loop control is incapable of adapting. The timing is critical
when controlling the torque to zero, and a good open-loop control is dependent
on the ability to foresee the oscillations of the driveline which is impossible if the
initial state is not stationary. The torque delay and the blow delay, see Section 3.1
and 5.1.1, also have to be well known to be able to time the neutral engagement.

The advantage with closed-loop control is that it can handle initial conditions
and also if there were model errors during the controller development. When using
closed-loop control the control delay has to be considered. The control delay is
the time from a measurement until the time when the control signal based on that
measurement affects the vehicle. In a truck the control delay mostly consists of
CAN-delays and the torque delay. If the system is too fast relative the control
delay the closed system will be unstable. This is a problem since the control delay
is almost the same for each gear. For lower gears the control delay is 5 — 10 %
of the systems period. For higher gears, when the stiffness increases, the system
becomes faster and the control delay becomes a bigger part of the period. For a
fast system a simple P-controller will make the system oscillate, since its control
signal is based on too old measurements. In open-loop control, this does not affect
the shape of the control signal, it only causes a delay. Another problem with the
feedback controller is the measurement signals. Measurement signals from a truck
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are noisy and may have a bias. This requires some sort of signal filtering in order
to implement the feedback controller. The most interesting signals are also not
measurable. The aim of the controllers is to control the shaft torque to zero but
the torsion in the driveline is not measurable in todays trucks (how such a sensor
could contribute is investigated in Chapter 10).

6.4 Parameter sensitivity

To evaluate the robustness of the implemented controllers, the parameter sensi-
tivity will be investigated for each controller. The physical magnitudes, e.g. shaft
stiffness or different delays, that affects the design parameters of the controllers are
varied. The plant model is kept constant during all simulations (the parameters
are only changed in controller code). Also the sensitivity against initial conditions
will be investigated. To test different initial conditions the model is simulated
during a tip-in maneuver and gear shifts are commanded after 1s, 1.25s, 1.5s and
1.75s, see Figure 6.2. The results of the parameter sensitivity investigations will
be presented in the section of each controller respectively.

Torque [Nm]|

ime [s]

Figure 6.2. A step in the reference torque (dashed and scaled) results in oscillations in
the shaft torque (solid). Gear shifts are commanded at different times after the step to
investigate how initial conditions affect the controllers.



Chapter 7

Open-Loop Control

This chapter describes different open-loop controls that are easy to implement
in both a simulation environment and in a heavy duty truck. The idea behind
each controller is explained together with simulation results and parameter sen-
sitivity analysis. The control strategies with the best simulation results was also
implemented and tested in a truck. The results from the tests are presented in
Chapter 9

7.1 Single Linear Ramps

A simple way of controlling the shaft torque to zero is to use a linear ramp and
simply decrease (or increase if the truck is retarding) the engine torque until it
reaches the value Tiqrge¢. One important issue when controlling the torque with
a ramp is to decide the slope of the ramp. The shaft torque will oscillate around
a state of equilibrium which is depended on the value of the reference torque. If
the reference torque is continuously ramped down the shaft torque will begin to
oscillate around the slope of the ramp, see Figure 7.1.

This means that if the ramp is performed on a time equal to half of the systems
period, the shaft torque will be zero at exactly the same time as the ramp has
reached Tiqrget. This is however only true in the two inertia model where the
system only has one frequency which is the resonance frequency. In a more complex
model or in the reality the system will have several overtones. The overtones
will cause a small dissonance in the system if they are not integer multiples of
the resonance frequency and that means that the statement above will be false.
However, a frequency analysis of measured data on gear two shows that the first
overtone is nearly an integer multiple of the resonance frequency. The resonance
frequency on gear two was 1.05 Hz and the first overtone was 2.14 Hz. Therefore
the method of controlling the torque with regard to the systems period works
reasonably well in a truck. Figure 7.2 shows a simulation with torque control
where the ramp is performed in half a period.

The problem with performing the ramp in half a period is the value of the
shaft torque derivative at the end of the ramp. In Figure 7.2 it is clear that the

35
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Figure 7.1. Reference torque T;..y (dashed) and shaft torque Ty (solid) during torque

control.
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Figure 7.2. Flywheel torque T;, (dashed) and shaft torque Ty (solid) during torque

control in half a period.
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derivative has a large negative value at the end of the ramp. If the timing for
engaging neutral gear is incorrect the driveline oscillations will be very bad since
the value of the shaft torque is decreasing rapidly. This means that the method
is very sensitive for error in the blow delay. A more robust method would be to
control the torque, as well as the derivative of the torque, to zero. This makes the
timing for neutral engagement less crucial since the shaft torque will not continue
to decrease rapidly. If the ramp is performed in a time equal to the systems
entire period the shaft torque derivative will be closer to zero than with the ramp
performed in half a period. This is due to the fact that the shaft torque oscillates
around the slope of the ramp. In Figure 7.3 the ramp is performed in one period.
It is clear that the shaft torque derivative is closer to zero at the end of the ramp
compared to Figure 7.2.

Torque

Ttarge(

time [s]

Figure 7.3. Flywheel torque Ti, (dashed) and shaft torque Ty (solid) during torque
control in one period.

Performing the ramp on a time equal to the systems period gives small oscilla-
tions in the output shaft speed. One period is however a long time for engaging the
neutral gear. The period changes with the gear and on lower gears the period is in
the range of one second. This is a long time considering that in order to complete
the gear shift there will be additional time for synchronizing the speeds, engag-
ing the new gear and restore the torque to the drivers demand (see Figure 1.1).
Therefore it is of great interest to investigate if other methods can control both
the shaft torque and the derivative to zero in a faster time than one period.

Something should also be mentioned about ramps with constant slopes. In
the ramps described above the systems period was used to calculate the slope of
the ramp. Another method is to have a constant slope and let the control time
vary. This type of method is hard to evaluate since it will depend heavily on the
torque difference between the start torque and the target torque. The smaller the
difference, the faster the control time will be. Since the shaft torque oscillates
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Figure 7.4. Amplitude of output shaft oscillations (top), shaft torque before neutral
engagement (middle) and speed difference before neutral engagement (bottom) during a
simulation sweep where the period is changed.

around the slope of the ramp, the torque derivative will sometimes be large and
sometimes small depending on the control time. Furthermore, if the control time
differs from a multiple of half a period, the shaft torque will not be zero at the
end of the ramp since it oscillates. Therefore the ramp should have a gentle slope
in order to damp out the oscillations for this method to work.

7.1.1 Parameter Sensitivity

The only design parameter for the single linear ramps is the period time. The
accuracy in the period time affects the quality of the gear shift. Figure 7.4 shows
the amplitude of the oscillations of the output shaft, the shaft torque and the speed
difference just before a gear shift, as functions of the period time. Amplitude, shaft
torque and speed difference are the ones discussed in Section 6.4. The torque passes
zero at each multiple of a half period as mentioned above. The oscillations however
seems to be caused by a combination of the missed target torque and the derivative
of the torque at neutral engagement.

Table 7.1 shows how the different parameters affects the period. The period
time is calculated using Equation (4.15). The parameters that affects the period
the most are the stiffness, keng and the moment of inertia, Jio;. The parameter
Jiot is the same for all trucks with the same gearbox and can be calculated with
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Parameter | Change in pa- | Change in pe-
rameter value | riod
+10/-10% -4.7/45.5%

kgng +20/—20% —8.2/+12.0%
+50/-50 % -18.5/4+42.4%
+10/-10% +0.1/-0.1%

Ceng +20/-20 % +0.3/-0.25%
+50/-50 % +0.9/-0.5%
+10/-10% +1.3/-1.5%

m +20/-20% +2.4/-3.4%
+50/-50 % +5.1/-11.7%
+10/-10% +3.4/-3.7%

Jtot +20/-20 % +6.4/-7.7%
+50/-50 % +14.3/-23.2%

Table 7.1. Parameter sensitivity of the systems period with respect to different param-
eters. The period time is calculated using Equation (4.15).

good accuracy. The parameter keng can also be calculated from technical data but
with less accuracy. The difference between the calculated value and the estimated
value for kengy was shown in Table 4.1 where the maximum difference was 11.3 %.
An error of that magnitude in ke,q generates an error of 6.0 % in the period on
gear four. Such an error would mean a change of 40 ms in the period on gear
four, which is such a small change that it is hard to detect in the oscillations of
the output shaft speed during simulation. Figure 7.4 also shows that such a small
change in the period does not affect the simulation result in a significant way.

