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Safe operating envelope for electric semi-trailer

On safe driving conditions with electric trailer propulsion for heavy truck combina-
tions using coordinated vehicle motion control

ERIK ANDERSSON

AXEL HANSSON

Department of Mechanics and Maritime Sciences

Chalmers University of Technology

Abstract

With higher demands on electrification of the transport sector comes new chal-
lenges regarding the range of battery electric heavy vehicles. Installing batteries in
the trailers of a heavy vehicle combination allows for an increase in range and also
gives the opportunity of adding electric motors to the trailer. However using an
electric trailer for propulsion may introduce stability issues which, if found, must be
accounted for and controlled in order to not decrease the performance of the electric
vehicle compared to the conventional tractor semi-trailer vehicles.

This thesis presents an investigation on when and how an electric trailer can be
used for propulsion and coordination of a heavy tractor semi-trailer vehicle combi-
nation. Definitions of what is regarded as safe motion of the vehicle is defined and a
limiting operating envelope for the electric trailer is developed using data attained
from simulations. Control systems which include control allocation are developed to
coordinate the two vehicle units and to distribute forces among each of the available
motion and steering actuators on the vehicle. The systems are verified and tested
in a high fidelity simulation environment for two test cases, the first of which is to
travel through an S-curve consisting of two opposing 90° turns and the second is the
standardized "Sine with dwell" test (ISO 18375:2016).

The proposed control systems perform well for the two presented test cases with
some limitations regarding the scenario parameters. Additional predictive control
systems are proposed as a possible improvement to the current systems. In the the-
sis, electric trailers are proven to, in concept, be a viable way of propelling, braking
and controlling a two-unit vehicle combination using a safe operating envelope and
control allocators.

Keywords: Heavy trucks, control theory, control allocation, vehicle safety, semi-
trailer, electric vehicle, operating envelope, actuator coordination, simulation.
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in

alphabetical order:

BEV
CoG
E-trailer
EM
GTT
ICE
NTP
SB
SLS
SoC
SOE
VTM
WLS
YSF

Battery electric vehicle
Center of gravity

Electric trailer

Electric motor

Group Trucks Technology
Internal combustion engine
Normal temperature and pressure
Service brake

Sequential least squares
State of charge

Safe operating envelope
Volvo Transport Model
Weighted least squares
Yaw stability factor
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Nomenclature

Below is the nomenclature of indices, parameters, and variables that have been used
throughout this thesis.

Indices
i Index for vehicle unit
¥ Index for axle on vehicle unit
5 Index for side of axle on vehicle unit (L or R)

Note: Indexing unit number, axle number and side of axle is done for all variables
in the order ijs, i.e. for electric motor torque: Tjs em

tot Abbreviation for total, sum of all parameters/variables with
the same name.

V Index for total force/moment in vehicle frame (excluding ex-
ternal forces)

c Combination level

em Electric motor

sb Service brake

res Resistance

req Request

ref Reference

e Variable included in SOE

P Power limited

b Friction limited

X1



Parameters

0l Penalty coefficient

n Number of vehicle units

a; Number of wheel axles

R, Radius of turn in road

0 Road-tire friction coefficient

T Applied torque on each driven wheel on trailer

g Gravitational acceleration (9.81 %)

Tijs Wheel radii

My Axle loads

u Input signals

v Virtual control signals

B Control efficiency matrix

Uges Desired input signals

W, Input signal weight matrix

W, Virtual control signal weight matrix

Cj Tire cornering stiffness factor

la,ij Longitudinal position of axle relative CoG of unit
Wy Track width

J; Moment of inertia

P, Power output of electric motor

Cq Air drag coefficient

A Frontal area of tractor

p Air density

Ou Allowed control range of 911

n Brake ratio

¢ Safety ratio for friction limit

d, Distance from CoG of first unit to its rear coupling point
dy, Distance from CoG of second unit to its front coupling point
A Longitudinal force distribution vector

K Brake force distribution vector
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Variables

Froll,ijs
Fq
M

UBNE]

Sum of all longitudinal forces acting on unit
Sum of all lateral forces acting on unit
Rear coupling forces in x- and y-direction
Sum of all moments about the z-axis

Total longitudinal acceleration

Total lateral acceleration

Lateral slip of axle

Articulation angle between unit ¢ and 7 + 1
Steering angle

Rotational speed of wheel

Rolling resisting force

Air drag force

Rolling resistance torque from wheel
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1

Introduction

1.1 Background

The total global carbon emissions footprint made by humans have for the past
decades increased exponentially and are expected to keep increasing in the years to
come. In 2020, the road transport sector which include heavy-duty trucks used in
for instance construction, logging and refrigeration, are estimated to have accounted
for 5% of the total global CO2 emissions and 30% of the global CO2 emissions in the
transport sector [1], [2]. Research of battery electric vehicles (BEVs) is a popular
topic in the heavy vehicle industry as it serves as an environmentally sustainable
alternative to combustion engines run with fossil fuels. Several companies in the
heavy truck industry aim at in the future only to sell and produce trucks which only
use electrical power as the main source of propulsion [3].

One of the many issues with battery operated heavy trucks is to maintain an equiv-
alently long range as their fossil fuel powered counterparts. Volvo Trucks currently
offers several of its models with electric powertrains. Out of these models, the Volvo
FM Electric, is able to achieve a range of up to 380 km [4], which is the longest
ranging Volvo BEV truck. This is an adequate range for short haul transportation
in urban areas like cities and industrial areas. However, for long haul transporta-
tion a truck driver in the European Union is allowed to drive for a maximum of
10 hours per day [5], which at 90 km/h results in a distance of up to 900 km per
day. Using Volvo’s existing electric trucks for long haul transportation thus becomes
inconvenient since two time consuming recharges are required.

A novel solution to extend the range of a vehicle is to add more batteries, thus
increasing the total energy capacity on board. If batteries and electrical motors
are installed in the trailer of a tractor semi-trailer combination, the trailer could
be used as a propulsive complement to the vehicle. This allows for the possibility
of using an electric trailer (e-trailer) on both tractors with internal combustion
engines (ICEs) and on BEV-tractors. The e-trailer could also be used to recharge
the batteries through regenerative braking, thus preventing wasting energy through
the mechanical braking system.

Conventional heavy truck trailers are normally installed with pneumatic brakes to
make the vehicle stop safely and in time. To achieve the maximum possible range
of a BEV, it could be necessary to deplete the batteries in order to allocate more
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capacity when using regenerative braking. This would require extensive knowledge
on whether safe driving can be ensured or not when the trailer is accelerating or
retarding the vehicle combination. Safe driving is throughout the thesis defined as
when the vehicle is not in any of the unsafe modes depicted in Figure 1.1. By inves-
tigating and controlling the acceleration and braking requests from the truck driver
when driving with an e-trailer in different conditions and scenarios, safe driving
can be ensured without running the risk of putting the driver or truck in a danger-
ous situation. A set of requested forces and moments (from the physical driver or
autonomous system) together with additional parameters such as road profile and
longitudinal speed of the vehicle which ensures safe driving is called a safe operating
envelope (SOE). This envelope can therefore determine what user inputs will yield

safe vehicle motion and which will not.

(b) Wheels on tractor’s two rear axles
slip while trailer does not slip, causing
a jack-knife

» -

ik
T

(a) Wheels on trailer slip while tractor
does not slip, causing trailer swing

(c) Wheels on tractor’s front axle slip
while the rest of the vehicle does not slip,
causing off-tracking due to understeering

(d) The trailer rolls over on to its side,
causing a roll-over

Figure 1.1: Unsafe modes of tractor (grey) and semi-trailer (blue) in combination.
Red arrows indicates tractor or trailer motion and yellow arrows indicates the cou-
pling point’s direction of travel

1.2 Purpose

The purpose of this thesis is to investigate whether it is possible to, in a safe manner,
use an e-trailer for propulsion in a vehicle combination. The work will be focused
around using a two unit vehicle combination where both units can be used as propul-
sion units. This enables for unconventional propulsion strategies to be used, instead
of the more traditional setup where only the tractor is pulling the vehicle. For ex-
ample the vehicle combination may be propelled by only using the batteries and
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electric motors of the e-trailer while the first unit is used for braking only. The ulti-
mate motivation of using an e-trailer for propulsion is to increase the range of BEV
trucks. Also, the suggested propulsion strategies are to be constructed such that
unsafe vehicle behavior, as described in section 1.1, can be avoided during normal
driving conditions.

1.3 Objective

In order to fulfill the purpose of the thesis a set of objectives are set up:

Define proper and realistic conditions for safe driving without putting the
vehicle and driver in a dangerous situation, such as critical thresholds for
jackknifing and trailer swing.

Find a safe operating envelope which enclose conditions for safe driving. With
provided inputs, the SOE determines whether the safe driving of the vehicle
is ensured or not and if the inputs from the driver must be limited or not.

Develop a control allocator for combinations of units that can distribute the
total forces acting on the entire vehicle between the individual units.

Develop control allocators and necessary control algorithms to be used within
each individual unit, using distributed forces as inputs.

A method and function for optimizing the power use on the vehicle by control-
ling electrical and mechanical brakes will be developed in order to minimize
the amount of energy wasted on conventional service brakes.

1.4 Scope

The scope of the thesis is limited to:

Studying one specific vehicle combination, shown in Figure 1.2. The vehicle
is a 6x4 BEV-tractor (three axles in total, axle two and three being driven)
combined with a 6x4 electric semi-trailer (three axles in total, axle one and
two being driven).

Defining a SOE for a limited number of predefined test cases for the vehicle
combination such that satisfactory results and conclusions can be drawn within
the time limitations of the thesis. The test cases will for instance only include
flat roads with no incline, decline or camber.

The SOE is limited to only consider longitudinal velocity of the first unit,
articulation angle between the units, road surface friction coefficient, requested
torque on trailer and longitudinal and lateral coupling forces.

Available actuators on the vehicle include:

— electric motors on each wheel on axles 2 and 3 of the tractor and each
wheel on axles 1 and 2 of the trailer
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— mechanical service brakes on all wheels of the vehicle
— steering of the wheels on axle 1 of the tractor

o Energy usage of vehicle is not studied. However, efforts to minimize energy
usage on the vehicle regarding actuator usage will be done but without quan-
tifying actual energy effectiveness.

Figure 1.2: 6x4 tractor combined with a 6x4 electric semi-trailer. Driven axles are
marked in red.

1.5 Limitations

Limitations of the thesis and topics not studied include:
o Detailed analysis of energy usage on the vehicle.
o Battery modeling and charge cycles of batteries.

o Development and verification of proposed control system is carried out solely
through simulations since no physical e-trailer is available

1.6 Ethical aspects

The objective and scope of the thesis is to develop a driver assist and control system,
which can be regarded as a semi-autonomous system. The driver will be assisted
in controlling the motion of the vehicle in more ways than the driver ever could
do on their own. Therefore the driver will rely on that the system responds in
the correct way to the driver’s inputs. If the driver is confident in the system and
devotes trust in the robustness and functionality of it, then the driver might lose
essential skills maneuvering the vehicle which is needed if the system fails or is
not active. It could also lead to driver inattentiveness and negligence of the current
road conditions which, since the system is neither autonomous nor self-driving, could
lead to dangerous driving situations as discussed in [6]. Further discussed in [6] is
the responsibility of safety systems in automated vehicles. It is from the article
evident that a vehicle with advanced safety systems will to a certain extent carry
the responsibility of any possible accident caused by for instance malfunctioning
software, as opposed to a vehicle without such systems in which the driver would
be carrying almost all responsibility. Software bugs, misbehaving safety functions,
issues regarding hacker attacks due to wanting cyber security and incorrect use of
the safety functions can all risk causing large costs in terms of human suffering and
material and financial damage.

