Coordination of actuators for long heavy
vehicle combinations using control
allocation

Master’s Thesis in Systems, Control and Mechatronics

PER NYMAN
KARIN UHLEN

Department of Signals & Systems

Division of Automatic Control, Automation and Mechatronics
CHALMERS UNIVERSITY OF TECHNOLOGY

Gothenburg, Sweden 2014

Master’s Thesis EX024/2014






Abstract

Savings in for example, cost, emissions and road space, are factors that suggest the use
of long heavy vehicles (LHV). These benefits come with the drawbacks of decreased sta-
bility and maneuverability. An active motion control system using more actuators is one
possibility to improve the performance.

In this thesis, the coordination of motion actuators for LHV with several articulations
joints is treated. The motion controller is based on a structure including control alloca-
tion, which is one approach to control an over-actuated system. The primary strength
of the control allocation structure, is that only one system handles the motion control
and the coordination of the actuators. Also, the desired motion request and actuator
signals are separated. This gives the possibility to use the same control structure when
the vehicle configuration is changed, only updating the settings in the control allocator.

The design of the control allocator is based on vehicle modeling using both the Newton
and the Lagrange formulation. These approaches are evaluated to see which is the most
convenient model to use for the design of control allocation, since no similar investiga-
tions have been done for LHV before.

The control structure is tested in a simulation environment and verified by three test
scenarios. These are a split friction braking, a single lane change maneuver and a low
speed 180° turn. Under the coordination of control allocation, all performance metrics
for the test scenarios are improved when introducing more actuators. The conclusion
drawn from the simulation is that, using control allocation together with more actuators,
makes an LHV able to perform similar to a short heavy vehicle.

The control allocation structure makes a change of actuator configuration an easy pro-
cedure and it also gives the possibility to use it for an arbitrary LHV. The proposed
control allocation structure is recommended for motion control of LHV in the future.

Keywords: long heavy vehicles, control allocation, motion control system, over-actuated
system, split friction, single lane change, low speed maneuver
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Introduction

N THIS THESIS the coordination of motion actuators by the use of control allocation is

studied for long heavy vehicle (LHV) combinations with several articulation joints.

The focus is on analyzing whether it is possible to use this control structure for

long heavy vehicles and how the control allocation design should look like. This

section will give the some background and the motivation for using control allocation in
this kind of vehicle application.

1.1 Background

The ambition in the development of heavy vehicles is to improve productivity, with in-
creased volume and weight capability. At the same time there is need to decrease the
environmental effect and still keep the same performance of the vehicle, [1]. The DUO2-
project, [2], is studying the so called modular concept and the transport-effectiveness
of using longer vehicle combinations. In Figure 1.1 and Figure 1.2 two different vehicle
combinations are shown. The standard two-unit tractor-semitrailer combination, Figure
1.1, have a gross combination weight (GCW), [3], of 40 tons, compared to the modular
four-unit A-double combination, Figure 1.2, with a GCW of 80 tons. To transport the
same amount of goods, the fuel consumption and emissions will be approximately 27 %
less for the modular compared to the standard vehicle, according to [2]. Another benefit
of using these longer combinations is that they occupy less road space to transport the
same amount of goods, compared to the standard vehicles. This will help to reduce the
congestion, which is a big problem in large parts in Europe. If the same performance
could be obtained for a modular combination as a standard one, the vehicle have im-
proved in many aspects.
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Figure 1.2: The A-double combination, tractor-semitrailer-dolly-semitrailer (originated
from [1]).

By using longer vehicle combinations, both stability and maneuverability will in general
be impaired, [1]. The ambition of keeping the same performance as the standard com-
binations, for example make the A-double behave as the tractor-semitrailer, puts higher
demands on the vehicle’s motion control system. To improve the performance of the
vehicle, more actuators can be introduced. This is studied in [4] where a smart dolly,
including steering and driving capability, is used in two different longer combinations.
The result reveals that having a smart dolly with more controlled actuators benefits in
both stability and maneuverability compared to the traditional configuration with pas-
sive dolly.

A problem when introducing more actuators is that the system may become over-
actuated, which means that there are more motion actuators than controlled motions.
To control the motion of an over-actuated system, there is a choice to be done in how
to use the actuators in an appropriate way. The standard method for motion control
of vehicles today, is to have many different strategies how to coordinate the actuator
signals, depending on the demand and state of the vehicle. Another way of solving the
decision-making is to divide the problem into two parts, referred to as control allocation,
according to Figure 1.3. The driver generates a reference signal r, from which the control
law computes the virtual control signal v needed for achieving the desired motion. The
control allocation should then coordinate the actuator signals w to attain the needed
virtual control.