As all open-loop controllers, the ramp controller is sensitive for non stationary
initial conditions. Figure 7.5 shows gearshifts at different times after a step in the
reference torque using a ramp performed in one period. The oscillations are worse
when the gear shift is commanded at 1s and 1.5s compared to the one commanded
at 1.25s and 1.75s. This is because the shaft torque, see Figure 6.2, is furthest
away from its state of equilibrium at those times. Figure 7.6 shows gearshifts with
the half period ramp. In this case the output shaft speed oscillations are even
larger since there is shorter time to damp out the oscillations during the ramp.

Another important thing to investigate is how sensitive the controller is for
error in the blow delay. If the blow delay is underestimated the neutral will be
engaged too late and if it is overestimated the neutral will be engaged too early.
In order to test the linear ramp controllers sensitivity against error in the blow
delay, several simulations were performed where the blow delay in the controllers
was changed. As expected, the ramp performed in half a period was much more
sensitive than the ramp performed in one period since the shaft torque derivative
is closer to zero for the entire period ramp. Figure 7.7 shows the shaft torque at
neutral engagement with different errors in the blow delay. The closer the shaft
torque derivative is to zero at the end of the control time, the more robust the
controller is against underestimation of the blow delay.
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Shift commanded at 1 s Shift commanded at 1.25 s Shift commanded at 1.5 s Shift commanded at 1.75 s
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Figure 7.5. The transmission speed for different gear shifts with the ramp performed
in an entire period. A gear shift was commanded at 1.0s, 1.25s, 1.5s and 1.75s after a
step in the reference torque.

lgShi[t commanded at 1 s J%llift commanded at 1.25 s lSShifL commanded at 1.5 s Shift commanded at 1.75 s
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Figure 7.6. The transmission speed for different gear shifts with the ramp performed

in half a period. A gear shift was commanded at 1.0s, 1.25s, 1.5s and 1.75 s after a step
in the reference torque.
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Figure 7.7. The shaft torque at neutral engagement for entire period ramp (solid) and
half period ramp (dashed) with error in the blow delay.

7.2 Linear ramps with breakpoints

The ramp controller can also make a control signal that consist of two ramps with
different slopes. The idea with using two ramps is to control the shaft torque
aggressively in the beginning and then decrease the torque more slowly at the
end to achieve a shaft torque derivative that is closer to zero at the end of the
control time. The problem with using two linear ramps is where to place the
breakpoint. To test where to place the breakpoint, two simulation sweeps on the
second gear were made where the breakpoint was altered along both the time- and
the torque-axis. The total control time was a half period in the first simulation
sweep and one period in the second. The amplitude of the oscillations in the
output shaft speed and the absolute value of the shaft torque and its derivative at
neutral engagement was measured each iteration. The optimal placement of the
breakpoint in the first simulation sweep differed when comparing the amplitude
and the absolute value of the shaft torque. The best absolute value of the shaft
torque at neutral engagement was achieved when the breakpoint was placed along
the single ramp performed in half a period. This means that the single ramp is
the best alternative to achieve a shaft torque close to zero when the control time is
half a period. The torque derivative can however be closer to zero using multiple
ramps with different slopes. The best amplitude of the oscillations in the output
shaft speed was measured when the breakpoint between the two ramps was placed
at 2.9% of the total control time (10 ms) from the start of the control and on
a level of 71 % from the target torque (see Figure 7.8). The difference from the
method with one single ramp in half a period is that the derivative of the shaft
torque is closer to zero when neutral is engaged. The shaft torque has however
passed zero due to the steep slope before the breakpoint. Figure 7.9 shows the
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amplitude plotted against the breakpoint level and breakpoint time when the total
control time is a half period.
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Figure 7.8. Flywheel torque T, (dashed) and shaft torque Ty (solid) during torque
control with two ramps in a total control time of half a period on the fourth gear. The
discontinuity in the shaft torque at gear disengagement was discussed in Section 4.1.2

In the second simulation sweep, where the total control time was one period,
both the amplitude and the absolute value of the shaft torque was smallest when
the breakpoint was placed along the single ramp performed in one period. This
is due to the fact that both the shaft torque and the derivative is closer to zero
when the total control time is one period compared to half a period and therefore
nothing is gained from adding a breakpoint in this case.

Also in this case the ramps could be defined by different slopes instead of
time in order to control the torque change. By using constant slopes it is easy to
calculate the position of the breakpoint. However, as mentioned above, constant
slopes makes the controller unpredictable. Since the shaft torque oscillates around
the slope, the value of the shaft torque and its derivative at neutral engagement
will depend on the torque difference between flywheel torque and target torque at
the start of the torque control. Even if the driveline is stationary when the gear
shift is commanded, there is no certainty that the shaft torque will be close to zero
at the end of the ramp when using constant slopes.

The conclusion of this control strategy is that the results are not better than
with a single ramp. If the total control time is less than one period, a breakpoint
can make the shaft torque derivative closer to zero. However, simulation sweeps
show that the single ramp in half a period achieves the smallest absolute value of
the shaft torque at neutral engagement. Furthermore the optimal placement of the
breakpoint varies with different gears, total control time, damping and stiffness.
There is also no obvious way how to calculate the optimal position even if the
stiffness and damping are known. This makes the control method very hard to
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Figure 7.9. The amplitude of the oscillations in the output shaft speed after neutral
engagement from gear four. The x- and y-axis shows where the breakpoint was placed.
The smallest amplitude was measured when the breakpoint between the two ramps was
placed one tick (10 ms) from the start of the control and on a level of 71 % from the
target torque.
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tune and also very sensitive for different drivelines.

7.2.1 Paremeter Sensitivity

The design parameters for the linear ramp with breakpoint are the position of the
breakpoint and the total control time. As mentioned above the optimal position
of the breakpoint varies with the control time. However, when the total control
time was half a period, the optimal solution was the single ramp performed in half
a period. With a control time in one period, the optimal solution was a single
ramp performed in one period. Therefore the sensitivity analysis is the same as in
Section 7.1.1. Since simulation of the model is used to calculate the position of the
breakpoint, simulation sweeps needs to be done for every other control time that
is used. This is time consuming and also suggests that the method is too sensitive
to use in a heavy duty truck, therefore it will not be done in this thesis.

7.3 Sinus Controller

A sinus controller was implemented in order to test if something could be gained by
a smoother start and finish of the ramp. If the control signal is a cosinus-function
with a period that is twice as large as a specified control time, the control signal
(reference torque) will look like the one in Figure 7.10. When a linear ramp was
used the reference torque had very rough edges at the beginning of the control and
at the end where neutral was engaged. The sinus controller gives a more smooth
reference torque but the part in the middle has a steeper slope than the ramp
from the ramp controller, as shown in Figure 7.11. The smoothness at the end
of the reference torque makes the shaft torque derivative closer to zero, but the
steeper slope in the middle makes the shaft torque decrease faster than with the
single ramp. In order to test how long the control time should be, two simulation
sweeps on two different gears were made where the control time was changed
each iteration. The amplitude of the oscillations in output shaft speed and the
value of the shaft torque at neutral engagement was evaluated each iteration. The
smallest amplitude and absolute value of the shaft torque was achieved when the
control time was equal to half of the systems period in both simulation sweeps.
Figure 7.11 shows the shaft torque when torque control is performed with the
sinus controller and the ramp controller in half a period. The results from the two
different controllers are almost identical but one can see that the the sinus shaped
signal makes the shaft torque decrease a bit slower in the beginning only to miss
the zero torque at the end. This is due to the fact that the slope of the middle
part in the sinus shaped signal is too steep. It is also clear that the control time
is too short to improve the shaft torque derivative. With a longer control time
the torque derivative is closer to zero but the shaft torque misses the target which
induce large oscillations in the output shaft speed.
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Figure 7.10. The reference torque 7.y is computed with the cosinus-function during
the control time and is then set to Tiarget-
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Figure 7.11. Comparison between the ramp controller (dashed) and the sinus controller
(solid). Flywheel torque T3, and shaft torque Ty during torque control.
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7.3.1 Paremeter Sensitivity