4
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A successful implementation of a control and safety system which minimizes energy
usage in electric heavy trucks can benefit the transition from using fossil fuels to
renewable energy sources in the transport sector. The 17 Sustainable Development
Goals presented by the United Nations [7] aims for peace and prosperity for the
entire planet, for instance through slowing down climate change and ensuring good
health and well-being for all people. This thesis present ways to for instance help
reduce the use of fossil fuels and consequently decreasing the number of people
affected by air pollution related illnesses. The transition in the transport sector to
renewable energy sources can also help create sustainable cities and communities
and promote sustained economic growth.

The extensive use of model based design and simulations when developing the func-
tions and systems in the thesis eliminates the need for real life tests to a large extent.
This avoids using fossil fuels in vehicles, fatigue and stress on the vehicle and road
and thus avoids unnecessary carbon emissions and pollution. Also, damage caused
to the physical vehicle, its surroundings and the driver may be reduced by first
verifying that the developed systems functions as intended through simulations.

1.7 Disposition

The model of the studied vehicle combination is presented in chapter 2 followed by a
definition and description of the safe operating envelope in chapter 3. The complete
control system used to control the vehicle with the SOE implemented is presented
in chapter 4 followed by results from comparing the obtained control system with
some reference systems in chapter 5. The results are discussed and conclusions about
the work in the thesis are drawn in chapter 6 together with recommendations for
future work. Appended are mathematical derivations in Appendix A, chosen vehicle
specifications in Appendix B and test results in Appendix C.
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Vehicle modeling

In order to apply model based design in the development process of the thesis,
consistent definitions of metrics and high fidelity models of the vehicle and its sub-
systems are needed. This chapter provides material of how the vehicle models are
set up and will be the basis of what methods are used later on in the thesis.

2.1 Volvo Transport Model

Volvo Group Trucks Technology (GTT) has developed non-linear high fidelity math-
ematical models of the tractor semi-trailer combination, which are used for simu-
lating the vehicle during function development. The library is referred to as Volvo
Transport Model (VTM), and is built in MATLAB/Simulink. It includes complete
models of different vehicle combinations and provides functionality to create differ-
ent customized combinations using available base models. These models include for
instance tire, cab, steering and chassis models.

VTM is built up using rigid bodies for the cab and the wheel axles and two rigid
bodies for the frame which can warp to account for continuous frame torsion [8].
The bodies are individually suspended to neighbor bodies and can all move in 6
degrees of freedom with regards to a set stiffness and damping factors.

This model has been, for a number of vehicle combinations, tested and verified to
be accurate enough for control system development through comparison with real
life tests [9], [10]. The Magic Tire Formula [11] is used as the tire model in VTM
for all vehicle combinations.

Figure 2.1 shows a simplified example of the VTM block in Simulink. The VTM
block computes the vehicle combination’s motion and positions, and requires steering
angles and wheel torques as well as drag force.

VTM provides comprehensive sensor data from the simulated vehicle. Data buses
are used to obtain data from each individual component. Since the model is purely
mathematical it is possible to obtain accurate simulated measurements from com-
ponents that is not normally fitted with sensors or difficult to measure in real life.
This is beneficial when developing new functions since many of the commonly used
sensor data signals is readily available in many different locations on the vehicle.
For example there are data buses available for each individual tire, wheel axle, front
and rear of each unit as well as the cab. The information transmitted in the data
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Cab Bus »
Steering Angles P Steering Angles
Tractor Chassis Buses >
Vehicle States Tractor Axle Buses » Vehicle States
Wheel Torques »| Wheel Torques Tractor Tire Buses > P Bus Data
Trailer Chassis Buses > Drag Force
Wheel torques and steering Tl e -
" railer Axle Buses
angles generated by driver Processing of measurements

Drag Force
Trailer Tire Buses
VM

Figure 2.1: Conceptual Simulink plant using a simplified VTM block

buses differs depending on the component but can include for example local and
global positions and velocities of the components as well as their angular velocities.
The tire buses includes longitudinal and lateral slip, applied forces and moments.

Electric motors, speed controllers, external resistance models and path following
controllers are not included in the VI'M library and will thus be defined thoroughly
in this chapter. The VTM model and its subsystems will not be described in further
detail since it is Volvo GTT’s internal model used for function development.

2.2 Coordinate frames and model definitions

In order to describe motion and dynamics of the different vehicle units a definition
of coordinate systems and global forces acting on them is required. For this the
international standard for road vehicles ISO 8855 [12] is used, see Figure 2.2.

Figure 2.2: Vehicle coordinate frame for a tractor with a connected semi-trailer

Xv.i,Yvi,Zy,; are the unit axis systems where ¢ € {1,2,...n} with the leading unit
getting unit number 1 and trailing units getting increasingly higher numbers. n is
the total number of units of the vehicle, which in any studied vehicle combination

8
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may include tractors, trucks, trailers and dollies. Forces, angles, moments and
dimensions are defined per unit on the studied vehicle. A general description of this
is depicted in Figure 2.3 where unit ¢ is related to a leading and a trailing unit. If
unit ¢ is the first unit of the vehicle, then coupling point 7 — 1 is disregarded together
with all associated dimensions. If unit ¢ is the last unit of the vehicle, then coupling
point ¢ + 1 is disregarded together with all associated dimensions. The coupling
points of consecutive units (purple points) are separated for clarity. However in the
model and in reality they coincide with each other.

Figure 2.3: Definition of total forces acting on each unit of vehicle combination

Local forces F,; and F),; denotes the unit’s total longitudinal and lateral forces
respectively, with the origin in its center of gravity (CoG). Similarly, accelerations
and moments on each unit are defined in the same coordinate frame as the local
forces on each unit. The world frame in which the vehicle moves in are denoted by
the coordinates X, Y, Z.

The total forces in Figure 2.3 can be deconstructed into all forces acting on each
unit, which include forces acting on each wheel, coupling forces and resulting forces
from air resistance and rolling resistance. This is shown in Figure 2.4. The index
"V’ denotes forces on the unit, excluding external forces such as coupling forces
and resulting forces. The forces Fy,,,, F,, and M., is only used to represent and
gather all forces shown in blue in Figure 2.4. The longitudinal forces are split into
forces resulting from the electric motors ,’em’; Fy,,, — and from the service brakes

,'sb’, Fy,. .- There are coordinate frames for each coupling point for each unit to
translate forces between units properly.
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I Longitudinal forces on wheel | T

L 1

~l

Xi2L XizLem;

Figure 2.4: Definitions of metrics for vehicle unit ¢ with 3 axles and its relations
to leading and trailing units

2.3 Electric motors

All electric motors are modeled as low pass filters which filters the requested torques
of each motor. The low pass filter is used to model the response time of the electric
motors, which will appear as a time delay during simulations. Each wheel that is
connected to an electric motor will then be subjected to the requested torque but
with a slight time delay. The electric motors are torque- and power-limited which
is presented in Equations 4.25-4.28.

The low pass filter in Equation 2.1 adds a delay on the requested torque with a time
constant of 0.3 seconds, and this is the transfer function used to model the electric
motors of both the tractor and trailer.

1

Grrenl) = 53541

(2.1)

Similarly, the transfer function for the time delay for the mechanical service brakes
is set as a slightly longer delay:

1

Grral) = 5571

(2.2)
During the construction of the safe operating envelope in chapter 3, the motors are

lumped together per axle on all units such that both wheels on each axle are given
the same torque when accelerating or decelerating. The motors are however not

10
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lumped together during all other parts of the thesis. It is also assumed that the
power output from each motor is directly proportional to the speed of the motors.

2.4 Driver Model

Since the vehicle is simulated there is no physical driver controlling the vehicle’s
velocity or heading. Thus, a mathematical driver model is needed in order to control
the vehicle. The driver model consist of two subsystems, a speed controller and a
path follower.

2.4.1 Speed controller

During the simulation process a speed controller will be used to control propul-
sion. The controller will enable the vehicle to accelerate, decelerate and maintain
requested velocity automatically throughout the simulations.

The speed controller used is a PID controller, described in Equation 2.3. Because
the controller will be used to maintain a requested velocity, it will act on the error
between the requested velocity and the current velocity of the vehicle. That is,
€ = Vg yreq — V-

1 K,
F:(:,req =€ (Kp + Kzg + Kd]m) s (23)

where K, =5 - 105, K; =1-10%, K4 =7-10% and K,, = 100.

The speed controller computes the total requested propulsion force that is needed
in order to reach requested velocity. Since not all axles are driven, the force is
proportionally distributed between the driven axles. Each axle is allotted force
proportional to the axle load in relation to the total axle load of the driven axles
of that unit. Finally, the speed controller outputs both requested wheel torques
and the total requested acceleration. Wheel torques are obtained by multiplying
the requested forces with the corresponding wheel radii and acceleration is obtained
by dividing the total force by the total mass of the vehicle. Depending on the
application in the simulations, both torques and acceleration can be useful.

Some system limitations are also considered in the speed controller modeling. Firstly,
the total propulsion force that the controller outputs cannot exceed the total force
that the electric motors can produce. Secondly, the force distributed to each wheel
cannot exceed the maximum friction force available. This limitation is implemented
in order to prevent the vehicle from losing traction.

2.4.2 Path follower

A steering controller that adjusts the vehicle’s steering angle to follow the desired
path is needed. This is handled by a PID controller acting on the lateral distance
error between the center of the front most axle and the desired path.

11
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In order to obtain the distance between the center of the axle and the desired path,
the velocities of the axle specified in the world coordinate frame are used. These
velocities are then expressed as velocities in the coordinate frame of the path, where &
expresses the longitudinal distance traveled and v expresses the lateral displacement
from the path. The change of coordinate frame from the world frame to that of the
road is done by using the rotation matrix

lvgl _ [608(6) —Sin(€)1 [Ux] ’ (2.4)

Uy sin(e) cos(e) | vy

where vy, vy are velocities in the world frame and ve, v, are the corresponding
velocities in the coordinate frame of the path. The rotation angle or the vehicle
heading specified in the world coordinate frame, ¢, is computed by integrating the
angular velocity of the path, w. patn

e= / e ot dt = / veC(¢) dt (2.5)

where C(z¢) is the curvature of the path as a function of the traveled length of
the path, x¢. The obtained lateral velocity in the coordinate frame of the path,
v, describe at what velocity the front axle of the vehicle deviates from the path.
Integrating the lateral velocity gives the lateral distance between the center of the
axle and the path, v, which is the input to the PID controller. The controller outputs
the requested steering angle, 611 ¢4, according to

1 K,
511,r6q =Ty (Kp + Kl; + Kd]_—f—}(nl> s (26)

s

where K, = —1, K; = —1-103, K; = —0.1 and K,, = 100.

2.4.3 Motion resistance forces
Forces on the vehicle from longitudinal air resistance is calculated as

Fy= cd;pviA (2.7)
where ¢y is estimated to be 1, A = 5.2 is set as the frontal area of the tractor
and p = 1.204 is set after the normal temperature and pressure (NTP) of air. The
rolling resistance is estimated from the rolling resistance torques obtained from the
tire model M, ;;s where ¢ denotes the vehicle unit, j denotes the axle on the unit
and s denoted the side of the axle (left or right). Together with the radii of the tires
on the vehicle each rolling resistance force is related as

M 178
Frall,ijs = 27 (28)

ij

Froll,i = Z Z Froll,z'js (29)

7j=1 5:[[77’]
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Froll,tot = Z Froll,i (210)

i=1
where n is the number of units and a; is the number of axles on unit ¢. The total
resistance forces for each unit thus becomes:

Fres,l - Fd + Froll,l (211)

Fres,z' - F’roll,ia for 1 <1 S n (212)
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3

Safe Operating Envelope

A set of applied actuator signals together with environmental parameters and vehicle
states which, by some logic, can predict or ensure safe driving with a high probability
is called a safe operating envelope. Safe operating envelopes are used in the flight
industry and have been well studied [13], [14]. The use of SOEs as a limiting
function regarding the capabilities of heavy vehicles and ensuring safe driving has
been studied and researched using model predictive controllers on yaw rate and
wheel side slip angle [15]-[17]. It has however not been done using off-line generated
simulated experimental data with different and more versatile envelope parameters
to limit an e-trailer in a two-unit heavy vehicle combination. Such off-line computing
will thus be studied in this thesis. By using experimental data in the envelope it is
independent of the internal dynamics of the vehicle and is instead based on simulated
measurements.

