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Abstract
Heavy duty powertrains are complex systems with components from various
domains, different response times during transient operations and different
efficient operating ranges. To ensure efficient transient operation of a powertrain,
e.g. with low fuel consumption or short transient duration, it is important to
come up with proper control strategies. In this dissertation, optimal control
theory is used to calculate and analyze efficient heavy duty powertrain controls
during transient operations in different applications. This is enabled by first
developing control ready models, usable for multi-phase optimal control problem
formulations, and then using numerical optimal control methods to calculate
the optimal transients.

Optimal control analysis of a wheel loader operating in a repetitive loading
cycle is the first studied application. Increasing fuel efficiency or reducing the
operation time in such repetitive loading cycles sums up to large savings over
longer periods of time. Load lifting and vehicle traction consume almost all of
the power produced by a diesel engine during wheel loader operation. Physical
models are developed for these subsystems where the dynamics are described by
differential equations. The model parameters are tuned and fuel consumption
estimation is validated against measured values from real wheel loader operation.
The sensitivity of wheel loader trajectory with respect to constrains such as the
angle at which the wheel loader reaches the unloading position is also analyzed.
A time and fuel optimal trajectory map is calculated for various unloading
positions. Moreover, the importance of simultaneous optimization of wheel
loader trajectory and the component transients is shown via a side to side
comparison between measured fuel consumption and trajectories versus optimal
control results.

In another application, optimal control is used to calculate efficient gear shift
controls for a heavy duty Automatic Transmission system. A modeling and
optimal control framework is developed for a nine speed automatic transmission.
Solving optimal control problems using the developed model, time and jerk
efficient transient for simultaneous disengagement of off-going and engagement
of in-coming shift actuators are obtained and the results are analyzed.

Optimal controls of a diesel-electric powertrain during a gear shift in an
Automated Manual Transmission system are calculated and analyzed in another
application of optimal control. The powertrain model is extended by including
driveline backlash angle as an extra state in the system. This is enabled by
implementation of smoothing techniques in order to describe backlash dynamics
as a single continuous function during all gear shift phases.

Optimal controls are also calculated for a diesel-electric powertrain corre-
sponding to a hybrid bus during a tip-in maneuver. It is shown that for optimal
control analysis of complex powertrain systems, minimizing only one property
such as time pushes the system transients into extreme operating conditions far
from what is achievable in real applications. Multi-objective optimal control
problem formulations are suggested in order to obtain a compromise between
various objectives when analyzing such complex powertrain systems.
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Populärvetenskaplig sammanfattning
Denna avhandling bygger matematiska modeller för olika delar av kommersiella
fordon och utvecklar metoder som tar hjälp av optimering och visar hur man
mest effektivt skall utnyttja drivlinor och fordon i olika arbetssekvenser. Med
effektivt avses både låg bränsleförbrukning och korta arbetstider så att det blir
både milljömässigt och tidsmässigt effektivt för en användare. Metodmässigt
har vi jobbat på att ta fram metodik för att snabbt och effektivt ta fram
olika optimala körtrajektorier för ett flertal tillämpningar genom att använda
state-of-the-art verktyg inom optimal styrning. Tekniskmässigt spänner den över
områden från turbo och motorteknik, via mekaniska och elektrifierade drivlinor
och växellådor upp till dynamik och rörelse för kompletta fordon. För motor och
turbo har visats hur viktigt det är att ta hänsyn till turbosystemets dynamik
i optimeringar och utvärderingar av optimala körtrajektorier. För växellådor
visades hur man optimalt skall växla för bra komfort och korta växlingstider
samt låg energiförbrukning, samt visats hur en elmaskin i hybridfordon kan
användas för att sänka bränsleförbrukningen och förbättra växlingskomforten
och snabbheten vid växlingsbyten. För helt fordon så har optimala körbanor
som visar hur man optimalt skall köra en hjullastare tagits fram då man lastar
t.ex. en dumper eller lastbil, i analysen behandlas alla komponenter från motorn
och turbon, lyftsystemet, växellådan med momentomvandlare, samt fordonets
styrning och rörelse över marken från lastupptagningsplatsen till lastmottagaren.
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Introduction

Industrializations of countries and the high rate of energy consumption in the
industrial societies have left no doubt that we need to be more efficient in using
natural fossil fuel resources. Transportation systems are a major consumer
of fossil fuels with a considerable contribution from heavy duty commercial
vehicles. Governments are enforcing new regulations to reduce the usage of fossil
fuels in order to ensure sustainable and environmentally friendly transportation
systems. As an example, Sweden has a vision of reducing the dependency of
its transportation fleet on fossil fuels to achieve zero emissions in 2050 with
the priority of having fossil free transportation by 2030, for details see [10]. To
meet such new stringent regulation requirements, development of new control
strategies or devising new powertrain systems such as electrified powertrains are
inevitable.