The sinus controller has only one design parameter and that is the control time.
The frequency of the cosinus signal is calculated from the specified control time.
However, the best result was achieved when the control time was equal to half of the
systems period. Therefore the sinus controller is depended on the systems period
in the same way as the ramp controller. How variations in different parameters
effects the period has already been investigated in Section 7.1.1, and will therefore
not be discussed here. Like all open-loop controllers the sinus controller is sensitive
for non stationary initial conditions and error in the blow delay. The sensitivity for
bad initial condition was tested in the same way as for the single ramps. Figure 7.12
shows how the initial condition of the shaft torque effects the oscillations in the
output shaft speed. Since the control signal from the sinus controller is very
slow at the beginning, the sinus controller is more unpredictable regarding initial
condition than the ramp controller. The shaft torque will continue its movement
until the steep slope in the middle of the control signal forces it to decrease, which
means that large oscillations will occur if the initial condition is not stationary.
This is illustrated in Figure 7.13 where a gear shift is commanded when the initial
condition of the shaft torque is not stationary. When the control time for the
sinus controller is half a period, the shaft torque characteristics is the same as
when the single ramp in half a period is used. Therefore the sinus controller
is equally sensitive for an error in the blow delay as the half period ramp. The
absolute value of the torque derivative is large at the end of the control time which
means that the shaft torque will miss zero if the neutral is engaged at the wrong
time. Figure 7.14 shows how the value of the shaft torque at neutral engagement
is effected of an error in the blow delay.

Shift commanded at 1 s Shift commanded at 1.25 s Shift commanded at 1.5 s Shift commanded at 1.75 s
18 T 18 T 18 T 18 T
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Figure 7.12. The transmission speed for different gear shifts. A gear shift was com-
manded at 1.0s, 1.25s, 1.5s and 1.75s after a step in the reference torque.
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Figure 7.13. The shaft torque (solid) and input torque (dashed) when a gear shift is
commanded after a step in the input torque. The vertical lines shows when the gear shift
was commanded (dotted) and when the neutral was engaged (dash dotted).
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Figure 7.14. The shaft torque at neutral engagement with error in the blow delay.
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7.4 Half Step Controller

When changing the load of a spring, or in this case a weak shaft, it will start to
oscillate around its new state of equilibrium. It is easier to illustrate in terms of
a longitudinal spring, see Figure 7.15. The spring is attached to a fix point and a
force, F1, is acting on the other end making the springs’ state of equilibrium g ;.
The idea of the half-step controller is to find a load, F5, that results in a state of
equilibrium, x> between the starting one and the one for the unloaded spring.
When the load is changed to F, the spring will start to oscillate, which makes the
force produced by the spring to oscillate as well. When the force oscillation reaches
its minimum, which should be around zero, ideally the load can be removed at
Ttarget Without any oscillations. This means that the tension in the spring is used
to swing by the middle state of equilibrium and then slow down before the turning
point. See Figure 7.16. For an undamped spring the level for Fy is exactly half
the starting load, but because the spring is damped that level has to be lowered.

Figure 7.15. Change of load on a damped spring.

The same method works for rotational springs, i.e. the shafts in the driveline,
by just replacing the forces with torques and the speed of the end with the angular
velocities. But in a truck it is not that easy, there are some problems that have to
be considered. The level where the middle step should be placed can be calculated
exactly when driving stationary, with constant engine torque. The engine torque
which corresponds to the step level is the torque that makes the shaft torque to be
exactly zero at the turning point of the first oscillation. By solving equations (7.1)
and (7.2) the engine torque and the time where the shaft torque is zero are found.

Td(Tin7 t)
Td(Tin7 t)

(7.1)

0
0 (7.2)

The equations are derived and solved in Appendix A. Despite simplifications and
assumptions the calculations become complex. They depend on model parameters
and that the driveline torque is known at the beginning of the gear shift. The
time calculated is close to half of the systems period. It should have been ex-
actly a half period if the initial conditions were completely stationary. With the
calculated values, the simulated gear shift performs well, see Figure 7.17. This is
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Figure 7.16. Change of load on a damped spring. Top: controlling force. Bottom:
Spring force.

however not a realistic method to use in order to determine the step level since
it requires knowledge of all the driveline parameters, the torsion and the initial
conditions. A better approach is to use the fact that for an undamped system, the
step level will be exactly 50%. The larger the relative damping of the system (see
Equation (4.16)), the lower the step level will be. A step level of 50% is therefore
a good starting point from which the step level can be lowered to compensate for
the systems relative damping.

Instead of using half the systems period, a more robust method of using the
speed difference to determine when to take the last step to Tjarger Was imple-
mented. It is important to take the step at the shaft torques minimum to avoid
oscillations. Since the shaft torque can not be measured, the speed difference that
is measured is used instead to decide when to take the step. If the speed of the
truck is stationary at the start of the gear shift the speed difference will be zero.
When the driving torque is decreased the output shaft speed will slow down mak-
ing the speed difference negative. When the shaft torque has passed its state of
equilibrium for the middle step the output shaft speed will accelerate again. The
speed difference will increase again towards zero, and a minimum can be found,
see Figure 7.18. When the speed difference has made its dip and leveled up again
to zero, the torque will be near its minimum and the neutral can be engaged.
Because of the torque delay in the engine, the step has to be made before the
speed difference has reached its target. Therefore the time it takes for the speed
difference to reach its minimum is assumed to be the same as the time it takes from
the minimum back up to the level it started from. See the two times indicated in
Figure 7.18.

The benefits with the half step controller is that it is fast, it is performed in
a half period, and that the derivative of the shaft torque is closer to zero at the



50 Open-Loop Control

Torque [Nm)]

target

5.8 5.9 6 6.1 6.2 6.3 6.4 6.5 6.6 6.7
time [s]

Figure 7.17. Flywheel torque T}, (dashed and scaled) and shaft torque Ty (solid) during
gear shift with step controller.
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Figure 7.18. The speed difference, 6, féwif, during a gear shift using the step controller.
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Change in | Shaft torque | Amplitude [rad/s]
step level before neutral
[Nm]

-20% -2245 2.2
-15% -1688 1.5
-10% -1117 0.9
-5% -595 0.5
0% +7 0.7
+5% +577 1.3
+10% +1139 1.9
+15% +1705 2.5
+20% +2276 3.2

Table 7.2. How the step level affects the shaft torque and amplitude when gear shifting
from gear two.

engagement of the neutral gear then for the linear ramps.

7.4.1 Parameter Sensitivity

The controller is very sensitive for changes in the step level, which is its only design
parameter. A small change in the step level can cause a missed target torque by
several hundred Nm. Table 7.2 shows how the change in step level affects the shaft
torque just before the neutral engagement and the amplitude of the output shaft
oscillations after engaging neutral. The step level is affected mostly by the stiffness
keng if the step level is calculated as in Appendix A. In the calculations of the step
level, a change of k., changes the step level equally much. This means that if the
physical values of kepg is used, the target torque will be missed by more then 1000
Nm. Mass, damping and moment of inertia do not affect the step level as much
as keng, a change in those parameters only affect the step level a few percent.

If the torque delay is overestimated, i.e. the controller thinks that it is longer
then its real value, the controller will take the step to Tiarger too early. Since the
derivative of the shaft torque is small near neutral engagement, taking the step
too early does not effect the performance much. If the torque delay is increased
50 %, it only causes the shaft torque to miss zero with a small amount of torque
(6.5 Nm measured at the engine). As seen in Figure 7.17, the step to Tiarget
and the neutral engagement is performed at the same time. So as long as the
blow delay is correct an underestimation of the torque delay will not affect the
gear shift because the neutral will be engaged anyway independently of T}..r. An
overestimated blow delay has about the same effect as overestimated torque delay.
But since the blow delay is twice as long as the torque delay, a percentage change
of this will correspond to twice as large absolute time change. If both delays are
overestimated the shaft torque will start to swing back up, and zero will be missed.