3.1 Defining safe vehicle motion

In order to classify the movement of the simulated vehicle combination proper defi-
nitions of what is considered safe are set up. This is done by first listing the unsafe
behaviors. These can be summarized into the four possible scenarios depicted in
Figure 1.1, repeated here for convenience:

o Off-tracking due to understeering

o Jack-knife of vehicle combination due to tractor wheels slipping
o Trailer swing due to trailer wheels slipping

» Vehicle rollover

Unsafe behavior due to off-tracking, as depicted in Figure 1.1c, is considered to occur
when the lateral displacement of the center of the front most axle of the leading unit
is more than half the width of a single lane from the center of the lane. Highway
lanes close to rural areas in Sweden are required to be at least 3.25 meters wide [18].
The threshold for off-tracking is therefore set to 1.75 m.

A jack-knife situation is detected by using the lateral slip of both the tractor and
the trailer together with the articulation angle between the units. The definition of
jack-knife, as in Figure 1.1b, specifies that the rear axles of the tractor should lose
traction while the axles of the trailer should maintain traction. The lateral slip of
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the tractor’s rear axles will thus be high and the lateral slip of the semi-trailer will
be low. Based on experience from simulations the thresholds for lateral slip, «, are
chosen as

g = |Uy’12| > 0.8 (31)
|U;v,12|

o = 12l (3.2)
|Ux,22|

where index 12 and 22 represents the second wheel axle of the first and second unit
correspondingly. The threshold values are chosen from experience in simulations.
Also, in order to further define jack-knifing, a lower limit on the articulation angle,
0, is added. Since jack-knifing only poses a danger for the vehicle when the tractor
and trailer crashes into each other, |#| > 90° is used as an additional condition
which defines jack-knifing. When all three thresholds are fulfilled, jack-knifing is
considered to occur.

The definition used for trailer swing is similar to the one of jackknifing. The main
difference is that the tractor maintains traction and the trailer does not. Therefore
the thresholds for lateral slip are reversed; ajs > 0.4 and a9y < 0.8. The threshold
for articulation angle between the units is set to |¢] > 30°.

The last unsafe behavior, vehicle rollover, includes scenarios when the vehicle rolled
over to its side. The threshold used is simply a roll angle of 90° for the tractor or
trailer.

Scenarios not included in the unsafe behaviors are considered to be safe. The first
safe scenario is when the simulated vehicle manages to travel all the way through
a simulated test track. There is also the possibility that the vehicle brakes to a
complete stop, without fully completing the track. Both these scenarios are deemed
safe since neither suffers from any of the unsafe scenarios.

3.2 Simulation environment

A simulation environment in MATLAB and Simulink is set up in order to find when
the safe and unsafe modes of the vehicle combination occurs. The environment
makes use of the VTM library, containing the tractor semi-trailer combination, to
simulate motion and dynamics between tractor, semi-trailer and road. The specific
vehicle parameters used during simulations are presented in Appendix B.

3.2.1 Simulation scenario

A road profile is defined as the test track for the simulations. The track is initiated
by a straight path of 20 m, followed by a 180 degree turn with radius R,. The track
ends with another straight of 20 m. Between the straights and the turn, transition
parts of 15 m are added to avoid large instantaneous differences in road curvature
which could generate large vehicle motion jerks. The path has no incline, decline or
camber and consists of a single lane.
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20m

20m

Figure 3.1: Road model used in simulations

The vehicle is initiated on the road at a set cruise speed which is controlled by the
speed controller. The controller applies enough torque on the two rear axles of the
tractor to keep the vehicle at the set speed.

Any occurrences of oscillations in the vehicle states, induced by the transition be-
tween the initial straight and the curve have to be canceled. Therefore the vehicle
is run halfway through the track with the cruise controller acting on the first unit.
Then, the speed controller is disconnected, letting the vehicle roll without any ap-
plied torque. Immediately after the disconnection, a fixed constant torque T is
applied on each wheel on the two front axles of the trailer. Here, no traction control
or slip control is used to limit the applied torque on the wheels.

3.2.2 Simulation parameters and data generation

In order for the SOE to manage all possible scenarios that the vehicle can be in, data
from numerous different simulations are needed. There are many parameters that
affect the vehicle’s trajectory through a curve. For example the curve’s radius, the
velocity of the vehicle and the friction coefficient all play an important role when
considering the motion of the vehicle and how it will be able to handle a curve.
Thus, simulation data is needed for all possible combinations of such parameters in
order to know how the vehicle will behave.

During simulations different combinations of longitudinal velocity v, friction coef-
ficient between the tire and the road pu, curve radius R, and applied trailer torque
T are used. The friction coefficient is limited by its definition, which is the ratio be-
tween the frictional force resisting motion and the normal force between the surface
and the object. The vehicle’s velocity is upper limited by the standard speed limit
on heavy goods vehicles without trailers (>3.5 metric tonnes) on motorways and
expressways in Sweden at 257[19]. v, is also limited by the maximum theoretical
speed of the unit without slipping during a turn due to centripetal accelerations:
2

Vs /
Ay = Rﬁ = U9 == Uglim = ,u.gRr (33)

17



3. Safe Operating Envelope

The sum of applied wheel torque on the trailer, introduced in subsection 3.2.1, is
bounded by the longitudinal slip limit between the four driven wheels of the trailer
and the road

Tyotot = (Mo + Mao)gurs (3.4)

where T} 544 is the total applied torque on the driven wheels of the second unit in
x-direction relative to its own coordinate frame and 7y is the radius of the wheels
on the second unit. Since only axles 2 and 3 are driven, the longitudinal slip limit
is only considered for the axle loads for the driven axles.

By simulating different scenarios with different radii on the test track many different
articulation angles are covered in the envelope. Simulations are performed using
radii ranging from 10 m to 100 m.

To summarize, the limits of the parameters which make up the envelope are bounded
as follows:

po €10, 1]

v, €10, mln(\/m, 25)] (3.5)
T ¢ [ T2 tot iTx,ztot] .
R, € [10 100]

Each individual simulation run will generate one data point in the SOE, and depend-
ing on the outcome of the simulation it will be classified either as safe or unsafe.
All generated data points contain relevant data from their corresponding simula-
tion. This data is what the control system utilizes and is explained in detail in
subsection 4.3.2 and subsection 4.3.4.

3.2.3 Estimations of vehicle states

When applying the torque on the trailer in the simulations, the current articulation
angle # and the coupling forces must be measured. These can be difficult to measure
due to large jerks in the vehicle when applying the torque halfway through the track.
Therefore, 6 is approximated using the average of the last 30% of the measurements
before the torque is applied. This will account for any fluctuations of 8 close to
when the torque is applied.

The coupling forces are affected by the applied torque on the trailer which in turn
is delayed by the transfer function in Equation 2.1. The motors will exert the
full torque requested within about 1 second. Similar as when approximating the
articulation angle, another second of measurements are required to reach stable
enough values of the coupling forces once the full torque of the trailer is applied to
the vehicle. Therefore, the coupling forces are taken as the average values between
1 and 2 seconds after the torque is first applied to the trailer. If the vehicle does
not manage to drive 2 seconds or more after the torque is applied, then the average
is taken up until the end of the simulation. This will however increase the risk of
uncertain and inaccurate estimations of the coupling forces.
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3.3 Definition and setup of operating envelope

The idea of the safe operating envelope is to limit the driver’s inputs to the vehicle
to ensure safe driving. More specifically, by reading and analyzing the current states
of the vehicle, the envelope can then be used as a reference to predict if the requests
from the driver will result in safe vehicle motion. The objective is to create a point
in the envelope with the current states of the vehicle, hereon denominated as “the
state”, and find a similar already existing point which is classified as safe. When
such a point is found, the corresponding applied torque, T', associated with said
point is set as the limit for the driver’s inputs.

3.3.1 Envelope parameters and algorithm

There are several ways to define the data points and what they contain. One ap-
proach is to record the applied torque on each driven wheel of the trailer 7" as well
as the friction coefficient between the tires and the road p, the radius of the curve
R, and the longitudinal velocity of the tractor v, ;. Since these are variables that
may vary throughout the simulated curve they are recorded at the moment that
the trailer torque is first applied. This results in a 4-dimensional envelope, that
considers both vehicle states as well as environmental parameters. Each data point
is classified with a flag depending on the outcome of the corresponding simulation.

@ Simulation successful
o 0% Vehicle stopped

4 Rollover

*  Trailer Swing

» Jackknife

= Off track

Did not reach halfway

vx_request [m/s] - X

Friction Coefficient [mu] - Y

Figure 3.2: Visualization of 4-dimensional envelope consisting of 7', v, and p.
Fixed radius of R, = 10 m.

Figure 3.2 shows an example of data points gathered from a set of simulations,
displayed in an isometric view. The simulations used a road profile with a radius of
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R, = 10 meters. In the figure each point is classified with a flag and a corresponding
color.

This way of describing the envelope is useful when the parameters of the simulations
are few and when the simulation environment on which the envelope is based is
similar to the actual environment where the vehicle is to be used. Because of this, the
4-dimensional envelope will only be reliable when the trailer handles all propulsion
and when radius of the road is known. However, since the dynamics of the vehicle will
change depending on which units are used for propulsion, a more flexible definition of
the envelope is needed in order to cover different propulsion distributions. Thus, the
envelope must include additional parameters regarding to the state of the vehicle.
By also including coupling forces Fi;,.1, F¢yr1 in the envelope relations between the
units can be made which allows for force limitations on either, or both of the two
units. Furthermore, since the radius of the road is difficult to measure and not
always a reliable metric of the pose of the vehicle, the road radius is replaced with
the current articulation angle  since it is easier to measure and makes for a better
descriptor of the difference in yaw angle between tractor and trailer. Therefore, the
parameters which define the envelope are instead chosen to be T, u, vy1, Fepri,
F,yr1 and 6.

This way of representing the envelope will be more general since it is 6-dimensional
and because the coupling forces allows for some degree of disturbance handling.
For instance when the tractor is braking or when strong winds are pushing on the
trailer the coupling forces will be affected, and thus such disturbances will also be
considered by the control system.

The 6-dimensional envelope can be visualized by first considering it as a set of 3D
spaces which are gathered in a 2D space. In the envelope, the parameters p and
v, 1 are considered to vary the least out of the five parameters of the envelope which
is why these are chosen to make up the 2D space. For each of the data points in
the plane there exist a 3D space made up of the remaining parameters. This is
depicted in Figure 3.3 where a point in the p-v, plane contains a set of points which
are all classified according to the outcome of the simulation, as in the T-py-v, — R,
envelope described earlier. Specifying all of the first five parameters then gives
the specific data point’s corresponding applied torque, which represents the last
dimension. When implemented into a control system, the envelope works similar to
a look-up table. The state of the vehicle is used as reference values for the first five
parameters of the envelope: u,v,1,0, Iy and F,,. These parameters then determine
the corresponding torque limit.