The rapid growth of computers’ computational power has opened up new
opportunities to develop and implement novel control strategies for complex
systems. Moreover, in order to fulfill the regulated requirements during vehicle
operations at different regions of the world, control strategies covering wider
range of operating conditions are favored by manufacturers. By early 1970’s,
the idea of using a process model to control a system was widely accepted
among industries, [11]. Classical control techniques, based on look-up tables
describing the system behavior under various conditions, are limited to the range
of available data in the tables. However, model based control techniques such as
adaptive control or model predictive control have extrapolation capabilities and
therefore are becoming more attractive for industries, see [6] and [12].

Designing efficient model based control strategies for powertrain systems
and specifically diesel engines is not a trivial task due to system complexities.
Most of the times, the powertrain is comprised of various subsystems and
components with different efficient range of operation, different response time
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4 Chapter 1. Introduction

during transients and subsystems with non-minimum phase behavior. Numerous
research papers are available on this topic and some few examples are [2], [22],
[35], [37] and [84].

To gain an insight about how efficient controls and the corresponding system
transients should look like, Optimal Control (OC) theory is an effective tool.
Same models used in model based control with slight modifications can be
used in OC analysis and thanks to the ever increasing computational power of
computers; it is possible to analyze even complex and nonlinear systems using
numerical OC methods. These types of analyses are attractive in the case of
heavy duty applications since fewer regulated benchmarking standards exist for
control of the operations using such powertrain systems.

This dissertation presents some applications of OC methods for optimiza-
tion of heavy duty powertrain transients during various operations. The term
powertrain here refers to all of the components involved in power production
and transfer. Two major groups of applications are considered where for each
application, first control ready models are developed to enable formulation of
OC problem for desired scenarios. In the first studied application, operation
of a wheel loader during a repetitive loading cycle is analyzed with the aim to
obtain OCs for time and fuel efficient operation of the wheel loader. In the
second group, modeling and OC analysis is performed with the aim to obtain
efficient gear shift controls in Automatic Transmission (AT) and Automated
Manual Transmission (AMT) systems.

Dissertation outline
In the following sections of this chapter, first the powertrain systems studied in
the dissertation are introduced. Then a summary of all papers included in the
dissertation and the contribution of each paper to the field of modeling and OC
of heavy duty powertrains is presented. In the next chapter, powertrain system
models and important modeling aspects are briefly introduced. Some practical
issues arising when OC problems are formulated and solved are also presented.
After the second chapter, the published papers are appended presenting the
details of the dissertation contribution to the modeling and OC field.

1.1 Wheel loader operation in a loading cycle
Wheel loaders frequently operate in repetitive material handling processes re-
ferred to as Short Loading Cycle (SLC). Figure 1.1 illustrates the layout of
the operation in an SLC and different phases of the process are described in
Table 1.1. Wheel loaders are widely used at construction sites all over the world
and there is a strong desire from both wheel loader manufacturers and owners to
come up with solutions for fuel consumption reduction and faster operation of
these machines. During wheel loader operation, operator decisions about control
of diesel engine and vehicle speed, load lifting, and steering has direct effects on
fuel consumption and duration of SLC.
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Figure 1.1: Numbered sequence of different phases in a short loading cycle,
picture from [20].

Table 1.1: Short loading cycle phases, according to [20].

# phase Action
1 Bucket filling Control of vehicle speed,

bucket lift-tilt functions.
2 Leaving bank Control of vehicle speed, steering in

a V-pattern, possible lifting.
3 Speed reduction Control of vehicle speed to stop at

reversing point, steering, gear change.
4 Reversing Possible gear change, adjusting

steering angle to meet the load receiver.
5 Towards load receiver Control of vehicle speed, steering in

a V-pattern, possible lifting.
6 Bucket emptying Control of vehicle speed,

bucket lift-tilt functions.
7 Leaving load receiver Control of vehicle speed,

steering in a V-pattern, lowering bucket.
8 Speed reduction Control of vehicle speed

and reversing to stop at reversing point,
steering, gear change.

9 Towards bank Control of vehicle speed, steering in a
V-pattern, lowering bucket to the ground.

10 Speed reduction Control of vehicle speed,
before the bank use the momentum to dig the bucket

into the pile.