Another problem with the step controller, since it uses measurement signals,
is the control delay. If the driveline is faster then the torque delay, i.e. the time
indicated as 7 in Figure 7.18 is smaller then the torque delay, the step controller
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will miss the minimum of the shaft torque before it can change the engine torque.
The stiffer driveline, the shorter the period of the system becomes. Since the
driveline stiffness increases for higher gears, the step controller works better for
lower gears.

Figure 7.19 shows the simulated output shaft speed for the different initial
conditions described in Section 6.4. When the shaft torque is below its mean
level the ending torque will be above zero when neutral is engaged at the shift
commanded at 1s. This is because the step controller uses the initial torsion to
“swing” the moment of inertia past the state of equilibrium.

Shift commanded at 1 s Shift commanded at 1.25 s Shift commanded at 1.5 s Shift commanded at 1.75 s
18 T 18 T 18 T 18 T
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Figure 7.19. The transmission speed for different gear shifts. A gear shift was com-
manded at 1.0s, 1.25s, 1.5s and 1.75s after a step in the reference torque.

The step controller is very sensitive for its step level and initial conditions, but
it is fast and can be used to get a low torsion with a small derivative. This can be
used when speed is preferred over comfort.



Chapter 8

Closed-Loop Control

Closed-loop control is more robust against initial conditions, since measurements
are fed back to the controller. But other problems occur instead, such as mea-
surement noise and problems caused by time delays. This chapter describes the
signals that can be used for feedback, the different control strategies implemented
and how changes in different parameters affect the controllers.

8.1 Measurement Signals

To be able to get a good feedback, it is necessary that the feedback signals are
reliable and that they have a good signal-to-noise ratio. There are several sensors
in the truck, most of them with a sampling rate of 100 Hz. Other signals are created
using observers. To get a good feedback controller, information about the driveline
torsion is desired. As mentioned in Section 6.3 neither the shaft torque nor the
torsion are measurable. This means that some other way has to be found that
can give information about the shaft torque. Equation (6.2) shows that the speed
difference is a good measurement of the shaft torque derivative. This will oscillate
with the same period as the shaft torque, but with a different phase. Figure 8.1
shows the shaft torque and the speed difference during the torque control with
the step controller. Since the drive shaft is the weakest part of the driveline it
is natural to measure the speed difference between its ends. That leaves just the
wheel speed at one end, but at the other end one can choose the engine speed,
input shaft speed or the output shaft speed. These three speeds are almost equal
due to the stiffness in the gear box, but the output shaft speed was chosen because
the mechanical connection is not broken between the wheels and the output shaft
when neutral gear is engaged.

The wheel speed is calculated as the vehicle speed divided with the wheel
radius assuming no slip occurs, i.e. v = r,60,. The vehicle speed is calculated in
the brake control system based on the angular speed at the rolling wheels. Since
the calculations are based on more then one sensor the signals have to be calculated
and filtered which causes delays. However, the wheel speed is almost constant or
at least linear during a gear shift which makes it possible to use the signal anyway.
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Figure 8.1. The shaft torque (solid) and the speed difference (dashed), 6; — O.iy,
during simulated torque control with the step controller. The speed difference is a good
approximation of the shaft torque.

If it is linear it just causes an offset error. Another problem that causes an offset
error is different uncertain constants, e.g. the wheel radius, that are used in the
calculations. The wheel radius is adapted in the brake control system since the
wheel radius actually varies. The variation in the wheel radius is caused by e.g.
different air pressure in the tires. A third problem is that the vehicle speed is only
transmitted over CAN at 20 Hz, which makes the speed difference contain a 20 Hz
noise component. To solve these problems the speed difference is filtered using
a second order Butterworth band pass filter. The filter must preserve the trucks
resonance frequencies to be useful, because it is used for feedback. The cut-off
frequencies are chosen as 0.05Hz and 15Hz to adjust the offset error (damp low
frequencies) and to damp noise, for example the 20 Hz component. The order of the
filter is chosen as low as possible to prevent any larger control delays. Figure 8.2
shows the filters’ amplitude characteristics and the filtered and unfiltered speed
difference. The filtered signal varies around zero instead of around an offset error
and the 20 Hz noise is damped to about half the amplitude.

8.2 D-Controller

The idea with the D-controller is that it should control the derivative of the shaft
torque to zero. In Chapter 6 it was explained that the speed difference between
the output shaft speed and the wheel speed is proportional to the shaft torque
derivative. When the speed difference is zero, the shaft torque derivative is ap-
proximately zero. Therefore the speed difference is used as a feedback signal, so
instead of using the derivative of the shaft torque, the controller uses the approx-



8.2 D-Controller 55

Filter characteristics Applied filter

-1

-2

-4

-5

Magnitude [dB]
Speed difference [rad/s]

-7

-8

-10

10 N

10° 10
Frequency [Hz]

10

Figure 8.2. Left: The Butterworth bandpass filter characteristics. Right: The speed
difference used as feedback signal, unfiltered (thin) and band pass filtered signal (bold).

imated derivative. This way there is no need to calculate the derivative from the
measurements. Figure 8.3 shows the controller structure. The parameter K is
divided by the conversion ratio of the gear box since the speed difference is pro-
portional to the derivative of the shaft torque, but it is the engine torque that
is controlled. K is tuned in simulations. When the D-controller is satisfied, i.e.
the shaft torque derivative has been controlled to zero, the output will be zero.
Therefore the target torque is added to compensate for the friction and the driv-
ing resistance. The reference signal can also be adjusted to combine an open-loop
controller with the D-controller. More about this later on in the chapter.

Terlt)

Driveline

Bandpass
filter

Figure 8.3. The driveline with a D-controller. The reference signal r(t) is used to add
the target torque or combine the D-controller with an open-loop strategy.

Since the speed difference is still noisy, a direct feedback of this would make
the control signal noisy too. To avoid this, a deadzone is introduced to truncate
the signal to zero for small values. The deadzone is chosen to handle most of the
noise on measured signals. Figure 8.4 shows the behaviour of the controller. The
problem with using just the D-controller is that the speed difference is small at the
beginning of the gear shift, so the output of the controller will simply be Tiqrge; at
the beginning. This large step in the flywheel torque will make the output shaft
speed decrease very fast which feels uncomfortable for the driver. The D-controller
should be used together with a reference to prevent the discomforting fast torque



56 Closed-Loop Control

365 v

36

Torque [Nm)
w
&
2l

w
&

Output shaft speed [rad/s]

w
£
2

Toarge| == = CLE N O -

34
5.8 6 62 64 66 68 7 72 58 6 62 64 66 68 7 72
Time [s] Time [s]

Figure 8.4. Left figure: Torque control with the D-controller, flywheel torque (dashed
and scaled) and shaft torque (solid). Right figure: Output shaft speed during torque
control with the D-controller.

decrease. Instead of just adding T}4rge: Some kind of decreasing shape can be used.

A problem with feedback, either only the D-controller or if some combination
with a reference is used, is to decide when to start building up the pressure to
engage neutral gear. A criteria to decide when the controller is finished is needed.
In this thesis both a time out and a torque criteria is used. If the control signal is
less than 50 Nm from the target for at least 80 ms or if the control time exceeds
the time out, the neutral is signaled to be engaged i.e. the pressure build up is
starting.

8.2.1 Parameter Sensitivity

The worst thing that can happen when using feedback is that the closed loop
system becomes unstable. This can happen if K, is too big or when the torque
delay is too long, i.e. the control delay is so long that the sign of the derivative has
changed before the control signal is actuated. To analyze the stability one can look
at the poles of the closed-loop system. When K is increased, the poles are moving
towards the positive side of the real axis and the system becomes unstable when
the real parts of the poles become positive. It is also interesting what happens
when K4 is varied within the stable area. Ky is varied from its tuned value to
see how sensitive the controller is against variations in the parameter. Table 8.1
shows the result of the investigation. The magnitude of the parameter K, affects
how much the shaft torque is slowed down, so a larger value will slow down the
shaft torque too much and the target torque will be missed. Since the criterion
when to engage neutral is based on the magnitude of the control signal, the gear
shift is faster for smaller values of Kj.