To ensure that the envelope does not output a limit which could result in unsafe
driving, i.e. a torque request which is too high or too low, some assumptions are
made. It is assumed that a smaller u, larger v,, larger 6 and larger absolute value of
T individually and in combination with each other makes for a more difficult driving
scenario and thus increases the likelihood for unsafe driving. Using the state of the
vehicle as a reference the SOE algorithm will then find a similar data point of equal
or higher difficulty level that has been classified as safe. The algorithm achieves this
by methodically filtering out all points corresponding to easier driving scenarios. To
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Figure 3.3: Visualization of the 6-dimensional SOE. A specific combination of
K, Vg, 0, Frp and Fy, corresponds to an applied torque, 7', representing the last di-
mension.

not limit the performance of the vehicle but at the same time include enough data
points for the filtered subset, a small range of the chosen values of each parameter
are used based on the assumptions made earlier

m
U-Tcurrcnt S Umchosen S U$currcnt + 1? (36>
Hchosen = maX{,ucurrent c He ‘ Hchosen S ,ucurrent} (37)
ecurrent S gchosen S ecurrent + 507 (38)

where . is the set of friction coefficients used in the SOE. The algorithm of the
SOE will find all safe data points corresponding to the current state of the vehicle,
including the nearby points based on the assumptions in Equation 3.6-3.8. With
only a subset of the entire envelope remaining, a nearest neighbor method using
Euclidean distance is used to find the closest safe data point with regards to the
current state. The torque corresponding to said data point is returned as a system
limitation in terms of maximum positive and negative applicable torque of the trailer,
T and T. Since the envelope is highly non-linear, no interpolation between existing
points are made since this could result in a wrong assumption about whether the
state is safe or not. Since only the safe points in the envelope are interesting when
limiting the trailer, the unsafe points are removed from the envelope to decrease the
number of points to process which decreases the computational time of the envelope.
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With only the safe points remaining in the envelope, Figures 3.4-3.6 are used to
show the effect of changing friction coefficient p in the F,-F,,-0-space. The data
points displayed include all values of v,; and T included in the envelope for the
chosen u. As expected and as assumed earlier, larger values of p allows for larger
longitudinal and lateral coupling forces.

n=01

© Simulation successful
${ Vehicle stopped
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Figure 3.4: Safe points in SOE with p = 0.1, Yv,. 15223 data points
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Figure 3.5: Safe points in SOE with p = 0.3, Yv,. 8853 data points
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©n=0.5
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Figure 3.6: Safe points in SOE with p = 0.5, Yv,. 9028 data points

Algorithm 1 shows the concept of how the SOE can limit the inputted torque,
expressed as pseudo-code. Variables from the current state of the vehicle has their
last index as "s" and the variables belonging to the envelope has their last index as

n.n

e .

Algorithm 1 Limiting 7" using a safe operating envelope

Input: Vg, 7/Js:chs 7Fcysv
Output: T,T
p 4 max(ps < fe)
F < Remaining points in E with g, = p
I < Remaining points in E with v,, <v,, <wv,, +1
E + Remaining points in £ with 6, <6, <0, +5
dists < ||E — [Few,, Fey |||
neighbors < Index after sort of dists in ascending order
n+<1
while n < Nneighbors do
if T > 0 and E(neighbor,,)7 > 0 then
F.y.... < neighbor
Fey.,.. ¢ neighbor, p.,
else if T < 0 and E(neighbor, )y < 0 then
Fes... < neighbor
F,, .. < neighbor
else
n+<n+1
end if
end while
T:safe — E(neighborn)T
if T,ate > 0 then
T <~ Tsafe
T <+ —Inf
else
T < Tsafe
T + Inf
end if

0s|,Ts,E > Input variable E contains envelope

> Euclidean distance

> Neighbor index
n,Fcx

n,Fcx

n,Fcy
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3.3.2 Creation of envelope and optimizing of simulations

The resolution of the envelope increases by the number of simulations and result-
ing data points. A very high resolution of the envelope is desirable as it allows for
identifying unsafe scenarios more accurately and will find more suitable suggestions
of torque limits as to maximize performance. On the contrary, using a large en-
velope will require more computing resources in order to find the closest safe data
point. In order to obtain a SOE which covers all relevant states of the vehicle the
aforementioned parameter limits in Equation 3.5 are used. The envelope created for
the sake of this thesis includes 393600 data points. These data points corresponds
to simulations including 48 different road profiles, each simulated using 10 different
friction coefficients, 20 different velocities and 41 different applied torques.

Since each simulation runs for an average of approximately 120 seconds, obtaining
a high fidelity envelope on a medium range consumer grade computer would require
several months to complete the simulations. Because of this, the simulations are
optimized for parallel computing using the Parallel Computing toolbox for MAT-
LAB and executed on the computer cluster Vera, located at Chalmers University
of Technology. By using the toolbox together with the computer cluster, several
parallel simulations can be run simultaneously and the total simulation time can be
greatly reduced.
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Control system

This chapter addresses the control system used to translate the drivers input to ac-
tuator signals. Vehicle combinations contain several individually controllable units
and each unit contains several individually controllable actuators. Thus, sophisti-
cated control strategies are required in order to distribute the control signals in an
efficient manner.

4.1 Control allocation theory

Using a trailing unit, such as a semi-trailer for propulsion may contribute negatively
to the stability of the vehicle combination, particularly the yaw stability. There is an
increased risk of unwanted and dangerous vehicle behaviors such as jackknifing and
trailer swing. The stability of the vehicle may be improved by using the actuator
limiting SOE in conjunction with control allocation algorithms. Control allocation
with a weighted least squares (WLS) solver can be used to solve the optimization
issue of distributing actuator signals on a heavy multi-unit vehicle which is a popular
and well studied method [20]-[24].

4.1.1 Background

In control system applications the goal is to translate some set of input signals
into a desired behavior of the system which should be controlled. This is often
achieved by deriving a mathematical model of the system in the form of a state
space representation:

= f(x,u) (4.1)

The states of the system is represented by & € R™ and their corresponding time
derivatives is . Input signals to the system are represented by w € R™ and the
rate of change in system states is described by the, possibly nonlinear, function f(-).
The state space representation can however often be replaced by a less complex
approximation:

z=g(x)+h(x)u (4.2)

Control allocation is a control strategy that uses state space representations in order
to control over-actuated systems. In such systems the number of control inputs, m,
exceed the number of controlled system states, n [25]. In this case there exists more
than one combination of input signals, u, that can realize the desired behavior of the
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system. Such systems can be dealt with by implementing a virtual control signal,
v € R”, which gives the state space representation:

z=g(x)+v (4.3)

Since dim(v) = dim(x), the virtual control signal that can realize a specific desired
behavior will be unique. The virtual control signal will be related to the actuator
signals according to

v = Bu (4.4)

where B € R™™ ™ is the control efficiency matrix which, in order to be able to solve
for w, is a linear approximation of h(x). Given a B-matrix that maps the actuator
control signals into virtual control signals, the control allocation problem is reduced
to finding the optimal set of actuator signals that yields the desired virtual signals.

4.1.2 Optimization

Despite the uniqueness of the virtual control signal, v, there may still exist several
sets of actuator signals that fulfills Equation 4.4. There are different ways of solving
this optimization problem [26] but a common way to find the most optimal u is to
use the constrained sequential least squares (SLS) formulation [25], [27], [2§]

u = al"grginHWu(udes —u)lf;

ue
Q) — arg min||IW, (Bu — v)| 2 (4.5)

u<u<u
which can be simplified to the weighted least squares (WLS) problem:

w = argmin(| Wy (vaes — )| +7/[Wo(Bu — v)|[3) (4.6)

u<u<u

Here, the actuator signals are constrained by their upper and lower limitations, @
and uw. W, and W, are weighting matrices used to prioritize minimization of certain
actuator signals and virtual control signals. w45 are the desired input signals and
v is a scaling parameter for changing priority between actuator signals and virtual
control signals during the optimization.

There are different aspects to consider when choosing the tuning parameters in
Equation 4.6. Prioritizing v = Bw more than the input signal error allows for larger
deviations in w45 — u which could be less energy-efficient. On the contrary, if the
input signal error is prioritized more, minimizing the actuator usage is prioritized.
This may be a more energy efficient solution that also may result in undesired vehicle
motion since Bu may deviate from v.

4.2 Combination level control allocation

In order to coordinate and control the movement of the whole vehicle combination
a control allocator system is introduced. The combination level control allocator
receives inputs in the form of requested global forces on the vehicle v, from a driver
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model. It then outputs the distribution of forces on each of the two units in .
to achieve the requested global forces. These are, for a tractor semi-trailer vehicle
combination, suitably chosen as

Ve = [Fm,req Fy,req Mz,l,req Mz,2,req} (47)
Ue = |:F-7:V,1,em FZ’V,l,sb Fyv,l MZV,l F$V,2,em FZ’V,z,sb Fyv,2 MZV,J (48>

where subscript “1” refers to the first unit and “2” refers to the second unit. The
chosen virtual signals and input signals allows for control of the total requested lon-
gitudinal and lateral forces, F}, ,¢q and F) ,.,, applied on the vehicle as well as control
of each unit’s moment around their COGs which is desirable when for instance the
vehicle is turning and each unit must rotate enough to not cut corners and end up
in the opposite road lane.

Note that the longitudinal force is also split into two forces, one produced by the
electrical motors (which can be either propelling or braking) and one pure braking
force produced by the service brakes.

4.2.1 Translation of driver inputs to allocator

The inputs from the driver a, ., and 611, as explained in chapter 2 must be con-
verted into the chosen virtual control signals v, before the combination level control
allocator can use them. The strategy used when determining what translation needs
to be done to the driver inputs is that the equations that make up v, must be equiv-
alent to the corresponding equations in the control allocators of the systems. This
will allow for the WLS solver to accurately find the optimal solution with the given
inputs and minimizing the errors between the optimal input signals multiplied with
the control efficiency matrices and the virtual control signals as Bu — v.

The requested longitudinal acceleration is readily translated to a requested longi-
tudinal force by multiplying itself with the total mass of the vehicle according to
Newton’s second law of motion:

Fz,’req = Qg reqMtot (49)

However, this requested force will not be sufficient to accelerate the vehicle to the
desired a, ,., since motion resistance forces as air resistance and rolling resistance will
decelerate the vehicle. These forces must therefore be compensated by estimating
and adding them to the total requested longitudinal force on the vehicle. Using
Equation 2.7 and 2.10, Equation 4.9 can be rewritten to compensate for resistive
forces:

Fa:,req = Qg reqMtot + Fy+ Froll,tot (410)

Now the requested lateral force on the vehicle must be translated from 61 ¢, As
the tire model used in the simulation environment is complex and highly nonlinear a
simpler tire model estimation must be done in order to relate the steering angle of the
wheels on the front axle to the lateral forces exerted on them. By using a simplified
tire force model the equations can also be used in the truck unit control allocator in
order to properly match the equations as explained in the beginning of this section.
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A linear tire force model is chosen where the steering angle is proportional to the
lateral forces, together with a tire cornering stiffness factor Ci;:

Fy,req - 011511 (411)

Again, only one steering angle is used to describe both wheels since they are assumed
to be mechanically linked together.