To improve the efficiency of wheel loader operation, smart improvements
in wheel loader control strategies and design of operator assisting systems are
beneficial. OC analysis of wheel loader operation, is able to highlight the
potentials for improvement of operator behavior in wheel loader steering, load
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lifting and engine control during the SLC. The solution trajectories obtained
from optimal control also constitutes a first step towards autonomy, since this
gives one solution to the path planning problem. As it is desired to remove
humanistic errors in wheel loader control, and thanks to the developments
in control capabilities, research on autonomous loading operations is growing
rapidly, for some examples see [1], [41], [64] and [75].

Many parameters contribute to the efficient operation of a wheel loader and
[20] has performed experiments to identify these parameters. According to the
measurements in [20], after the wheel loader bucket is filled, load lifting and
vehicle traction are the major power consuming subsystems of a wheel loader.
The control of steering subsystem is also important as it affects the trajectory
length and consequently the required traction power and SLC duration. Some
workspace parameters such as the angle at which the wheel loader meets the
load receiver for unloading the bucket can also affect the trajectory and are
therefore important for an efficient operation. Wheel loader operation in SLC is
analyzed with respect to various parameters and the complete details about the
analysis results and methodology are presented in Papers 1-6.

1.2 Gear shift control in heavy duty powertrain
The second group of OC applications considered in this dissertation, Papers
7-9, are focused on the modeling and OC of powertrain transients during gear
shifts in AT and AMT systems. Extensive research has been carried out on
gear shift control and control objectives, see [26], [30], [31], [51], [74], and it is
shown that the faster and smoother gear shifts are vital for better ride quality
and longer life of transmission components. Moreover, AT and AMT system
control is important for the improvement of fuel consumption and reduction of
emissions [69].

AT systems with planetary gearsets are used in different types of vehicles,
see [47] and [83], as well as heavy duty applications such as [79]. In such
transmission systems, a gear ratio is obtained via actuation of oil immersed
brakes and clutches, referred to as shift elements, inside the transmission housing
such that the components of the gearsets are linked together according to a
predefined arrangement. Shifting to another gear is performed by disengaging
some shift elements and engaging some new ones such that a new arrangement
between gearset components is achieved. Meanwhile, the components being
coupled or decoupled have various rotational speeds and inertias. Therefore, the
disengagement of off-going and engagement of in-coming shift elements need
to be carefully supervised to ensure a fast gearshift. Proper control is also
important to avoid oscillations in the driveline which can have severe destructive
effects on the transmission and other driveline components, and also deteriorate
the passenger comfort.

The control study of torque phase transients during an AT gear shift can
be carried out with focus on the hydraulic shift element actuation system as
in [24], [51] and [76]. It is also common as in [29] and [38] to consider the
hydraulic actuation pressures as control inputs and focus on the dynamics of the



1.3. Summary and contributions of the papers included in the thesis 7

powertrain and transmission components during the gear shift. In Paper 7, the
second approach is used and OC analysis of the gear shift for a nine speed AT
system is enabled by developing physics based model of the transmission and
driveline rotational dynamics during a gear shift. The presented methodology is
reusable for OC analysis of various gear shifts for the hauler in [79].

AMT systems are popular in commercial vehicle since they offer improved
shift quality and drive comfort while reducing the gear shift duration and fuel
consumption [49]. Moreover, according to [49] as they are derived from the
manual transmission systems, development and production of AMT systems
have lower cost compared to the AT systems. Generally, the major difference
between manual and AMT systems is that in an AMT, the clutch and gearbox
are equipped with electro mechanical or electro hydraulic actuators driven by a
control unit. The overall goal of the control unit as in the AT case is to improve
the shift quality by shortening the gear shift duration and driveline oscillations.
However, shortening the duration of gear shift is more critical for AMT systems
because during the gear shift, zero tractive torque is transferred to the wheels
which causes vehicle speed deceleration and is undesirable especially for heavier
vehicles. Many researches have been carried out for modeling and control of
AMT systems. From detailed vibrational and finite element analysis of the
transmission shaft including clutch nonlinearities and backlash effects in [16], to
multi-body driveline modeling approach in [14] and [60]. Clutch models for the
slipping and locked modes of the clutch operation and the thermal effect on the
transmitted torque are presented in [52]. The control of AMT gear shift is well
studied in [46], [61] and [86].