To test how much the torque delay could be varied, the torque delay was
changed to being just a constant delay, i.e. setting csampiing to zero and vary
7; in Equation (3.2). The longer the torque delay becomes, the more oscillations
will occur in the closed system until it becomes unstable. Figure 8.5 shows how
well the controller works for three different torque delays. The torque delay has
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Change in K; | Shaft torque | Amplitude Shift time
before neutral | [rad/s]
[Nm]
-30% -601 0.9677 0.68
-20% -351 0.4815 0.69
-10% -133 0.1154 0.72
-5% -69 0.0935 0.74
0% -9 0.1580 0.75
+5% +28 0.2008 0.78
+10% +76 0.2607 0.82
+20% +140 0.3497 0.86
+30% +203 0.4259 0.92

Table 8.1. Changes in the control parameter K, for the D-controller.

been exaggerated in these simulations to test the limits. The torque delay is most

torque delay = 20 ms torque delay = 80 ms torque delay = 140 ms

Ouput Shaft Speed

Figure 8.5. The transmission speed for different gear shifts with the D-controller. The
torque delay was varied and the neutral was not engaged.

often between 30 ms and 60 ms, but for higher gears when the system is faster the
delay is a problem. Since a part of the delay is CAN-delays the problem would be
reduced if the torque control was moved to the engine control system, which would
erase at least one tick in the CAN bus. Since the air pressure build up starts when
the D-controller is satisfied, the controller is not sensitive against the blow delay.
The derivative of the shaft torque is controlled toward zero, so the shaft torque
will not vary much at the end of the control time.

In order to test the sensitivity against initial conditions, the gear shift is com-
manded at different times after a torque step, see Figure 6.2. When looking at the
results in Figure 8.6 it should be compared with the corresponding pictures for the
open-loop controllers, Figures 7.5, 7.12 and 7.19. The D-controller shows big im-
provements on handling initial conditions. The amplitude of the oscillations is at
least halved compared to the ramps performed in one period, and the D-controller
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Figure 8.6. The transmission speed for different gear shifts with the D-controller. A
gear shift was commanded at 1.0s, 1.25s, 1.5s and 1.75s after a step in the reference
torque.

is also faster then those ramps on the lowest gears.

8.3 The D-controller with a Feed Forward

The major problems with the linear ramps described in Chapter 7 is the sensi-
tivity against initial conditions and how to determine the systems period. These
problems can be avoided by using the D-controller in addition to the linear ramp.
The linear ramp will drive the shaft torque to zero and the D-controller will damp
oscillations in the shaft torque due to non stationary initial conditions. In this case
the D-controller does not add target torque to the control signal since the target
torque is included in the ramp. The D-controller will also drive the shaft torque
derivative to zero at the end of the ramp even if the control time differs from the
systems period. This means that the slope of the ramp can be constant instead of
a constant control time. If the slope of the ramp is too steep the fast torque change
will feel uncomfortable since it effects the jerk of the vehicle (time derivative of the
acceleration). Therefore a constant slope is preferred in this case since this gives
the possibility to control the jerk. Another advantage with constant slope is that
it is faster when the initial engine torque is close to the target torque. To test how
different ramp slopes affects the combined controller, a simulation sweep varying
the slope of the ramp was done. The D-controller was active through the whole
ramp. As long as the D-regulator was finished by itself, i.e. the time out did not
stop the controller, the quality of the gear shift in terms of output shaft speed os-
cillations and shaft torque before neutral was independent of ramp slope. The only
difference between the different ramp slopes is how long the torque control takes.
The total control time decreases the steeper the ramp slope is. If only shift time
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is considered, the best controller is the D-controller added with just Tiapges, but
the reason to use a combination was to increase the comfort, so there have to be a
trade-off between fast gear shifts and comfort. Figure 8.7 shows three simulations
with different ramp slopes. It is clear that a steep ramp slope gives a faster gear
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Figure 8.7. Three neutral engagements with a ramp plus D-controller with different
slopes of the ramps. Top figures show the flywheel torque and the bottom figures show
the output shaft speed. The vertical lines represents neutral engagement (dash dotted).
The oscillations in the output shaft speed is about the same, but the sink is deeper the
steeper the slope is.

shift, but at the same time a deeper, discomforting sink in the output shaft speed
(before neutral is engaged). The reason why the sink in the output shaft speed
is discomforting is because it is proportional to the shaft torque derivative which
effects the wheels. Tests at Scania have also showed that an accelerometer on the
driver seat responses to the oscillations in the output shaft speed which means
that this is a good measure of comfort. With different trade-offs the controller can
be used for different driving situations, e.g. when it is more time critical a steep
slope is preferable.

Another issue that needs to be considered when combining the linear ramp with
the D-controller is that the ramp and the D-controller have conflicting targets. The
ramp aims at controlling the torque to zero and the D-controller is controlling the
torque to a stationary point. Therefore the D-controller should only be turned on
at the end of the ramp where it is important to improve the value of the shaft
torque derivative and to damp the effect of non-stationary initial conditions. To
test the timing when to turn on the D-controller during the torque control, a
medium ramp slope is chosen and then the point where the D-controller is turned
on is varied. It varies from being active the whole ramp to be turned on at the
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end of the ramp. Steep ramps will decrease the shaft torque faster, and if the
D-controller is turned on too late it will not be able to control the torque to zero
without making it pass zero first. As mentioned in Section 6.1 this should be
avoided since it will apply a braking torque on the wheels. If the D-controller is
turned on when 25% of the ramp remains, or earlier, it can handle most types
of steep ramps. The shift time is shorter the later the D-controller is turned on.
Figure 8.8 shows a gear shift with a medium ramp slope with the D-controller
turned on when 25% of the ramp remains.

Torque [Nm]|

T

target - ——

0

Figure 8.8. Torque control with the D-controller combined with a ramp with constant
slope. The D-controller is activated at 25% of the ramp.

It is also possible to have different weights on the two control signals from
the ramp and the D-controller and let the weight of the ramp linearly decrease
and the weight of the D-controller linearly increase. This means that the ramp
will be the dominating control signal in the beginning and the D-controller the
dominating control signal at the end of the control time. Simulation with this
kind of controller showed no improvements, so it was discarded.

8.3.1 Parameter Sensitivity

The design parameters in the combined controller is K4, the ramp slope and the
timing when to turn on the D-controller. How the ramp slope and the timing
when to turn on the D-controller affects the results has been discussed above. Ky
was varied in the same way as for the D-controller. The controller was configured
as the one in Figure 8.8. Table 8.2 show the results, which is about the same as
for the D-controller. The difference is that the combined controller takes longer
time than the D-controller because the comfort is considered.

Sensitivity against torque delay and blow delay is the same as for the D-
controller. The controller will become unstable if the torque delay is large com-
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Change in K; | Shaft torque | Amplitude Shift time
before neutral | [rad/s]
[Nm]
-30% -559 0.8773 0.80
-20% -315 0.4354 0.81
-10% -107 0.1035 0.85
-5% -40 0.0698 0.86
0% 0 0.1031 0.99
+5% +43 0.1575 0.91
+10% +91 0.2171 0.95
+20% +142 0.2813 1.00
+30% +208 0.3610 1.06

Table 8.2. Changes in the control parameter Ky for the D-controller combined with
linear ramp.

pared to the systems period. Figure 8.9 shows the combined controller during a
gear shift with different initial conditions. The combined controller shows addi-
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Figure 8.9. The transmission speed for different gear shifts with the combined controller.
A gear shift was commanded at 1.0s, 1.25s, 1.5s and 1.75s after a step in the reference
torque.

tional improvements compared to the D-controller. The sinks in the output shaft
speed before neutral engagement is smaller and the oscillations are smaller after
neutral engagement. This is because the oscillations are damped during the ramp
as well, but the combined controller uses more time before neutral is engaged.






Chapter 9

Tests in a Truck

Some of the controllers described in Chapters 7 and 8 were also implemented
and tested in two different vehicles. The vehicles have different engines, shafts
and gearboxes since the first vehicle is a trailer-truck with a trailer attached and
the second vehicle is a truck. The results and conclusions from the tests are
summarized in this chapter. The vehicles are described more in Appendix B.