The most common approach in today’s research is to formulate the control allocator as
a least square optimization problem, solved using standard interior point or active set
methods. A study of the optimization solvers in the control allocation for a single-unit
truck is done in [5]. The proposed control system shows performance similar to present
systems in terms of vehicle stability. Real-time performance benchmarking also reveals
that the system could be realizable in production vehicles in terms of execution time
versus required sample time.
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Figure 1.3: Closed loop system including a control system with control allocation.

Today, the motion control of heavy vehicles are decentralized. The brake system, steer
system and drive system, are developed separately, which could be problematic in a
assembled system to make them function together. The primary benefit of the control
allocation structure is that it is only one system that handles the motion control and
have access to the actuators. Many of the problems with a decentralized system can
therefore be eliminated.

Another strength with the structure is that the desired virtual control, given from a
higher level, is independent of the distribution of the signals to the actuators. This
makes the system flexible and gives the possibility to use the same motion request for
different kinds of vehicle configurations. There is also a possibility to optimize the actua-
tor usage on-line by adapting the motion actuators to the current condition, for example
the available tire force or the desired actuator usage. This makes it possible to optimize
for example the energy consumption. The use of so called dynamic weighting in the
problem formulation is done in [6], which shows considerable lower energy loss compared
to static weighting. Another benefit with the control allocation structure is that the
fault tolerance of the system can be increased, something that is studied in [7]. It is
shown that the desired forces can be re-coordinated to the actuators still in function if
there is a failure in some actuator.

Control allocation have been used in the stability control for passenger cars for some
time [9], but in the area of heavy vehicles there are only a few reports, see e.g. [5] and
[8]. In the area of long heavy vehicles, there are few reports addressing control allocation.
For instance in [7], the yaw dynamics of a tractor-semitrailer is studied. The vehicle is
stabilized by use of control allocation with the assumption of small angle approximation
for both steer and articulation angles. In this thesis, the assumption of small angles is
not used, and this is a significant simplification if it is used, especially for low speed
maneuvers.

For articulated construction vehicles, control allocation have been used in [10]. A kine-
matic model is interpreted as a control allocator where the individual wheel drives are
used as the only actuators. A kinematic model is a simpler model compared to a dy-
namic, and describes only the spatial and time-related variables. In this thesis, the forces
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of the vehicle is studied, which implies the need of a dynamic model. In [10], only one
articulation joint is used and there is no steering applied to the wheels. In this thesis,
several articulation joints and steer angles on the wheels are considered.

In [11], a balance control algorithm is implemented in order to improve the mobility
of a leg-wheel hybrid structure where several articulation joints are present. The mo-
ment in the joints are the only actuators used to control the motion. There are some
differences compared to this thesis; the articulation is yielding in the vertical direction,
affected by the gravitational force, and no steering of the wheels is considered.

As shown in [1], there are a variety of prospective vehicle combinations that could be
interesting for future utilization. A generic structure of the vehicle motion control is
therefore desired, which gives the possibility to use it in many different configurations
with only a few changes, which would save a lot of development time.

1.2 Purpose

The purpose of this thesis is to derive a general structure for control allocation in heavy
vehicle combinations consisting of several units, which could be used for different ma-
neuvers. The studied vehicle combination is general in a sense that the number of units,
the number of axles on each unit, and where the actuators are placed is arbitrary.

As described in section 1.1 there is not much literature that describes how to formu-
late the optimization problem in the control allocator for a heavy vehicle with many
units. Could the problem be formulated as a linear optimization problem? How are
the articulation angles between the units handled? In summary, how should the op-
timization problem in the control allocator for a long heavy vehicle combination be
formulated?

1.3 Limitations of scope

The delimitations used in this thesis are:
e The only actuators studied on each wheel are steering, braking and driving.

e Several assumptions in the modeling framework are used, such as a planar model,
linear tires and no dynamics in the actuators. Details about specific assumptions
are explained later on.

e For the verification of the control structure, no test on a real vehicle is performed.
The verification is only done through simulation in Simulink and Volvo’s Virtual
Truck Model (VITM) library, [12].
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e The solvers in the optimization problem and real-time performance are not studied.

e To validate the control allocation structure, two different vehicles and three specific
scenarios are studied.