Engine controlled gear shifts in an AMT system similar to [61] but including
an assisting electric power source in the powertrain are studied in Papers 8-9.
To analyze the OC transient during the gear shifts, first a model is developed
and then OC problems are formulated and solved showing the potentials for
reduction of fuel consumption and driveline oscillations. Chapter 2 follows up on
this and presents the important issues in modeling and OC of such gear shifts.

Although developing continuous and control friendly models are a key re-
quirement for OC analysis, it is important to have a proper objective function
formulation in OC problems. Paper 10 and briefly the last section of chapter
2 present the effects of objective function formulation on the obtained optimal
trajectories when solving OC problems.

1.3 Summary and contributions of the papers
included in the thesis

The main contributions of Papers 1-10 are summarized below. The first author
in each paper has the largest contribution in the study, implementation and
presentation of the results.
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Paper 1
"Modeling and optimal control of a wheel loader in the lift-transport sec-
tion of the short loading cycle."
Vaheed Nezhadali, Lars Eriksson, and Anders Fröberg.
7th IFAC Symposium on Advances in Automotive Control. Tokyo, Japan, 2013.

The main contribution of this paper is a wheel loader model which can be
used in OC problem formulation. A second contribution, is that it is shown
how multi-phase OC problems can be formulated and solved for obtaining
efficient wheel loader transients in presence of discontinuous control inputs such
as gearbox ratios. Solving OC problems, the trade-off between shortest time
and lowest fuel consumption for wheel loader operation is calculated. The paper
also includes an analysis of the effects of torque converter stiffness on fuel-time
trade-off. The sensitivity of OC transients with respect to the path constraints
in the lifting subsystem is also investigated.

Paper 2
"Optimal control of wheel loader operation in the short loading cycle using
two braking alternatives."
Vaheed Nezhadali and Lars Eriksson.
The 9th IEEE Vehicle Power and Propulsion Conference. Beijing, China, 2013.

This paper is a continuation of wheel loader OC analysis using the model
developed in Paper 1. The main contribution in this paper is showing the effects
on fuel consumption when using torque converter and engine torque for wheel
loader braking instead of using usual mechanical brakes. Fuel efficient wheel
loader transients and also the trade-off between minimum time and minimum
fuel operations are calculated and presented showing the higher fuel consumption
when the torque converter is used for braking.

Paper 3
"Optimal lifting and path profiles for a wheel loader considering engine and
turbo limitations."
Vaheed Nezhadali and Lars Eriksson.
Volume 455 of Lecture Notes in Control and Information Sciences. pp. 301–324.
Springer International Publishing.

The paper is an extension of Paper 1 where the main contributions is the
improvement of wheel loader model. The new model includes turbocharger
dynamics in the mean value engine model and also a model for the steering system
dynamics. Using the extended model and a numerical OC tool, the minimum
time and minimum fuel transients and power distribution between different
wheel loader sub-systems are calculated and presented. Another important
contribution is the calculation of optimal wheel loader trajectories in the short
loading cycle for various load receiver positions.
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Paper 4
"Turbocharger dynamics influence on optimal control of diesel engine pow-
ered systems."
Vaheed Nezhadali, Martin Sivertsson, and Lars Eriksson.
SAE International Journal of Engines, DOI: 10.4271/2014-01-0290.

This paper contributes with an analysis of effects of including turbocharger
dynamics in diesel powered systems. A qualitative and quantitative comparison
is presented for two applications where the authors have contributed with the
wheel loader application. It is shown that neglecting the turbocharger dynamics
results in underestimations when calculating the required time and fuel for wheel
loader operation.

Paper 5
"Wheel loader optimal transients in the short loading cycle."
Vaheed Nezhadali and Lars Eriksson.
The 19th IFAC World Congress. Cape Town, South Africa, 2014.

This paper is an extension of Paper 3. The main contribution here is that
the complete trajectory in the short loading cycle is optimized compared to the
previous papers where only the lift-transport section of the loading cycle was in
focus. The sensitivity of the wheel loader transients, fuel consumption, cycle
duration and trajectory with respect to unloading point orientations of the wheel
loader are calculated and presented.

Paper 6
"Wheel loader operation - optimal control compared to real drive experi-
ence."
Vaheed Nezhadali, Bobbie Frank, and Lars Eriksson.
Control Engineering Practice, DOI:10.1016/j.conengprac.2015.12.015.