9.1 Entire Period Ramp

The ramps described in Section 7.1 was tested in both the trailer-truck Elvira and
the truck Lollipop. In simulation, the shaft torque and the amplitude described
in Chapter 6 was used to evaluate the controllers. Since there is no torque sensor
to measure the transmission torque in a real truck, the amplitude was the only
measurable indication of controller performance. In the truck Elvira it was noted
from the measurements that the target torque was overestimated and therefore an
offset on the target torque was used in all tests with Elvira. The control strategy
with the entire period ramp felt good on lower gears but the time from gear shift
command to neutral engagement becomes very long (approximately 1s on gear
two). This strategy is therefore suited in a driving situation where comfort is
more important than time. On higher gears the system is much faster and one
period on gear ten in Elvira is about 210ms which instead is too short. When
ramping down the torque on such a short time the driver cabin will dip due to the
rapid torque change in the flywheel torque. Even if the oscillations in the output
shaft speed are small it feels very uncomfortable when the driver cabin is dipping.
This problem can be solved by performing the ramp in two entire periods on the
higher gears, which also would make the transmission torque derivative close to
zero at the end of the ramp. A recording of the speed difference between the output
shaft speed and the wheel speed, when making a gear shift from gear two with the
entire period ramp, is shown to the left in Figure 9.1. The total control time from
gear shift command to neutral engagement was 1.09s for the entire period ramp
controller and 0.61s for the existing controller in Elvira. The oscillations after
neutral engagement are compared between the existing control strategy and the
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entire period ramp strategy. In simulation the existing control strategy makes the
transmission torque miss the target but the overestimation of the target torque in
the truck compensates for this. Nevertheless it looks like the transmission torque
has passed zero since the output shaft speed first increases at neutral engagement.
When the entire period ramp is used, the offset of -130 Nm is added to the target
torque. In this case the offset seems to be too large since the output shaft speed
first increases at neutral engagement also with this strategy. The real target torque
is however believed to be close to the estimated target torque with the offset added
since the output shaft speed behaves differently every other gear shift. As seen
in Figure 9.1 the oscillations has a smaller amplitude with the entire period ramp
strategy. This makes the comfort better but at a cost of a longer time for a gear
shift.
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Figure 9.1. Speed difference after neutral engagement for entire period ramp controller
(solid) and existing controller (dashed) in the trailer-truck Elvira (left) and the truck
Lollipop (right). The vertical lines represent neutral engagement.

The ramp controller was also implemented in the truck Lollipop. The idea was
to test the robustness of the controller when used in a truck with a completely
different driveline configuration than the simulation model. The periods that were
used in Elvira were calculated from the simulation model where the parameters
have been optimized against measurements from Elvira. The truck Lollipop has
however not been modeled or parameter optimized and therefore only technical
data was used to calculate the period for this truck. The eigenfrequency for each
gear was derived from equations (4.2), (4.11) and (4.15), where the stiffness keng
was calculated from technical data of the stiffnesses in the clutch, gearbox, pro-
peller shaft, intermediate propeller shaft! and the drive shafts. The damping cep,
was set to a fix part of keny to achieve the same relative damping for each gear.

1Shaft placed between the gearbox and the propeller shaft to shorten the length of the pro-
peller shaft and to prevent the angle of the universal joint from becoming too great.
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The damping has also little effect on the period, so the value of cepny is not that
critical. The vehicle mass that is used in Equation (4.11) was constant and known
during the tests and therefore the calculation of the eigenfrequencies was done
offline.

The speed difference when making a gear shift from gear two in Lollipop is
shown to the right in Figure 9.1. The total control time from gear shift command
to neutral engagement was 0.95s for the entire period ramp controller and 0.56s
for the existing controller in Lollipop. The amplitude of the oscillations is smaller
but at a cost of a longer time for a gear shift. The good results also show that the
technical data are accurate enough to be used in a calculation of the eigenfrequency.
The vehicle mass has however an impact on the eigenfrequencies and the mass
changes very much in a heavy duty truck when e.g. changing the load or attaching
a trailer. The calculations must therefore be done online, where a mass estimation
is available, in order to use this method in a commercial product.

9.2 Half Period Ramp

The half period ramp was also tested in both Elvira and Lollipop. On the lower
gears the results from the half period strategy are very similar to the existing
method. A recording of the speed difference between the output shaft speed and
the wheel speed when making a gear shift from gear two in the trailer-truck Elvira
is shown to the left in Figure 9.2. The total control time from gear shift command
to neutral engagement was 0.62 s for the half period ramp controller and 0.59 s for
the existing controller in Elvira. The amplitude of the oscillations and the time for
a gear shift when using the half period controller are in the same range as for the
existing method on this gear. A recording from Lollipop when making a gear shift
from gear one with both the existing controller and the half period controller is
shown to the right in Figure 9.2. The total control time from gear shift command
to neutral engagement was 0.65s for the half period ramp controller and 0.81s
for the existing controller in Lollipop. The time for a gear shift with the existing
controller is depended on the difference between start torque and target torque
whereas the half period controller has a constant time for each gear. When the
torque difference is big, the half period controller is faster but still achieves an
equal or smaller amplitude in the oscillations of the output shaft speed compared
to the existing controller. On higher gears the half period controller is too fast and
the rapid torque change feels uncomfortable. The method can however be used in
driving situations where a fast gear shift is more important than comfort on lower
gears while another method such as the entire period can be used on higher gears.

9.3 Step Controller

In Chapter 7.4.1 parameter sensitivity analysis showed that the step controller
is very sensitive against error in the step level. Nevertheless, the controller was
implemented in Elvira and Figure 9.3 shows the speed difference when using the
step controller on gear four in the trailer-truck Elvira. In this case the amplitude
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Figure 9.2. Speed difference after neutral engagement for half period ramp controller
(solid) and existing controller (dashed) in the trailer-truck Elvira (left) and the truck
Lollipop (right). The vertical lines represent neutral engagement.

of the oscillations was bigger with the step controller compared to the existing
method. The results are however varying when using the step controller. In
some cases the amplitude of the oscillations are nearly zero and in some cases the
amplitude is twice as big as for the existing method. The fast torque change when
making the step also makes the driver cabin dip but the time for a gear shift is
very short. The conclusion is however that the step controller is too sensitive to
be used for torque control in a heavy truck.

9.4 D-controller

The D-controller showed very good performance in simulations and was much more
robust against initial conditions than the open-loop controllers. The feedback
signal in simulation is however perfect and as discussed in Chapter 8 the feedback
signal in a real truck is noisy and has an offset. It is therefore very interesting to
test the controller in both Elvira and Lollipop to see if the bandpass filter and the
deadzone described in Chapter 8 can eliminate these problems. The first strategy
that was tested was to control with only the D-controller, i.e. the control signal
will have a shape like the one in Figure 8.4. The total control time from gear
shift command to neutral engagement was 0.93s for the D-controller in all cases.
For the existing controller the total control time was 0.58 s in both cases in Elvira
and 0.56s in both cases in Lollipop. The tests were performed on a plain surface
and several gear shifts were made with both the D-controller and the existing
controller in Elvira and Lollipop. Figure 9.4 shows the speed difference at neutral
engagement when using the D-controller compared to the existing controller when
making a gear shift from two different gears in Elvira and Lollipop. Figure 9.5



9.4 D-controller 67

Speed difference [rad/s|

n n n

104.8 104.9 105 105.1 105.2 105.3
Time [s]

Figure 9.3. Speed difference after neutral engagement for step controller (solid) and
existing controller (dashed) in the trailer-truck Elvira. The total control time from gear
shift command to neutral engagement was 0.57 s for the step controller and 0.54 s for the
existing controller. The vertical line represents neutral engagement.

shows a typical torque change when controlling with the D-controller.