Using F), ,¢q, the requested moment about the first unit is readily calculated as:
MZ,LTGQ = Fynﬂeq la,ll (4.12)

To allow for the trailing unit to follow a similar trajectory as the leading unit and
regarding rotation about the z-axis, the requested moment about the second unit is
the same as for the first unit but delayed. The delay is time varying and is dependent
on the speed of rear axle of the first unit and the length of the second unit. This
can be described by considering the requested moments as functions dependent on
time

M, 91eq(t) = M, 1 1eq(t — 7(1)) (4.13)
where the time delay function is described as:

d + dfz

/242 2
Ux,13 + Uy,13

4.2.2 Control efficiency matrix B,

T(t) = (4.14)

The control efficiency matrices are responsible for the translation of the driver inputs
to the vehicle to the actuator usage through Bu = v. To construct the B-matrices
the dynamics of the vehicle must be known and described as a function with respect
to the actuator usage. Using Newtonian mechanics, equations of motion of the entire
vehicle can be set up as:

F:J:,l =M1Gg, = Fﬂﬁv,l,em + Fffv,l,sb - Fxcrl - Fres,l
Fy,l = M1Gy, = Fyv,l - FyCTl

Mz,l =Jiw, = MZV,1 + FyCT1d7’1

Fro =moae, = Fyy,., +Fey,,, — Feer, cost) (4.15)
+chr1 sin (91 - Fres,2

F,o =maa,, =F,,, — F. sin 0y — Fyer, cos by
M.o = Jow.,, =M., — Fy sintdy,

—Fyer, cosOydy,

Complete derivations and equations are found in Appendix A.1 and the complete
matrix for the allocator is:

1 1 0 0 cost cos 6, sin 6, 0

|10 01 0 —sinty —sinb, cos 6, 0
Be=10 0 0 1 d,sin d, sin6 —d,cos 0 (4.16)

0000 0 0 dy, 1
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4.2.3 Capabilities of global forces

The global forces v, are divided among the two units through control allocation
where u, contains the requested forces on each unit v; and vs'. However because
of limitations regarding slip conditions, power and torque limitations on motors and
other supporting algorithms?, each unit can not always deliver what is requested
from the combination control allocator. To account for this, each unit provides
capabilities to the combination control allocator of what upper and lower bounds of
v, and v, they are capable of delivering. The controller then reallocates the global
forces using the capabilities from each unit as per the WLS problem in Equation 4.6.

The capabilities © and v from each unit are calculated using their respective control
efficiency matrices and their limits wi, @, us and U, as:

v, = By, (4.17)
v; = Biu,; (4.18)
Uy = Boliy (4.19)
V2 = Bouy (4.20)

4.3 Unit level control allocation

For a long vehicle combination with more than one unit there are usually actuators
on each unit. Modern commercial vehicle combinations generally use the actuators
of the first unit for propulsion and braking, while the actuators on the upcoming
units are only used for braking. This makes for a simple control strategy since
each unit is only responsible for braking its own weight during deceleration and all
but the first unit is passive while accelerating. However, when e-trailers becomes a
reality in the future, all units may be used for both propulsion and braking. This
requires each unit to be able to control its own motion in order to fulfill the driver’s
desires regarding vehicle heading and velocity. This can be done by implementing
unit specific control allocators, that can realize a requested virtual signal by using
a unit specific control efficiency matrix, B;.

4.3.1 Control efficiency matrices B; and B,

With the allocated forces from the combination level control allocator in u., each
unit must allocate actuator usage in order to achieve the desired motion. The virtual
control signals are naturally set as v and vq since u. C [v1, v9] and the input signals

! Choice of virtual control signal for each unit are provided in section 4.3
2These limitations are further explained in subsection 4.3.2
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includes all of the available actuators on the tractor and trailer respectively:

v, = |F F

TV,1,em TV,1,sb

F,

Yyv,1

M

2V,1

] (4.21)

w1 = |Tiirem Tiirem Tiopem Ti2rem Tiznem Ti3rem

Thrse Thrsy Tionss Tizrse Thisnse Thisr.s 511} (4.22)
V2 = _F$V,2,em va,z,sb Fyv,2 MZV,Q] (4'23)

o = |To1ir.em Toirem To2n.em T22Rem T230.em  T23R.em

TZlL,sb T21R,sb T22L,sb T22R,sb T23L7sb T23R,sb} (424>

The control efficiency matrices and their complete derivations are shown in Appendix

A2-A3.

4.3.2 Actuator limits

The installed actuators on the vehicle units include electric motors, mechanical ser-
vice brakes and steered wheel axles. The purpose of finding the actuator limitations
of the vehicle units is to be able to calculate the capabilities of each unit in or-
der to control the plant model properly. Limits on the installed actuators depend
on physical limits, the SOE of the trailer and supporting algorithms such as brake
blending?.

All installed actuators of the same type on the vehicle have the same properties.
The limits of the electrical motors are limited by their torque and power ratings and
are set as:

Tew = 6500 [Nm] (4.25)
T,.,= —6500 [Nm] (4.26)
P., = 125000 [W] (4.27)
P, =—125000 [W] (4.28)

It is assumed that the torque output from the electric motors is proportional to the
power usage of each motor. It is also assumed that the motors and the corresponding
wheels are directly connected without any gearing. Therefore, the torque on each
motor limited by its power rating is

_ P
Tije = e (4:29)
T Wil
P
Tp: = —™ 4.30
£ Pjijs |Ww7ijs| ( )

where w, = w,, is the rotational speed of the wheel and the rotational speed of
the motor respectively. The electrical motors are also limited by the frictional limit

3Introduced in subsection 4.3.3
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between tire and road as to not apply a torque which would make the wheels slip.
This limit is defined as

— 1

Tijs = Mg gHT (4.31)
1

T, ijs =M gHT (4.32)

It is assumed that the normal load on each axle is evenly distributed between the left
and right wheel. The final actuator limits on the electric motors are the combinations
of each of the three limits in Equations 4.25-4.32 as:

ﬁem,ijs = min<Tema TP,ijS; T,u,ijs) (433)

u = max (L, Tpjss Iu,ijs) (4.34)

Hem,ijs

The service brakes are assumed to only be limited by the lower frictional torque
limit between tire and road as to avoid locking the tires when braking. The service
brakes can not apply a positive torque on the wheels, thus the limits of the service
brakes are:

st,ijs - asb,ijs =0 (435)
Tijs = Ushijs = L ijs (4.36)

The steering angle §1; is considered as one actuator. Since it is only supposed to
support the driver by making minor adjustments to the driver’s desired steering
angle, it is limited as

ﬁ511 - 611 + 5u (437)
Us,, = 511 — 5u (438)

where 9, = 1°.

Now the control system consist of control allocators on combination and unit levels
together with actuator limitations which takes driver requests as inputs and outputs
actuator signals to a plant model. Figure 4.1 shows a conceptual block diagram of
the control system architecture.
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Capabilities of tractor ByUy = Uy and Byuy = vy

Actuator limits

1

1

1

1

: Physical limits

Bl support algorithms .

1 Vehicle states
1
1
1
1
1
1

sent to all parts of model...

Control allocator J!
Tractor

e

Ue1 = V1

Driver model

Ucz = V2

Control allocator
Trailer Uy

Up, Uy

Safe operating
envelope

Capabilities of trailer By, = Uy and Boupy = v,

Figure 4.1: Conceptual architecture of implemented control system

4.3.3 DBrake blending algorithm

Since electric trucks have two brake systems, e-motor braking and mechanical service
brakes, different braking strategies can be implemented in order to prioritize either
one of them. One strategy is to implement a ratio that for example applies 60% of
the requested brake torque to the e-motors and 40% to the service brakes. However,
the total braking torque of the two brake systems must still not surpass T',, ;;; from
Equation 4.32, even though the actuators limits allow for higher applied torque.
Another thing to consider is when the e-motors can be used for braking. When
using the e-motors for braking they are recuperating energy to the batteries and if
the batteries’ state of charge (SoC) is too high the e-motors cannot be used. Using
the e-motors for braking in this case might result in damaged batteries. In order to
solve the issues with having two individual brake systems with different properties,
a brake blending algorithm is developed. The algorithm uses the actuator limits
from subsection 4.3.2 together with the current SoC of the batteries.

The brake blending algorithm can be seen in Algorithm 2. Inputs to the algorithm
are the vector of actuator limits, w, and the vector of applicable brake torque limits
for each wheel before losing traction, T',. Other inputs are the current SoC of the
battery together with its maximum value as well as the requested ratio of e-motor
braking relative to service brakes, n. A ratio of 1 means that all brake torque should
come from the e-motors.

For the tractor unit the actuator limits used in the control allocator will be the
output of the brake blending algorithm. These will be used during the WLS opti-
mization step in the control allocator. However, the actuator limits of the trailer will
be constrained further by using the SOE from chapter 3, detailed in subsection 4.3.4.
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Algorithm 2 Brake blending

Input: n, uw, T, ;, SoC, SoC
Output: u
u C {uem y'sb}
for k < each wheel of unit do
if (Uern g, + ) < T and SoC' < SoC' then
Brake capability is higher than friction limit

Ugp i

ﬁsb A T,
if 1., <7, then
Electric motor brake is limiting
if 7., > n then
Qech — nlu,k‘
Ugp j < (1- 77)1#,1@
else
uem,k — ﬁemzu,k
Ui < (1= Nep) Ly
end if
else
Service brake is limiting
if 7,, > (1 —7) then
Qem,k <« nIu,k
Ugp < (1 — U)Iu,k
else
@em,k — (1 - ﬁsb)zu,k
Ugp < Ny L) i
end if
end if
else if (., ). + ugr) > T, and SoC' < SoC' then
Brake capability is lower than friction limit
Mem,k — Qem,k
Ugp < Ush ke

else
Brake capability is lower than friction limit, SoC reached
U e < 0
Ugp < Ush ke
end if
end for

4.3.4 Contribution from SOE to actuator limits

The SOE, defined and explained in chapter 3, provides upper and lower limits of
the total applied torques on the wheels of the trailer which still ensures safe driving.
The defined actuator limits w, and w, derived from earlier sections must be further
limited as to include the limits from the SOE. Since the SOE does not limit each
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wheel of the trailer individually, a method of reducing the total applied torque must
be established. The idea is to compare the total applied torque on the trailer with
the limits from the SOE, T and T, and changing the applied torque on each wheel
with a common factor which adjusts the total actuator usage as to comply with the
more strict limits of the envelope.

HQTEOE if a7 >T

= vw 1 2Ue>Tsos (4.39)
Uo otherwise
Ylsor if S, < T

u, = 2 < Lsor (4.40)
U, otherwise

This will adjust all the applied torque on the actuators (if the first conditions in
Equation 4.39 and 4.40 are fulfilled) such that > wy, =T and > u, = T.

4.4 Energy utilization optimization

One of the main issues and motivations of the thesis is to optimize the energy
usage on the vehicle in order to maximize the total range traveled. Some energy
optimization can be done by choosing appropriate weight matrices in the control
allocators as described in the WLS formulation in Equation 4.6, choosing suitable
scaling parameters v and by adjusting the desired input control signals w4, to favor
low energy usage on the vehicle.

When choosing appropriate weight matrices, the general strategy presented in this
section is to realize that all kinetic energy is lost through heat dissipation when using
the service brakes and that the electric motors can regenerate 90% of the kinetic
energy of the truck [29] in ideal conditions. The input control signal weight matrices
in the unit level control allocators W, ; and W, 5 are therefore chosen as

W1 =diag| 0.1 0.1 0.1 01 01 01 1 1 1 1 1 1 1] (4.41)
W2 =diag| 0.1 0.1 01 01 01 01 1 1 1 1 1 1] (4.42)

where the use of the electric motors are rewarded by a factor of 10 compared to the
service brakes. Also, the steering angle d;; is also given the same weight in W, ; as
the service brake actuators.

The control allocators may find solutions to the WLS problem which achieves the
desired motions of the vehicle but in an energy-inefficient way. This can be achieved
for instance by allowing some actuators on a unit to apply negative longitudinal
forces and some to apply counteracting positive longitudinal forces. To avoid this the
novel solution of choosing wg4es1 = 0 and wg4es2 = 0 the solver will reward minimal
actuator usage and therefore avoiding any actuator counteracting each other within
each unit.