The main contribution of this paper is that the results from OC analysis are
compared with the measurements from a real world wheel loader operation with
the aim to highlight the potentials for improvement of operation productivity.
The wheel loader model in Paper 5 is fine tuned and its fuel consumption
calculation is validated against measurements. Using the validated model,
OC problems are formulated, solved and the results are compared against the
measured trajectories and fuel consumptions.
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Paper 7
"A framework for modeling and optimal control of automatic transmission
systems."
Vaheed Nezhadali and Lars Eriksson.
4th IFAC Workshop on Engine and Powertrain Control, Simulation and Model-
ing. Columbus, USA, 2015.

The main contribution of this paper is the presentation of a methodology for
modeling and control of actuators in automatic transmissions with planetary
gearboxes. The presented model is reusable for various gear shift cases and is
continuous in the operating range of the transmission system which makes it
proper for OC problem formulation. This is shown by solving OC problems to
calculate the trade-off between gear shift time and wheel speed oscillations.

Paper 8
"Optimal control of a diesel-electric powertrain during an up-shift."
Vaheed Nezhadali and Lars Eriksson.
SAE 2016 World Congress & Exhibition, paper number 2016-01-1237. Detroit,
USA, 2016.

The contribution in this paper is a methodology for modeling and OC
analysis of complex powertrain configurations. A model is developed for a
heavy duty powertrain using a validated diesel-electric model and a coupled-
decoupled transmission assumption during a clutch free gear shift. OC analysis
for minimization of gear shift time and transmission shaft oscillations is performed
and results are presented.

Paper 9
"Optimal control of gear shift in a diesel-electric powertrain with backlash."
Vaheed Nezhadali and Lars Eriksson.
8th IFAC Symposium on Advances in Automotive Control. Kolmården, Sweden,
2016.

This paper is an extension of Paper 8. The powertrain model is extended by
including a backlash in the driveline which is a strong nonlinearity. The main
contribution is to introduce a new smoothing technique in order to describe the
discontinuous backlash dynamics using a continuous switching function during all
phases of an engine controlled gear shift. Using the powertrain model, the paper
contributes with a discussion about how objective functions of OC problems
should be formulated to obtain fuel-time-jerk efficient gear shift transients.
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Paper 10
"Analysis of optimal diesel-electric powertrain transients during a tip-in
maneuver."
Vaheed Nezhadali and Lars Eriksson.
9th Eurosim Congress on Modelling and Simulation. Oulu, Finland, 2016.

This paper contributes with a discussion and analysis of objective function
formulations in OC analyses. A diesel-electric powertrain corresponding to a
hybrid bus is used and OCs for acceleration from 10 to 15 km/h are calculated.
The analysis is performed for minimization of time, driveline jerk, and energy
consumption. The trade-off between these criteria are calculated meanwhile
a weighted sum of diesel and electric energy is used to define the energy cost
function in the problem formulation. The analysis is extended by recalculating
the transients for various weights in the energy cost formulation and different
road slopes corresponding to various loads. It is shown that with the same model,
including different aspects of the system properties in the objective function
formulation can greatly affect optimal transients and this should be considered
in OC analysis of powertrain systems.

Other publications by the author
The publications in which the author has participated but are not included in
the dissertation are as follows:

• “Compressor flow extrapolation and library design for the Modelica vehicle
propulsion library - VehProLib.”
Lars Eriksson, Vaheed Nezhadali, and Conny Andersson.
SAE 2016 World Congress & Exhibition. SAE paper 2016-01-1037. Detroit,
United States.

• “Parallel multiple-shooting and collocation optimization with OpenModel-
ica”.
Bernhard Bachmann, Lennart Ochel, Vitalij Ruge, Mahder Gebremedhin,
Peter Fritzson, Vaheed Nezhadali, Lars Eriksson, and Martin Sivertsson.
9th International Modelica Conference. Munich, Germany, 2012.
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2

On modeling and optimal control
of heady duty powertrains

This chapter gives a short introduction to the modeling and Optimal Control
(OC) of the studied heavy duty powertrains. First the models and OC problem
formulations used for wheel loader operation analyses in Papers 1-6 are briefly
presented. Then, the system models and problem formulations related to Papers
7-10, which are about gear shift and driveline control, are presented. Finally, the
chapter is concluded by some remarks about the choice of OC problem solvers
in Papers 1-10, and the importance of objective function formulation for OC
analysis of systems comprised of several subsystems. Meanwhile, the previous
research in the field and their relation to this dissertation are reviewed in every
section.