The oscillations are better damped when using the D-controller and the con-
troller is much more robust against initial conditions compared to the existing
controller. The drawback with using the D-controller is the longer control time.
As discussed in chapter 8 it is hard to know when to start building up the pres-
sure to be able to disengage the gear. During these tests both criteria that were
mentioned in Section 8.2 were used. This made the D-controller slower than the
existing controller but the oscillations were better damped. A better criteria can
probably shorten the control time and still damp the oscillations satisfactory but
such an investigation is left for future work. Figure 9.5 shows the control signal
and the flywheel torque when using the D-controller in the truck Lollipop. The
shape of the control signal looks like the one in simulation but the abrupt torque
change when making the step to target torque feels uncomfortable for the driver.
Therefore a combination of the ramp controller and the D-controller was imple-
mented and tested in the trailer-truck Elvira. Figure 9.6 shows the control signal
and the flywheel torque when using a combination of the ramp controller and the
D-controller. The ramp changes the torque in a more comfortable way and the
D-controller makes the control more robust against initial condition and error in
the blow delay. Figure 9.7 shows the speed difference at neutral engagement when
using a ramp plus the D-controller for torque control on two different gears. The
total control time from gear shift command to neutral engagement was 0.90s for
the D-controller and 0.59s for the existing controller on gear two. On gear eight
the total control time was 0.92s for the D-controller and 0.58s for the existing
controller. In these tests the ramp was defined by a constant time but it could
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Figure 9.4. Speed difference after neutral engagement for the D-controller (solid) and
existing controller (dashed). The vertical lines represent neutral engagement.

1000

800

600

Torque [Nm)]

400

200

1

355 356 357 358 359 36 36.1 362 363 364
Time [s]

Figure 9.5. Flywheel torque (dashed and scaled) and reference torque (solid) when
using the D-controller.
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be defined by a constant slope instead. The D-controller will control the torque
derivative to zero so there is no need to perform the ramp in a time equal to the
systems period. The oscillations are better damped when using the ramp plus the
D-controller compared to the existing controller and the torque change feels much
more comfortable than with just the D-controller. This method also uses the cri-
teria for building up the pressure that was mentioned in Section 8.2, which makes
the control time longer than for the existing method. The comfort when using
the ramp plus D-controller is improved compared to the existing controller and if
the control time can be shortened with a better criteria, the proposed controller
becomes very competitive since it can handle bad initial conditions and error in
the blow delay much better than the existing controller.
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Figure 9.6. Flywheel torque (dashed and scaled) and reference torque (solid) when
using a ramp plus the D-controller.
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Chapter 10

Contribution From a Torque
Sensor

This chapter investigates if something can be gained by using a torque sensor
on the propeller shaft. The idea was to use a physical sensor, but due to delivery
delays it was not available in this thesis. Therefore the investigation was made in a
simulation environment only. The focus of this thesis was to implement controllers
based on present measurable signals and due to lack of time this investigation was
not completed and no parameter sensitivity was tested.

10.1 Basic PD Structure

In the model the propeller shaft and the drive shafts are lumped together which
means that they transfer the same torque. If they transfer the same torque a
measurement on the propeller shaft is proportional to the drive shaft torque. In
reality, the inertia from the final drive introduce some dynamics between the pro-
peller shaft and the drive shafts. The dynamic effect is however very small as
discussed in Section 3.2.2, so the assumption that the shafts transfer the same
torque is reasonable. The shaft torque is used as feedback to the controller in the
simulation environment.

With a torque sensor it is possible to have a PD-structure on the controller
with the shaft torque as a feedback signal. In Chapter 8 the D-controller was
introduced where the feedback signal was the speed difference between the output
shaft speed and the wheel speed, i.e. the torsion derivative. When multiplied with
the stiffness parameter, this is a good approximation of the shaft torque derivative
(Equation (6.2)). Therefore the shaft torque derivative is approximately zero when
the speed difference is controlled to zero. When using another reference signal than
zero for the shaft torque derivative, the stiffness parameter k.4 need to be known
if the speed difference is used as a feedback signal. It is therefore preferable to
have a regular PD-structure where a derivative of the shaft torque is calculated in
the controller, see Figure 10.1. This means that the signal from the torque sensor
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72 Contribution From a Torque Sensor

can not be too noisy and that a derivative algorithm with a filter is used in the
controller. Since the concept of a PD-controller is only investigated in a simulation
environment it is not possible to analyze the real sensor signal. In simulation it is
possible to have a regular PD-structure or use the speed difference and no major
difference was detected between the two methods when a zero reference for the
torque derivative was used. Due to lack of time no other reference for the shaft
torque derivative has been investigated but as mentioned above this requires that
keng is known which makes a regular PD-structure preferable.

w: Transfer function

P fomTto T, H
Tref,O
PD
K s
Td,ref K 4_2a Tt T,
r 1 Driveline
—s+1

Figure 10.1. A regular PD-structure where the shaft torque derivative is calculated
and low pass filtered in the controller. The reference for the engine torque T.f,0 can be
calculated using feedforward, but a simple solution is to use a ramp as Trey,o.

In this application the engine is the actuator. The objective of the controller
is to control the shaft torque to zero, i.e. control the engine torque to Tigrger in a
suitable way. This means that both a reference signal for the shaft torque and the
engine torque is needed, so when the error is zero there is still a reasonable control
signal for the engine in order to produce the desired shaft torque. The reference
for the engine torque can be calculated using feedforward from the reference signal
for the shaft torque, see Figure 10.1. This requires a transfer function from T},
to Trer. Unfortunately this is complicated since there are time delays between
these two torques which would result in a non causal transfer function. Since the
reference signal for the shaft torque is known, the problem is solvable but due to
lack of time this has not been implemented in this thesis. A simple way of solving
this problem is to have a ramp as reference to the engine torque independent of
the shaft torque reference, so that the shaft torque will continue to decrease at
a slow rate even when the error is zero. Figure 10.2 shows the structure of the
PD-controller with a reference on both the shaft torque and the engine torque.
With this structure the reference for the shaft torque derivative is zero and the
reference for the engine torque is a single ramp as described above.

It is now possible to test different reference signals on the shaft torque. The
preferred shape of the shaft torque is like the one in Figure 10.3. This would
make the controller robust against error in the blow delay and still achieve zero
torque in a reasonable control time. A sinus shaped signal should therefore be
a suitable reference signal for the shaft torque. A regular PD-controller would
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Driveline
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Figure 10.2. The structure of the PD-controller. In order to achieve a non-zero reference
torque for the engine, the signal T}.so is required. A simple solution is to choose Tref,0
as a ramp with a reasonable slope and control the shaft torque with the other reference
signal.
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Figure 10.3. The preferred shape of the shaft torque.
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calculate the reference to the shaft torque derivative automatically, but when the
speed difference was used the derivative reference was set to zero.

10.2 Simulations

A problem with the D-controller is that it can level the shaft torque before it
has reached zero and then be very slow at the end of the control time. With a
PD-controller, the P-part will counteract the D-controller while there is a fault in
the torque. Figure 10.4 shows the PD-controller and the D-controller when the
references for both the P-part and D-part are zero. The neutral was not engaged
in this simulation. There is an improvement with the use of the PD-controller.

Ttarge

Flywheel Torque [Nm]

Shaft Torque [Nm)]

Figure 10.4. The difference between PD-controller (solid) and the D-controller
(dashed).

If the same argument for engaging neutral is used as described in Section 8.2 the
PD-controller engages neutral 20 ms before the D-controller. The drawback is
that the shaft torque get a larger derivative which feels more uncomfortable for
the driver.

Figure 10.5 shows the two controllers combined with a linear ramp. A ramp
slope was chosen, and both the PD- and the D-controller was activated during
the whole ramp. As torque reference in the PD-controller a sinus-shaped signal
(Figure 10.3) was chosen. Half of the period in the sinus shaped signal corresponds
to the time it takes for the ramp to reach the target torque. Here too, the PD-
controller is faster than the D-controller, but the difference is very small. Tests
have been made where the P-part of the PD-controller was increased but then
the shaft torque passed zero before it stabilized. The conclusion based on these
simulations is that the P-part does not have much influence on the gear shift
performance. A well tuned D-controller works as well as the PD-controller. The
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knowledge about the shaft torque can perhaps be used in other ways, e.g. control
without estimating the target torque or to decide the transition condition for the
D-controller. The problem with the existing transition condition is that it can be
fulfilled without the shaft torque near zero and therefore the torque sensor can be
used to make a more robust criteria.

Flywheel Torque [Nm]|

T:arge

Shaft Torque [Nm)]

Time [s]

Figure 10.5. The difference between PD-controller (solid) and the D-controller
(dashed).