In the combination level control allocator, it is desired to not have the global forces
on each on the two vehicle units counteracting each other. Here the novel solution
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of letting wges . = 0 is not a sufficient condition for the desired input control signal
as the force distribution between the units is dependent of the desired motion of the
vehicle. Therefore an algorithm is implemented where w4, is chosen depending
on the desired forces from the driver together with the capabilities of the units.
The purpose of the algorithm is to distribute longitudinal forces in uges . according
to the unit distribution vector A = [A;, A\y] and the brake force distribution vector
K = [Kem, k). Here, A determines how the longitudinal force requested is to be
split up between the tractor and semi-trailer such that 0 < \; <1 and A\; + Ay = 1.
Similarly, « determines the desired split of the brake force between the electric
motors and the service brakes such that 0 < k; < 1 and K¢y, + kg = 1.

First it is determined if the requested longitudinal force on the vehicle is positive.
In that case, the force desired on the electric motors on the units are allotted a
split of F} ,., unless the capabilities of the electric propelling force on the units are
lower than the respective splits of F} ,., in which case the capabilities determine the
desired forces on the electric propulsion forces.

If the requested longitudinal force on the vehicle is negative however, the total
brake force is first split on the two units and then the brake forces from the electric
motors and service brakes are split on each unit. The way of splitting the forces
on each unit and then on each longitudinal force within each unit is done in the
same manner as for when determining the split of propelling forces on the vehicle as
described earlier. Algorithm 3 describes the dynamic selection of the desired force
distribution in a combination level control allocator as implemented in the system
depicted in Figure 4.2.

Capabilities of tractor ByUy = V3 and Biu; = vy

Control allocator [k Vehicle states

tto all parts of model..

Lo

Driver model

' Force distribution
----------------- reference pmmmmmmmmmmmmeeeeee
algorithm

Control allocator
Trailer

Figure 4.2: Conceptual architecture of control system, including the dynamic
selection of Uges .

If Algorithm 3 is implemented in the control system, the weight matrix W,, . is set

as a 8-by-8 identity matrix as to not disturb the reference set in wges .. If however
the algorithm is not used, then W, . can be set as for instance

Wye=diag[l 1 1 01 1 1 1 0.1] (4.43)
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where M., , and M., , are given low weights as to not prioritize the distribution of
desired moments around each unit which are the more difficult motions to control

on the vehicle.

The scaling parameters in the control allocators are set as the following

e = 100 (4.44)
n=1 (4.45)
o =1 (4.46)

as to choose an appropriate prioritization between the input signal error and the
virtual control signal error.

4.5 Limiting lateral acceleration of tractor

The installed control systems on the vehicle are designed to distribute forces among
all actuators on the vehicle in order to fulfill requested global forces. The control
systems use actuator limits to determine what available vehicle movement is consid-
ered to induce safe driving. However, none of the control systems presented earlier
in chapter 4 are predictive and can not limit the motion of the vehicle before a
possibly dangerous driving situation may occur. The installed systems can at times
react too slow which for instance can make the vehicle steer off track. A common
driving scenario where the control systems are slow to react is when the vehicle enter
a sharp turn at a high speed. The sudden change in requested lateral force on the
vehicle will not be able to be fulfilled and the vehicle will thus skid off track. By
monitoring the lateral accelerations of the first axle of the tractor, the vehicle can
be sent brake requests as to allow for the control systems to handle the requested
global forces and to avoid unsafe driving. If the lateral acceleration of the first axle
on the tractor is larger than the slip limit for the wheels, together with a safety
factor, as

Qy,y = Cg (4.47)

then the requested longitudinal acceleration on the vehicle is set to —0.235. ( is the
safety ratio for utilizing the friction limit. This is necessary to allow for the system
to react in time and is chosen as 0.5 from experience in simulations.

This solution of controlling the lateral acceleration on the tractor is not general as
the brake force is arbitrarily chosen and the safety factor ¢ should be replaced with a
more sophisticated way of estimating the slip limits of each wheel. For instance, if the
slip can be estimated on all wheels of the vehicle then capabilities of each axle of each
unit can be quantified and sent to the combination allocator in order to distribute
longitudinal and lateral forces of the vehicle without risking unsafe driving. However,
as further discussed in chapter 6, this method is sufficient in avoiding unsafe driving
for many use cases, some of which are presented in chapter 5.
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Algorithm 3 Dynamic selection of wges .

Input: u,u,v.,\,Kk,n
Output: uges,c

u g [yem,l Ush,1 Uem,2 Ush,2 Uem,n y‘sb,n]

u g [’aem,l asb,l ’aem,2 ﬂsb,2 . ’U'em,n ﬂsb,n]

Ve g [Fw req Fy,req Mz,l,req Mz 2,req Mz n req}

Uges,e C [Fimy Fahy Fy$ MY Fig.. Fi%. FY MY
Fn Ffefi;n Fjes M) =0

Fsplit,l — AlFm,req
Fsplit,Z — )\QFm,req

Fsplit,n — )\an,req
if Iy req > 0 then
Split propelling force on units:
for j + 1 ton do
T,req Zudes,c

F;leesm N min(ﬁem,j7 Fsplit,j7 Fz,rem)
end for
else
Calculate total brake force per unit:
Flt =0
for j + 1 ton do

Fxrem:

x,req Z thfOt
Fﬁ?jt = max(yfem,j + Ush,j, Fsplit,ja Fx,rem)
end for
Distribute brake forces on em and sb on each unit:
for j < 1tondo
F;Z?flt — liemF;);

tot
Fplzt < /{Swa,j

Fx,'r*em =

des _ . em tot

x,em,j max(g’emd’ spht’ F )

des _ X fof des

z,sb,j maX('Lst,], Fsplzt’ F Fz em,])
end for

end if

Fdes Y Fy,req
Mdes — Mz,l,req
Mdes — Mz,2,req

MdeS — Mz n,req
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Results

This chapter presents the performance of the developed control systems when sim-
ulated through different test cases. The two main parts of the control system, i.e.
SOE and control allocators, are tested both independently and in conjunction with
each other. Test cases include both a standardized ISO test as well as an S-curve
turning maneuver. All results are presented in appropriate plots and tables.

5.1 SOE

Two different aspects of the SOE are investigated, function and computational de-
mand. These aspects covers its performance with regards to vehicle motion as well
as how execution time changes with the number of points in the envelope.

5.1.1 S-curve

The purpose of the SOE developed in chapter 3 is to limit the total applied torque on
the semi-trailer. To verify that the envelope can limit the semi-trailer the vehicle was
initiated at an S-curve track consisting of two opposing 90° turns. The curve radius
is set to 40 m and the initial speed is 30 km/h. The same vehicle combination as in
section 3.2 is used where only the trailer is propelling the vehicle forward. No control
allocation or other control systems are enabled. The vehicle is accelerated using the
trailer at about 1 7. This is done twice, once with the SOE enabled and once with
it disabled. The outcomes of the simulations are shown in Figure 5.1. When the
envelope is disabled, jack-knifing occurs and the simulation is terminated. With
the envelope enabled the vehicle manages to complete the track without ending
up in an unsafe mode. For comparison, a vehicle with only the truck propelling
with no control systems installed (similar to a conventional ICE tractor semi-trailer
combination) on the same track, the vehicle manages to drive through the entire
track.

The total applied trailer torques for the two simulations are shown in Figure 5.2
where it is apparent that the envelope actively limits the upper limits of the torque
with a high frequency.
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Control envelope disable Control envelope enabled
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Figure 5.1: Vehicle paths with SOE disabled and enabled
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Figure 5.2: Total trailer torque with SOE disabled and enabled

However if the vehicle is initiated at higher speeds or if the radii of the track are
decreased then the SOE can not prevent unsafe driving. This is expected and is
further discussed in chapter 6.

5.1.2 Execution time

In order to evaluate how computationally demanding the SOE is to use, the ex-
ecution time of Algorithm 1 is analyzed. This is done by running the algorithm
with a set of prerecorded input signals, which originates from a 10 second long
simulation. To be able to characterize the computational demand, the envelope is
scaled to include different number of data points. All execution times are normalized

with regards to the SOE with the least amount of points. Results are presented in
Table 5.1.
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Table 5.1: Normalized execution time when using differently sized SOEs

Data points in SOE ](E:c?rcrlrllgl(i);le:ll)me
5000 1.0000
10000 1.2415
50000 3.8870
100000 4.8889
150000 7.1933
200000 8.3179
250000 8.9916

5.2 Control Allocation

Now the control allocators are enabled in the vehicle together with the SOE and
the rest of the control systems. The vehicle is driven in different scenarios and the
results of each use case are presented here. Both the tractor and semi-trailer are
allowed to propel and brake the vehicle.

5.2.1 S-curve

The same track is used as in section 5.1 and the vehicle is initiated at 30 km/h
and is accelerated at about 17. Since the vehicle is accelerating throughout the
curve, it will achieve a high enough speed to engage the lateral acceleration control
system presented in section 4.5. This will brake the vehicle and thus the chosen
driving scenario is considered appropriate since it will include both acceleration and
braking of the vehicle while turning. With x4 = 0.5 the vehicle manages to get
through the track safe and the traveled path of the truck and trailer are shown
together with the road reference in Figure 5.3.

Complete road path

Reference
— — —Tractor Rear
Trailer Rear

e o |

Y [m]

-

-

or ——“—/

I | I | I | | | I | I
0 10 20 30 4 50 60 70 8 9% 100
X[m]

Figure 5.3: Traveled path of vehicle in S-curve
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The global forces that are allocated to each unit are shown in Figure 5.4. These
forces are distributed among each unit’s actuators as depicted in Figures 5.5-5.7.

Allocated global forces to units

x10* Tractor

——F_, - Electric motors.
x1

F_, - Service brakes
x1

_ F"1

M

T

zi

Trailer

12000 I I |_| [ I -]

10000

x2 - Electric motors.
- Service brakes

Force [N] / Torque [Nm]

8000

6000

4000

2000

-2000 — -

4000 — -

-6000 = 1 1 L 1 | 1 ,

Time [s]

Figure 5.4: Allocated global forces to each unit
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Figure 5.5: Steer angle on first axle of the tractor, d1;
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Figure 5.7: Electric motors and service brakes on trailer

5.2.2 Sine with dwell

The International Standard ISO 18375:2016 [30] is a test method for determining the
yaw stability of heavy vehicles, including trucks, trailers and buses, on low friction
surfaces. The test consist of running a vehicle on a surface with uniform friction
coefficient with an initial longitudinal velocity of 50 km/h with the cruise controller
activated. A sine with dwell steering input with a frequency of 0.3 Hz and a dwell
time of T; = 0.75 s, as depicted in Figure 5.8, is then applied at time Ty,
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Wheel
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Figure 5.8: Steering input for the sine with dwell test with amplitude A

The yaw stability is evaluated by analyzing characteristic values including for ex-
ample the yaw stability factor (YSF) over time, maximum articulation angle and
final yaw angle. The YSF is defined as

YSF(t+ 1) = LTI (5.1)
‘wi,peak‘

where i denotes the vehicle unit, w; peqr is unit i’s peak yaw velocity and w;(t + 1;)
is the yaw velocity at time ¢ 4 7;. T} is the time at which the steering procedure is
completed plus the delay in yaw velocity introduced for trailing units. That is, for
unit 1, 7; = 77 and for unit 2, T; = T} + AT. The YSF characteristic is evaluated
at different times ¢ > 0 in order to determine whether or not it converges to zero.
Fast convergence implies good stability. The maximum articulation angle and the
final yaw angle of a vehicle can also be used to determine whether the vehicle enters
an unsafe state such as jack-knifing. The yaw stability of a vehicle is evaluated
for different steering wheel amplitudes and different surface friction coefficients,
where the obtained characteristic values can be used to compare the performance of
different vehicles.