2.1 Wheel loader modeling and control
Several studies are performed on modeling, simulation and optimization of the
different phenomena during typical wheel loader operation. Digging forces during
the bucket filling process are studied in [18] while in [15], [19] and [58] only
the lift system hydraulics and the linkage dynamics are in focus. The effects
of wheel loader operator skills on the Short Loading Cycle (SLC) efficiency are
studied in [23]. Several studies are available concentrating only on wheel loader
trajectory planning with [21], [55], [67], [65] and [66] as some examples. In [42]
a model is presented for the pile shape while in [63] and [68] the trajectory
planning considering the cycle to cycle deformation of the gravel pile is presented.
Research on the optimization of diesel engine transient operations also attracts
several researchers such as [84], [5] and [4]. During wheel loader operation almost
all different wheel loader subsystems are employed simultaneously while research
on modeling and OC for the total system during loading operation is rare.

13
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Table 2.1: Summary of wheel loader model features used in Papers 1-6.

Paper 1 2 3 4 5 6
Number of states 5 4 9 9 9 9
Number of controls 3 3 4 4 4 4
Trajectory planning included - - X X X X
Turbocharger dynamics included - - X X X X
Hydraulic lift pressure as control - - - - - X
Compared with measured data - - - - - X

In this dissertation, all major power producer and consumers are included in
the models and the analyses. To enable this, models describing the dynamics
of the wheel loader components contributing to both SLC duration and fuel
consumption are required. It is important to accurately describe the component
dynamics with minimum number of states and control inputs in order to facilitate
OC analysis with available techniques. Also, the dynamics of all subsystems and
components should remain continuous during the whole range of wheel loader
operation. For this, the wheel loader dynamics are initially described with simpler
models, Paper 1, and in the following papers more components and subsystems
are added as shown in Table 2.1. Wheel loader modeling culminates in the
model presented in Paper 6 where a comparison is made between measurements
from real wheel loader operation and OC results using the developed model for
a L220G VOLVO wheel loader, [81].

2.1.1 Wheel loader models in Papers 1-6
Figure 2.1 illustrates an overview of the complete wheel loader model in Paper 6
showing the interdependencies between various subsystems. The complete wheel
loader model has four control inputs which are injected fuel mass per combustion
cycle of the diesel engine (uf), hydraulic pressure in the lifting system (up), rate
of change in steering angle (us) and a resistive force at wheels (ub) representing
the braking force from mechanical service brakes. The transients of various
subsystems are described by differential equations for nine state variables which
are engine speed (ωice), engine intake manifold pressure (pim), angular position
and velocity of the lift boom (θ, ω), vehicle speed (V ), vehicle position in 2-D
plane (X, Y ), steering angle (δ) and the heading angle of the vehicle (β).

Detailed models suitable for control purposes and describing diesel engine
transients are available, see [85] and [35]. However, considering the number
of subsystems included in the wheel loader model and to reduce the size of
the model, only engine speed and intake manifold pressure states are used.
In Paper 4 it is shown that including the intake manifold pressure dynamics
together with the smoke limit constraint representing the turbo lag effect in the
diesel engine model, is necessary for the correct estimation of fuel consumption
and operation duration.

It is common to use torque converters in wheel loader powertrains [80], [48],
[39], [36], [34], [13]. Considering the environments that wheel loaders operate in,
high wheel slip conditions are common. During these periods, it is important
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Figure 2.1: The structure of complete wheel loader model and its comprising
subsystems, states and controls according to [53].

to decouple the disturbances in the vehicle speed and wheel torque from the
engine. Using a torque converter, the engine and wheels are hydraulically
coupled together having better disturbance damping characteristics compared to
a mechanical coupling. Having a torque converter in the drive train also brings
the benefit that with no clutching mechanism in the system, vehicle speed can
go to zero without stalling the engine. According to [54], this is particularly
important during the bucket filling phase of the wheel loader operation. However,
the high losses associated with the torque converter operation make it crucial
to have efficient powertrain control strategies and this is more elaborated in
Papers 1-2.

Same as a diesel engine, detailed models describing the dynamics of torque
converter components are available with examples available in [33] and [40]. How-
ever, in control oriented modeling it is common to neglect the internal dynamics
of the torque converter and represent the component by it characteristics curves,
see [28] for an example. In some of the wheel loader applications studied in this
dissertation, such as Paper 2, it is desired to have a torque converter model able
to transfer torque from the engine to the wheels and also in the reverse direction.
For this, similar approach as in [27] and [28] with minor modifications in order
to obtain continuous and usable models over the complete range of the speed
ratios over torque converter are used.

In the lift subsystem models, the main goal is to obtain efficient lifting profiles
during the loading operation while accounting for the required power from the
diesel engine. The focus is therefore put on the kinematics and according to
the geometry of the boom and lift cylinders, the lifting force and acceleration
are calculated proportional to the hydraulic pressure (up) in the lift cylinders.
Moreover, assuming a constant efficiency for the lifting pumps and using the
properties in [81], the required power for lifting is calculated.