Chapter 11

Conclusions and Future
Work

11.1 Conclusions

In this thesis several open-loop strategies were presented and evaluated. The aim
of the controllers is to control the shaft torque to zero so the neutral can be
engaged without inducing driveline oscillations. For a more robust controller it is
also important that the shaft torque derivative is close to zero since the timing
for engaging neutral then becomes less crucial. When using a ramp performed in
a time equal to the systems period, both the shaft torque and the shaft torque
derivative will be close to zero at the end of the ramp. However, on lower gears
the entire period ramp is very slow which suggests that this strategy should only
be used on lower gears in a driving situation where comfort is more important
than a fast gear shift. The ramp can also be performed in half a period which
makes the shaft torque zero at the end of the ramp but the shaft torque derivative
will be non-zero. This makes the method more sensitive against error in the blow
delay but the total time for a gear shift becomes small. One problem with the
ramp controller is that the systems resonance frequency must be known in order to
calculate the period. This makes the controller sensitive against different driveline
configurations. Tests with different trucks show however that technical data of
inertias, stiffnesses and wheel radius together with an estimation of the vehicle
mass is sufficient to approximate the systems period. The entire period ramp
significantly reduces the amplitude of the oscillations compared to the existing
method but the control time is longer on lower gears. The step controller is another
concept that controls both the shaft torque and its derivative to zero. This step
method controls the torque to zero very fast but the abrupt torque changes in
the flywheel torque makes the driver cabin dip which feels uncomfortable for the
driver. The method is therefore suited in a driving situation where a fast gear shift
is more important than comfort. The major problem with the step controller is how
to calculate the step level to achieve the correct state of equilibrium. Parameter
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sensitivity show that the controller is very sensitive to changes in the step level and
to estimate the step level is a non trivial task. Other open-loop control strategies
was developed such as the sinus controller and the linear ramp with breakpoints.
These control strategies were implemented and tested in both Simulink and a real
truck but was discarded due to bad performance and high parameter sensitivity.

A closed-loop control based on a feedback signal that is proportional to the
shaft torque derivative was also developed and investigated. The simulation re-
sults with this D-controller was very promising and the shape of the shaft torque
looked good. Tests in a truck showed that the real feedback signal was noisy and
had an offset. This problem was reduced with a bandpass filter and a deadzone.
Even though the oscillations in the output shaft speed was heavily damped, the
D-controller felt uncomfortable in a truck due to the rapid torque change pro-
duced by the control signal. Therefore the D-controller was combined with a feed
forward control in the shape of a ramp. This combination made the shaft torque
decrease more slowly which increased the comfort and still damped the oscilla-
tions satisfactory. A problem with the closed-loop control is to decide when to
start building up the air pressure in order to disengage the gear at the correct
time. The control time for the closed-loop control was considerably longer than
for the existing method, but it is believed that a better criteria to start the air
pressure build up could reduce the control time for the closed-loop controller. In
simulations the total control time was also shortened by controlling the torque
with just the ramp in the beginning and then turning on the D-controller when
25% of the ramp remains. Due to limited time this was however never tested in
a truck. The major advantage with the proposed closed-loop control is that it
only uses standard truck sensors and few tuning parameters. The strategy does
not use any model or observer and is therefore very easy to implement in different
vehicles. The only tuning parameters for the controller are the slope of the ramp,
the procent level for turning on the D-controller and the feedback gain.

11.2 Future Work

The reason for the big difference in estimated data and mechanical data for the
stiffnesses in the disengaged model should be investigated in future work. There is
something that affects the stiffnesses that has not been modeled, like e.g. backlash
or shaft inertia. The knowledge about the stiffnesses is fundamental for creating
an accurate driveline model.

To make the ramp controller more robust against different driveline configu-
rations and wear in the driveline, an adaption algorithm to estimate the systems
period online is needed. A better criteria for starting the air pressure build up
should also be investigated to improve the control time for the closed-loop control.
In order to use the closed-loop control in a commercial product, more tests must
be performed with different driveline configurations. Also the best slope of the
ramp to achieve a good trade off between comfort and total time for a gear shift
must be determined in different driving situations.

More work has to be done regarding the contributions from a torque sensor
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to draw any final conclusions. Simulations show that the torque sensor can be
used to shorten the control time in a feedback controller and it is also possible to
have more advanced reference signals on the shaft torque. Further investigations
however needs to be done in order to determine if the contributions from the torque
sensor outweighs the drawbacks with adding an extra sensor to the vehicle.
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Appendix A

Calculation of Step Level

Given the plant model described in state space formulation with the shaft torque
as output and the states defined by equation (3.40),

&= Az + Bu (A1)

y=Cx (A.2)

C= ce.’l’bg keng — Ceng (AB)
Lf

it can be transformed to transfer function with the formula, described in [4].
G(s)=C(sI—A)'B (A.4)

But this formula requires that the initial conditions are zero. If the initial condi-
tions are considered there will be a matrix with initial conditions as well. Equa-
tion (A.1) Laplace transformed with its initial conditions.

Z1,0 0 0
i=Ar+Bu=>sIX(s)—| 0 a0 0 |—AX(s)=BU(s) (A5)
0 0 x3,0

If the initial conditions are seen as constant input signals, formula (A.4) can be
used.

U(s)

T _ _ -1 Z1,0
w(s)=Y(s)=C(sI — A" |B ] (A.6)

—— | %20

B 3,0

—_———

U

To be able to calculate the step level the following assumptions are made:
e The speed difference is zero just before the gear shift, x10 = x3,07y.

e The torsion is constant and known just before the gear shift, z2 0 = aqo.
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84 Calculation of Step Level

e The driving resistance and the friction is constant during the gear shift.

This means that T, can be calculated for the case with no friction or driving
resistance, and the target torque can be added later to compensate for them. By
inserting T, as a step at time zero and the initial conditions the expression for T,
becomes:

(keng + Sceng) Tzn + kengs2ad0

5 (82 + Cengas + kenga)

iy

T(s) = 2 (A7)

The expressions for Ty in the time domain is then obtained by calculating the

inverse Laplace transform using standard Laplace transform pairs and the Euler
formulas [7].

C
Ty (t) = kenge <_w_1 sin (wot) + cos (wot)) go+
0

TR (1 + et (—ﬁ sin (wot) + cos (wm‘))) Tin+
w

ilea 0

+ itceng 67011& sin (U)Ot) Tzn (AS)
ilew
where
Iy = Jei} ot (A.9)
f
Jo = Jy + mri, (A.lO)
i2Jy + J.

Y A1l
21 (A1
Cy = # (A.12)
wo = kenga — 012 (A.].-?))

From this expression T} is derived. To calculate the step level and the step time
the following system of equations is solved.

{ Td(Tin; tstep) - 0

. Al4
Td (Tzn 5 tstep) = 0 ( )

Td and the expressions for Tj, and tg., are obtained using symbolic toolbox in
matlab. The resulting expression of 15, is:

kengailee’Clt“eP (cos (wotstep) — g—é sin (wotstep))

Ty = oo (A.15)

it (e‘cltstcp (COS (thstep) — % sin (u)()tstep))) — it
where Jp, Js,a,Cy and wy is defined above. This gives an absolute value of Tj;,.
Finally the step level can be calculated as

Tin
stepLevel = ——————— (A.16)

Tstart - Ttarget



Appendix B

Truck Information

B.1 Elvira

Elvira is a trailer-truck equipped with a 12,7 liter 6-cylinder diesel engine. It has a
maximum torque of 2300 Nm and maximum power of 440 hp. The gearbox has 12
normal gears, two crawl gears and is equipped with the Opticruise system. During
the tests a loaded trailer was attached so the total weight was about 38,5 tons.

Figure B.1. The trailer-truck Elvira.
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B.2 Lollipop

Lollipop is a truck equipped with a 9,3 liter 5-cylinder diesel engine. It has a
maximum torque of 1400 Nm and maximum power of 280 hp. The gearbox has 8
normal gears and is equipped with the Opticruise system. During the tests the
truck was loaded so the total weight was about 15,5 tons.

Figure B.2. The truck Lollipop.
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