In order to conclude how well the developed control system performs, the sine with
dwell test is simulated for different tractor semi-trailer setups. These are:

e Vehicle setup 1: Propelling tractor, trailer only equipped with service brakes.
Evenly distributed torque on driven wheels of tractor.

e Vehicle setup 2: Both units propelling. Unit and combination level control
allocators activated.

e Vehicle setup 3: Both units propelling. Unit and combination level control
allocators as well as the SOE activated.

e Vehicle setup 4: Both units propelling. Unit and combination level control
allocators activated. SOE and lateral acceleration limiter from section 4.5
enabled.

Table C.1 and C.2 present the resulting characteristics of the sine with dwell simu-
lations for each vehicle setup.
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Conclusions

The main purpose of the thesis is to investigate whether an e-trailer can be used as
a propelling unit in a safe manner in a vehicle combination, consisting of a tractor
and a semi-trailer. The purpose is fulfilled by following the objectives set up in
section 1.3.

Overall the implemented control strategy of using a torque limiting SOE together
with both unit and combination level control allocators allows for the possibility of
using the e-trailer for propulsion in a safe manner in many different driving scenarios.
However, the proposed systems have some limitations and weaknesses which will be
discussed further in this chapter.

6.1 Safe operating envelope

The 6-dimensional SOE used to limit the trailer’s applied torque is seen to perform
as expected both independently, in section 5.1, as well as in conjunction with the
control allocators, in section 5.2. The algorithm reads the state of the vehicle,
compares that to the simulated data points and sets torque limits correspondingly.
In situations where only the trailer is used for propulsion and the vehicle is driven at
an appropriate velocity while entering a curve, the SOE will be sufficient to prevent
the vehicle from entering any unsafe state. However, since the system cannot predict
the path ahead of the vehicle it will not be able to prevent the vehicle from entering
an unsafe state when reaching a sharp curve at high velocity. This is due to the
vehicle entering the curve in a state that is unsafe from the beginning, and since
the SOE is only designed to maintain the vehicle in a safe state it is not able to
recover the vehicle from an already unsafe state. In such cases the vehicle will begin
off-tracking. This behavior is, however, not a consequence of implementing the SOE
since the same behavior is obtained for any road vehicle facing a high curvature road
at high velocity.

When used in conjunction with the control allocators, and thus with a propelling
tractor, the SOE also functions as intended. Trailer propulsion is limited in the
same way as when using a passive tractor, preventing jack-knifing, trailer swing and
roll over. The main difference when using the SOE in a vehicle combination with
two propelling units is that the torque can be allocated to the tractor instead of
the trailer. This is because the SOE will lower the capability of the trailer, which
is sent to the combination level control allocator. In order for the allocator to fulfill
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the driver requests more propulsion force will then be allocated to the tractor. This
behavior can increase the velocity of the vehicle which in turn can cause off-tracking.
Because of this the lateral acceleration limiter, described in section 4.5, or a similar
controller that limits slip on the front most axle is essential when using a SOE in a
vehicle combination where both units are propelling.

Another important factor to consider is how computationally demanding the SOE
will be when run in a real vehicle. The envelope needs to have sufficient resolution
to cover as many states of the vehicle as possible, but at the same time the run-
time of the algorithm increases with the number of data points. The SOE containing
393600 data points drastically slows down the system and it is possible to ensure safe
vehicle motion by using fewer data points. Fewer data points can however result in
a more restrictively propelling trailer since the SOE will contain data corresponding
to fewer states. This means that the closest safe point is more likely to deviate
from the current state of the vehicle. The closest safe point always correspond to an
equally or more difficult driving scenario (for instance smaller p, larger v, or larger
0) and if the point deviates significantly from the current vehicle state the outputted
maximum applicable trailer torque can be more restrained than it needs to be.

6.2 Control system

The S-curve and the sine with dwell proved to be sufficiently difficult and versatile
enough test cases to draw conclusions about the performance of the proposed control
systems. Both strengths and weaknesses of the systems were exposed and further
improvements are shown to be needed to make the vehicle handle a wider range of
driving scenarios.

6.2.1 S-curve

The control systems implemented managed to safely make the vehicle travel through
the S-curve test track with some limitations. When the vehicle was initiated on the
track at too high speeds the control systems could not predict that the upcoming
sharp turn would induce unsafe driving. This often resulted in the vehicle off-
tracking. However when the speed was low enough, the systems managed to control
the vehicle in a safe and energy efficient way.

The combination control allocation distributed global forces well and it is apparent
from Figure 5.4 when the driver requests the vehicle to accelerate, brake or steer. It
also recognizes the capabilities of each unit and distributes forces accordingly. The
unit level control allocators uses the actuators to a minimum and no actuators are
working against each other unnecessarily while completing the desired movements
requested by the combination level allocator. Also, when braking the forces are
distributed as expected using brake blending (from subsection 4.3.3). The steer
angle is affected only slightly by the steering support system but it helps to increase
the capabilities in F,,,, and M.

Yv,i 2y,
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6.2.2 Yaw stability of vehicle

When implementing additional functionality contributing to vehicle motion it is
important to make sure that the vehicle maintains good yaw stability. The charac-
teristic values of the sine with dwell tests, as performed in subsection 5.2.2, show
that the complete control system is able to perform equally well as a traditional
pulling tractor and passive semi-trailer combination, from a yaw stability stand-
point. For p = 0.5, the traditional tractor semi-trailer combination is able to handle
a wheel angle of §;; = 10.5° before facing severe instability. When instead using
an e-trailer and the complete control system, the YSF values of both units do not
converge towards zero which implies instability. However, the system is stable at
the slightly lower angle d;; = 10°. This small difference in performance is deemed
negligible.

For the lower friction coefficient ¢ = 0.3 both the traditional tractor semi-trailer
combination and the combination with an e-trailer and dedicated control system
manages to handle steering angles of up to d;; = 12.5°. Based on the maximum yaw
velocity of the vehicle, larger steering angles can likely not be handled due to under
steering. A larger steering angle will result in a larger maximum yaw velocity as
long as the vehicle maintains traction, which is not the case in Table C.2. However,
the e-trailer combination is seen to end up in an unsafe mode using vehicle setup 2
and 3, whereas vehicle setup 4 matches the stability of the traditional truck.

The results for both friction coefficients declares that using only control allocators or
control allocators in conjunction with the SOE is not enough to ensure safe vehicle
motion. The results also reveals that the SOE does not improve the yaw stability for
this kind of driving scenario. This is likely because of the same reason as discussed in
section 6.1, where the vehicle enters the steering procedure at high velocity and thus
enters an unsafe state before the SOE is able to limit the system. By also adding the
lateral acceleration limiter the vehicle obtains similar performance as the traditional
vehicle combination, which implies that it is possible to use the control system for
safe vehicle motion in a two unit-propelled vehicle combination.

6.2.3 Tuning and performance

The S-curve and sine with dwell test cases worked well with the selected tuning
parameters of the control allocators and driver model. However the performance
and behavior of the vehicle is greatly affected by these choices and different values
of these parameters can completely change the outcome of each simulation. As
the chosen scenarios and the objective of the thesis is to safely propel an electric
tractor semi-trailer in an energy-efficient way, the choice of tuning parameters in
the control allocators are made in such a way as to minimize actuator usage and to
avoid actuators and the two units to counteract each other. The choices of v, W,
and W, in each allocator does not favor achieving the requested global forces (which
in terms of optimization means minimizing Bu — v). Using the selected control
system in other driving scenarios does therefore not always guarantee safe driving
of the vehicle.
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The driver model used to simulate a real driver following a road with a set speed also
contain many tuning parameters which can be chosen to favor different use cases.
These parameters are tuned to fit the chosen test scenarios well and to mimic a real
life driver. However other scenarios may need different tuning of the driver model.
The results were determined to not have been biased by the driver model since it
was also determined that an experienced real life driver would perform better than
the driver model regarding path following and speed control which in turn would
help the vehicle drive better.

It was apparent when using a simplified tire model in the B-matrices and transla-
tion of driver input, the choice of the cornering stiffness C; had a large effect on
the performance of the system. The cornering stiffness must be approximated for
different driving scenarios and would ideally be chosen based on tire properties and
environment parameters. However, as with the driver model, it was determined that
the choice of C'; was suitable and did not introduce a positive bias to the simulation
results even though it not being suitable for other, different driving scenarios.

6.3 Future work

The objectives of the thesis are satisfied with fair results. However there are many
improvements that can be done to the found solutions to improve the quality of the
results. These improvements were not done in the thesis due to the limited time
frame and labor force.

To reduce the development time when testing the control systems and in particular
the SOE, the developed envelope algorithm can be optimized to further increase
the computational speed of the system when simulating. Using more sophisticated
algorithms, using a neural network or using machine learning could reduce the com-
putational time and thus allow for faster development of the system.

The implemented control systems should be complemented with predictive control
as to allow for a wider range of driving scenarios. Tuning parameters in control
allocators could be chosen dynamically using advanced algorithms as to also cover
more driving scenarios without the need of tuning the control system for every
unique scenario and drive style. Also, since a simplified tire model is used when
estimating the lateral tire forces, the choice of C}; can also be done dynamically
which could improve the performance of the vehicle.

Energy effectiveness has been a part in the development in this thesis. However no
measures of for instance the range of the vehicle has been made. The actual range
of the vehicle with different control strategies could be measured as to quantify how
energy efficient the applied vehicle system actually is.
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A

Mathematical derivations

To derive the B-matrix used in the control allocator for a tractor combined with a
three axle semi-trailer as seen in Figure 1.2, equations of motion must be defined.
Using Figure 2.4 and 2.3 and assigning ¢ = 1 to the tractor and ¢ = 2 for the semi-
trailer, all forces can be obtained on the vehicle. Since there are only two units in
the vehicle, only one coupling force will exist and indices for the articulation angle
0 will be omitted. Also, only the first axle of the first unit will be steerable which
is why all steering angles except d1; will be equal to zero and are thus omitted from
all further calculations.

A.1 B-matrix on combination level

First, the rear coupling forces on the first unit is related to the front coupling forces
on the second unit as:

Frery = Fiep, cos by + Fyep, sin by (A.1)
Fyer, = —Fiep, sin 0y + Fyep, cos 0y (A.2)

For clarification, the front coupling forces of the second unit are related to the rear
coupling forces of the first unit as:

cmf2 :FCECTl COoS 91 - ch'rl sin ‘91 (AS)
chfg :cmm sin 91 + chrl COoSs 91 (A4)

Using Newtons second laws of motion the following equations of motion of the two
units are set up:

Fer =myay, = Foyy o+ Foy o — Faery — Frest (A.5)
Fy1 =miay, = F,, — F, (A.6)
M., = S, =M., + Fyer dr, (A7)
Foo =maap, = Fuyy o + Fayo g + Frep, — Fres2 (A.8)
Fyo = maay, = Fy,, + Fy, (A.9)
M. o = Jow., = M,,, + Fye,dy, (A.10)



A. Mathematical derivations

Substituting the coupling forces in A.1 and A.2 with A.8 and A.9 gives:

FH?CH = (7712&372 — F$V,2,em — vagysb -+ Fre&z) COS 91 -+ (m2ay2 — Fyv,z) sin Ql (All)
ch’"1 :_(m2a$2 - FxV,Q,em - F$V,2,sb + FTBS,?) sin 91 + (mQayz - Fyv,z) COS 61 <A12>

The acceleration on the second unit are expressed in terms of the first unit as:

Ay, = g, cOS 01 — (ay, — dp,w,, ) sinb; (A.13)

Ay, = Qg SINGy + (ay, — dp w5, ) cos Oy + dp, (61 — ws,) (A.14)

The virtual signals for the combination control allocator in Equation 4.7 are ex-
pressed using the equations of motion in Equations A.5-A.10. Fj,eq, Freq are
expressed as forces in the coordinate frame of the first unit:

Fyreq = miag, + maay, cos ) — maay, siny, = F,, + F,, costh — F,,sin6;

(A.15)

F, req = miay, + maay, costy + meay, siny, = F,, + F,, cost + F,,sin6,
(A.16)
Meyyeg = Iitey = Moy, + Fyer, (A.17)
M, 2 req = Jowzy = Moy — Fyep, sin01dy, — Fyep, cos 01dy, (A.18)

Substituting all known variables in Equations A.15-A.18 and simplifying using a
symbolic calculations tool and moving all variables in u. and the resistance forces
to the right hand side:

Fyreq m1 + mo 0 —mady, sin 61 mady, sin 61 az,
Fyreq | 0 m1 + mo —ma(dry +dy, cos 1) mady, cos 6 ayq
Megreq| 0 —mady,  —J1 +mad2, + mady,dg, coss —madedpy cosy | |y
M 2 req maosinbidy, macosbidy, —Jo — mgd?2 — mady df, cos 0y Jo + mgd?,2 1
_sz - _
Foviw
—Fres,1 — Fres,2 cos 6 1 1 0 O cos 01 cos 01 sin 01 0 Fyy 4
_ Fres,2sin 6 0 0 1 O —sin 6, —sin 6 cos 01 0 Mz,
| —Fresasinfidy, 0 0 0 1 dpsing drsing —dpcosfy 0| |Fayo.
0 00 0 0 0 0 dy, 1 | Foyy .y
Be. Fyy .,
MZV 2
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A.2 B-matrix on unit level - Tractor

From Figure 2.4, the virtual control signal v;.qc0r can be expressed using the torques
applied on the unit by the actuators and the steering angle of the first axle:

TllR em Tl 1L,em . T12R em T12L em TISR em T13L em
Fryqem = ( — + — ) cos(611) — (2C11611) sin(d11) + — + — 4 — + :
o 1 1 1 1 1 1
Tiir,sb . ThiL,se Ti2r,sb . Th2r,sb | Tisr,sb | T13L,sb
Fry oy o = (——— + ———)cos(d11) + — + — + = + :
o T1 71 T1 T1 71 1

T T Tursy | Tiip,sb
Fva _( 11R,em + 11L,em + 11R,s + 11L,s ) (

sin(d11) 4 (2C11611) cos(811) + Fyyop + Fyiap
I 1 1 1

+ Fy5p + Fyisp

T T T T
sz,l = ((m —+ M)Coséll — (011611)sin511 — (m + M)COS511+(011511)Sin(§11)w1

T1 T1 T1 r1
Tio2r,em | Ti3rR,em  Ti2p,em  Ti3p,em | Ti2rR,s6 - Tisrsb Ti2n,sb T13L,sb
+( k) + i) . k) _ i) + i) + k) . k) _ k) )wl
r1 r1 r1 r1 r1 r1 r1 r1
Ti1R,em  Ti11R,sb. . Tiir,em | ThiL,sb, .
+ (C11611 cosd11 + (——— + ———)sind11 + (C11611) cos 611 +(——— + ———)sind11)lqa,11

1 1 1 1
- (Fy12R + Fyiop) laji2 — (FylsL + Fy13R) la,13
N——— N———

0 0

Here, as in described in Section 4.2.1, a simplified tire model is used where the
lateral forces on the tires are linearly proportional to the steering angle. The lateral
force on each of the wheels on the first axle is

FyllR - FyuL = C’11511 (Alg)

The equations can be split up as v, = Biuy:

F cos(811) cos(811) 1 1 1 1
Tv1,em 2N 2 2 1 1 1
Foyiw 0 0 0 0 0 0
sin(81,) sin(84)
Fy,, ™ 2 0 0 0 0
Loy sin(8y) wyy cos(811) wiy cos(811) Loy sin(d11) wip T Wiy Wiy
M., ) _ o co e T
Ti1L,em
Ti1R,em
Tion,em
Ti2R,em
T13L,em
0 0 0 0 0 0 —2Cyy sin(611)
T13R,e
cos(811) cos(811) 1 1 1 1 0 o
1 1 1 1 1 1 T
1L, sb
sin(§ sin(s ,
mf»,”) ='7"7(1n) 0 0 0 0 2Cyy cos(11)
Tiir,sb
loai sin(811)  wyy cos(6y,) wyy cos(81,) | laas sin(8i1) wyp wiy wig wig ’
T R T RO TR W 20nbknes@Gu)]
12L,5b
Ti2R, s
TisL,sb
TisRr,sb
d11

As explained in section 4.2.1 it is desired for Equation 4.11 to correspond with the
last column in the B-matrix above. This is possible if the column is linearized around
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011 = 0 which will result in the following B-matrix for the tractor unit:

cos(d11) cos(d11) 1 1 1 1
T1 T1 T1 T1 T1 T1
0 0 0 0 0 0
Bl = Sinffjll) Sinf‘(jll) 0 0 0 0
lo,11 8in(611) — wiy cos(d11)  wix cos(d11) + lo,11 8in(611)  wia w1z wiz  wis
T1 1 T1 T1 T1 1 1 1
0 0 0 0 0 0 0
cos(011) cos(d11) 1 1 1 1 0
b b A
sin(d11 sin(d11
oy sin(811) (511) (611) ', a1 sin(511) b e e e gon
a,11 81N{011) ~ W11 COS(011 w11 COS(011 a,11 SIN(011 _ wio w12 _ wis w13
T1 1 1 + 1 1 1 1 2 2 Cll la,ll

A.3 B-matrix on unit level - Trailer

Similarly as in Appendix A.2, the equations for the trailer unit is defined as follows:

T21R,em T21L,em T22R,em T22L,em T23R,em T23L,em
va,Q,em = + + + + +
(] T2 T2 T2 ] T2
Toirsy  Torinse  Toorsy  Toorsb  To3rsp - To31sb
Fmv,w, = + + + + +
] T2 ) T2 T2 ]
Fyv,2 = 0
M (TQIR,em Toirem  To2rem  Toon.em n Tospem  1931.em
— — _ _
V2 T2 T2 T2 T2 T2 T2
. Toirsy  Toirse n Toorsy  Toorsp . To3R,sb T23L,sb)w
- - - 2
T L&) T T Ty )
The equations are split up as vy = Bous:
To1L,em
T21R,em
To2r,em
TooR,em
Fopyor % % % 712 712 712 0 0 0 0 0 0 To31,em
Fovou | 0 0 0 0 0 0 + < < + + < Tosr,em
Fy,, 0 0 0 0 0 0 0 0 0 0 0 0 To1L,sb
M., e e e To1r,sb
B, Ta2r,sb
T22R,sb
To3r,sb
_TQSR,sb_
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B

Vehicle specifications

The presented specifications for the tractor semi-trailer vehicle combination through-
out the thesis are based on the vehicle parameters sheets from "ReVeRe 6x4 tractor
A-786343" and "Semitrailer SEM 219" and are presented in Table B.1:

Table B.1: Vehicle parameters

Unit 1 2

Axle 1 2 3 1 2 3
Axle loads (m) [kg] 6765.5 3654.8 3654.8 | 2641.8 2641.8 26418
Wheel radii (r;;) [m] 043 043 043 | 047 047 047
Track width (w;;) [m] 200 1.85 1.85 | 205 205 205
Longitudinal position relative CoG (I,;;) [m] | 1.5344 1.8656 3.2356 | 1.2064 2.5064 3.8064

The distances from the CoG of each unit to the rear coupling point of the first unit
d,, and to the front coupling point of the second unit dy, are set in meters as:

d,, = 2.1656 (B.1)
dy, = 5.1936 (B.2)

Other vehicle parameters necessary for complete simulations with VI'M are omitted
from this thesis due to confidentiality by Volvo GTT.
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C. Results

Table C.1: Characteristic

values of all vehicle setups for u = 0.5

Max Final Max
Friction Wheel Vehicle yaw Respons- yaw YSF, unit 1 YSF, unit 2 . .
coefficient, 1 | angle, d11 | setup | velocity | iveness [m] | angle For t € [1,2,3,4] For t € [1,2,3,4] articulation
angle [deg]
[deg/s] [deg]

0.5 9 1 18.46 3.15 -20.17 0.06 | 0.00 | 0.00 | 0.01 || 0.11 | 0.04 | 0.00 | 0.01 || 11.35

0.5 9.5 1 18.97 3.24 -24.63 0.28 | 0.01 | 0.01 | 0.01 || 0.39 | 0.03 | 0.00 | 0.01 || 11.84

0.5 10 1 19.43 3.32 -31.71 0.50 | 0.09 | 0.01 | 0.01 || 0.61 | 0.12 | 0.01 | 0.01 || 12.32

0.5 10.5 1 19.86 3.39 -73.68 0.68 | 0.67 | 0.65 | 0.55 || 0.64 | 0.61 | 0.68 | 0.67 || 12.81

0.5 11 1 20.24 3.46 -173.24 || 0.82 | 1.15 | 1.72 | 2.41 || 0.60 | 0.50 | 0.50 | 0.52 || 115.11

0.5 8 2 17.84 2.90 -19.18 0.03 | 0.00 | 0.00 | 0.01 || 0.04 | 0.04 | 0.00 | 0.01 || 11.12

0.5 8.5 2 18.50 3.02 -22.43 0.15 | 0.01 | 0.00 | 0.01 || 0.28 | 0.09 | 0.00 | 0.01 || 11.83

0.5 9 2 19.11 3.12 -28.17 0.42 | 0.01 | 0.00 | 0.01 || 0.72 | 0.20 | 0.02 | 0.01 || 12.58

0.5 9.5 2 19.70 3.21 -212.48 || 0.96 | 1.50 | 2.22 | 3.20 || 0.78 | 0.64 | 0.72 | 1.18 || 132.96

0.5 10 2 20.44 3.29 -270.38 || 1.33 | 2.03 | 3.02 | 4.73 || 0.60 | 0.43 | 0.51 | 0.09 || 219.77

0.5 8 3 17.84 2.96 -19.06 0.03 | 0.00 | 0.00 | 0.01 || 0.04 | 0.04 | 0.00 | 0.01 || 11.12

0.5 8.5 3 18.50 3.08 -22.31 0.15 | 0.01 | 0.00 | 0.01 || 0.28 | 0.09 | 0.00 | 0.01 || 11.83

0.5 9 3 19.11 3.18 -28.05 0.41 | 0.01 | 0.00 | 0.01 || 0.72 | 0.20 | 0.02 | 0.01 || 12.58

0.5 9.5 3 19.70 3.27 -219.61 || 0.95 | 1.46 | 2.28 | 3.38 || 0.67 | 0.33 | 0.44 | 0.60 || 163.84

0.5 10 3 20.30 3.35 -262.74 || 1.27 | 2.00 | 2.94 | 4.53 || 0.48 | 0.36 | 0.58 | 0.12 || 214.03

0.5 9 4 19.03 2.98 -31.69 0.29 | 0.05 | 0.03 | 0.03 || 0.43 | 0.05 | 0.03 | 0.03 || 12.71

0.5 9.5 4 19.52 3.06 -36.20 0.42 | 0.07 | 0.04 | 0.03 || 0.58 | 0.11 | 0.04 | 0.03 || 13.40

0.5 10 4 19.96 3.14 -44.13 0.60 | 0.23 | 0.04 | 0.04 || 0.68 | 0.36 | 0.07 | 0.04 || 14.07

0.5 10.5 4 20.35 3.21 -104.82 || 0.74 | 0.75 | 0.80 | 0.99 || 0.69 | 0.70 | 0.74 | 0.71 || 28.75

0.5 11 4 20.70 3.27 -197.93 || 0.86 | 1.25 | 1.87 | 2.68 || 0.65 | 0.58 | 0.55 | 0.56 || 131.18
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