Steering system is modeled using vehicle kinematics for an articulated con-
figuration with equidistant axles from the articulation joint. The required power
for steering is much less than the power required for lifting and vehicle trac-
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Figure 2.2: The AT powertrain configuration used for gear shift and driveline
control analysis in Paper 7.

tion [20]. Therefore it is modeled as a simple quadratic function proportional
to the steering angular velocity as presented in Paper 3. The steering model
enable calculation of optimal wheel loader trajectory while allowing to define
a constraint on the maximum turning radius of the vehicle according to the
information in [81].

2.2 Modeling for AT gear shift control

The powertrain configuration used for OC of AT gear shift transients is presented
in Figure 2.2. In the AT powertrain model presented in Paper 7, to capture the
driveline and transmission oscillations during the gear shift, the rotational speed
of the engine and transmission components, and wheel speed are chosen as state
variable describing the powertrain rotational dynamics. The only flexibility in
the system is considered to be in the driveshaft where the driveshaft deflection
dynamics are described using damping and stiffness coefficients according to
[61]. The control inputs are injected fuel mass per combustion cycle (uf ) and
the actuation torques (Tki, TBi) exerted on the planetary gearset components
by the clutches and brakes inside the transmission.

Black box models represent the torque converter characteristic curves in the
model as in the wheel loader case. Different approaches are used to describe
the rotational dynamics of the planetary gearset components. Lever analogy
[8] is widely used over the past 35 years for the analysis and visualization of
the AT gear shift systems as in [50] and [70]. However, illustration of torques
using the lever analogy method for AT systems with more number of planetary
gearsets, we had 5 of them in Paper 7, becomes cumbersome to use and thus less
efficient. However, considering only the kinematic of the transmission system
and using Newton’s second law, it is possible to calculate all torques applied on
the different planetary gearset components in order to describe the rotational
dynamics. This approach, referred to as the matrix method in [7], is more
efficient for the analysis of larger and more complex transmissions systems and
is used in Paper 7 as well as [77].
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Figure 2.3: Schematic illustration of the transmission torque during an engine
controlled gearshift in an AMT system. Black curves show the torque from
a conventional diesel powertrain and red curves show the anticipated torque
transients using a diesel-electric power source.

2.3 Modeling for AMT gear shift control

In AMT systems studied in Papers 8-9, the gear shift transients are described
by three consecutive phases namely torque phase, synchronization phase and
inertia phase. Figure 2.3 schematically shows the transmission torque transients
in the three phases of a conventional engine controlled gearshift versus the
transients expected when an assisting electric power source is available in the
powertrain. The torque phase starts after the driver commands a gear shift.
The engine torque control is then activated in order to smoothly reach zero
transferred torque in the transmission. This facilitates slip-free actuation of the
electrically controlled clutch for decoupling the engine from the gearbox. During
the synchronization phase, a new gear is put in place inside the gearbox while
engine speed is synchronized to match the new gear ratio; meanwhile the engine
torque is controlled to zero level to enable the slip-free re-engagement of the
engine and gearbox at the end of this phase. In the third phase, the engine
torque and rotational speeds of the inertias in the powertrain are increased such
that the desired wheel speed is achieved at the end of the gear shift.

Figure 2.4 shows the powertrain configurations in the models used for the
study of the AMT shift control. In Papers 8-10, a validated diesel-electric model
from [71] as the power source in the powertrain is used. The control input to the
model are mass of injected fuel per combustion cycle (uf ), turbocharger waste-
gate valve position (uwg) and the electric power from/to the generator/motor
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Figure 2.4: The AMT powertrain structure used in gear shift and driveline
control analyses, Papers 8-10.

(pgen). The rotational dynamics of the driveline are described by engine speed,
transmission output shaft speed and wheel speed according to the decoupled
modeling approach suggested in [60]. The driveline flexibilities are all lumped
together and described by the driveshaft stiffness and damping coefficients.

According to [44], a backlash angle in the range of 20-40 crankshaft angle
degrees can be encountered in vehicular drivelines. Therefore, to have a more
realistic representation of the driveline dynamics, the powertrain model of Paper 8
is extended in Paper 9 by addition of backlash transients into the system. [57]
presents physical backlash models and [43] has performed a survey on control of
automotive powertrains with backlash while methods for backlash estimation
and open-loop control during backlash traverse are suggested in [44] and [45].
However, describing backlash nonlinearities with a single continuous dynamic
model for both traverse and contact modes in a reusable manner for all three
phases of the AMT gear shift is less trivial. For this, as presented in Paper 9,
a continuous and differentiable switching function is introduced for calculation
of the backlash transients at different backlash modes. OC problems are then
formulated and solved using the powertrain model of Paper 8 but with an
additional state for the backlash traverse angle. It is shown that the suggested
methodology for backlash definition can be used for the AMT gear shift control
of systems with backlash.

2.4 Solving optimal control problems
2.4.1 Optimal control solvers
Different methods and approaches are available for solving OC problems. How-
ever, the size of models and number of states and controls, play an important
role when choosing a solution method. Meanwhile classical methods such as
Pontryagin’s Maximum Principle [62] or Dynamic Programming [9] are suitable
for problems with smaller state space and fewer nonlinearities, direct numerical
optimal control (NOC) methods, see [17] and [56] for an overview, are almost
the only choice when it comes to larger problems with severe nonlinearities. The
idea in direct method approaches is that the OC problem is first translated into
a nonlinear problem (NLP) using various discretization methods. The NLP is
then solved by dedicated solvers such as IPOPT [82] in CasADi framework [3]
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or SNOPT [25] in PROPT [78], ACADO [32] and GPOPS [59].
Considering the size and complexities of the models and OC problems studied

in this dissertation, the direct methods are the natural choice among all available
options. In Papers 1-6 PROPT is used which has the advantage that large
OC problems in multiple phases can be simply defined. However, there is less
freedom for choosing the discretization method and the user is limited to the
tool syntaxes for the definition of system models. As the research has progressed
and we have gained more knowledge about the discretization techniques such as
direct multiple shooting and direct collocation, CasADi is used in Papers 7-10 for
formulating and solving OC problems. The main advantage of this tool is that
more complex problems can be formulated and solved with it since the user has
more freedom in defining the system model and implementing the discretization
methods of his choice. However, the discretization complexities and coding
requirements increase the time that is needed to implement the complete OC
problem definition in CasADi.

From a user’s perspective PROPT is a useful tool for getting started and
capable of solving problems of industrially relevant size. But in the project, we
reached the limit and found needs to go beyond the capabilities of PROPT,
however, the thesis results would not have been possible without this progression.

2.4.2 Practical notes about OC solutions
Solving different types of OC problems it is common to come up with control or
state trajectories which are noisy or oscillatory and seem far from the anticipa-
tions during a real operation. The oscillations can have various frequencies and
also various origins. They may be the results of physical phenomena existing in
real world which have not been realized earlier or can be the artifact of problem
discretization or modeling choices. In [72] and [73], examples are presented
where oscillatory engine controls using a mean value diesel engine model are
proven to be actually more fuel efficient. Paper 1 in the dissertation presents
an example where oscillations are caused by the modeling and discretization
choices.

Another type of unexpected control or state trajectories which can be highly
oscillatory or of bang-bang type are the result of choices made for objective
function formulation of OC problems. In Papers 1-9 such situations are avoided
by calculating the trade-off between contradicting objectives and showing the
differences in the transients between the first points on the Pareto front and
where a compromise between objectives exist. Paper 10 is dedicated to the study
of such conditions while calculating optimal powertrain controls for smooth and
time efficient tip-in transients of a hybrid city bus.

Figure 2.5 shows a schematic description of the arising problem with imaginary
optimal state and control trajectories when solving for two different objective
function formulations. The system to be optimized is assumed to be comprised
of two subsystems with feasible regions as shown in the figure. Two contradicting
objective functions (f1) and (f2) which can correspond to fuel consumption
and time, respectively, are considered. As it is shown, when the optimization is
aimed at minimization of only one of the objectives, the control trajectory aims at



Figure 2.5: A schematic illustration describing the effects of objective function
formulation on system transients obtained from optimal control.

pushing the state transients toward the boundaries of the common feasible region
of the two subsystems. However, commonly the bottle neck of the system model
accuracy lies on its boundaries and therefore the control signals corresponding to
such operating regions may look unrealistic. But if a small representation of the
other objective (ε× f1) is added to the optimization objective, while the state
trajectory remains close to the first case results, the control trajectory becomes
much smoother and which is more insightful for control design.

Therefore, when formulating and solving OC problems, while it is important
to have proper models and discretization schemes, formulation of objective
function should also be carefully decided. This becomes even more important
when systems are comprised of many subsystems with various efficient regions
during the operations.
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