1.4 Test vehicles and scenarios

Two vehicle types are tested, the two-unit tractor-semitrailer combination shown in Fig-
ure 1.1, and the A-double combination, a four-unit tractor-semitrailer-dolly-semitrailer,
see Figure 1.2. The tractor-semitrailer has acceptable performance in both high and
low speed maneuvers, whereas the A-double combination has significantly worse perfor-
mance, [1]. By adding extra actuators such as driving and steering on the dolly, the
worse performance could be compensated for, [13]. The target for the A-double is to
behave as close to the tractor-semitrailer as possible.

Three test scenarios are studied to validate the control allocation structure in differ-
ent operating conditions. The first test is the so called split friction braking, where the
friction on one side of the vehicle is reduced. To be able to drive straight during a brak-
ing from high speed, there is a need to counter-steer on the steerable axles. The second
test is a single lane change maneuver meant to see the yaw stabilization at high speed.
The last scenario studied, is a low speed maneuver driving through a 180° turn, like a
roundabout turning. This test can evaluate the performance when both large steer and
articulation angles are present.

The use of the test scenarios is to validate that different performance measures can
be improved when adding extra actuators. The control allocator then has the poten-
tial of being a convenient structure for the motion control system when changing the
configuration setup of a vehicle.

1.5 Outline of report

In chapter 2, two different vehicles models, including tire dynamics, are presented. These
models form the basis to which the control allocation design is made. The control allo-
cation problem is further described in chapter 3, together with the overall system design.
The step from the vehicle model to the design of the control allocator is also presented.
Chapter 4 describes the test scenarios for the simulations and performance measures
to compare the different vehicle setups. The simulation results are then presented and
discussed. Chapter 5 gives some concluding remarks and discussion of ideas for future
work.



Modeling of a long heavy vehicle
combination

O DESIGN a control allocator for a heavy vehicle combination an insight in the
vehicle dynamics is needed to understand the impact of actuator forces to the
dynamics. There are two main standard approaches in mechanical modeling of
vehicles, the Newton’s second law, [14], and the Lagrange equations, [15]. For

heavy vehicles both modeling approaches can be found in literature, for example [7] uses
the Newtonian formulation and [17] uses the Lagrangian formulation. The two different
descriptions are equivalent to each other and which one is best to use is depending on the
system configuration. To investigate which approach is most convenient in this context,
both of the two modeling frameworks are studied.

The coordinate system used for the vehicle frame is defined in Figure 2.1. This is a
right hand coordinate system, fixed in the center of gravity of the vehicle and is orig-
inated from the definition in ISO 8855. Each unit in the combination have its own
coordinate frame according to this definition.

The models described in the next sections is only regarding planar motion. This means
that the only interesting motions are the longitudinal, lateral and yaw motion. The
longitudinal motion is defined along the x-axis, the lateral motions along the y-axis, and
the rotation around the z-axis is referred to as the yaw motion, see Figure 2.1.

For convenience in the modeling formalism, three different variants of coordinate frames
are used, see Figure 2.2. The tire coordinates are indicated with small letters like x and
y. The vehicle coordinates, as used in Figure 2.1, are indicated with capital letters X
and Y. The coordinates in a fix global frame are marked with an over-line like X and Y.
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Figure 2.1: Vehicle coordinate frame (originated from [8]). Variables: v=velocity, F=force,
M=moment.

<

Xl

Figure 2.2: Coordinate definitions for unit j. The tire coordinates are depicted at axle @
and on the left side (1) of the unit.

As mentioned above, the models will only consider planar motion, but there are some
more assumptions used in the modeling; resistive forces like aerodynamic resistances are
neglected, the units are considered as rigid masses and the left and right wheels have
equal steer angle. There are also several assumptions regarding the tire dynamics which
are discussed later.

To study the cornering dynamics of a vehicle in a convenient way, a so called single-
track model is often used, [18]. In a single-track model, all tires on one axle is collapsed
in to one virtual tire and the model captures the most important phenomena during
cornering. To be able to study how individual wheel actuators affect the dynamics, a
two-track model is instead needed, [14]. The modeling framework presented in this chap-
ter is general in the sense of arbitrary number of units and actuators. For convenience
and understanding, a two-track model of a A-double is considered and can be seen in
Figure 2.3. Red forces in this figure are defined in the tire coordinate frame. Model
parameters for the A-double are presented in Appendix A.3.
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Figure 2.3: Two-track model of the A-double combination.

2.1 Tire dynamics

It is the forces generated in the contact between the tires and the road which affects the
movement of the vehicle. The longitudinal forces are generated from torques applied to
the wheels. The lateral forces are generated when the wheels are turned. A tire has a
very complex dynamics and there are several tire models available, both empirical ,[18],
and mathematical, [15]. A typical characteristic of a tire behavior is depicted as the blue
line in Figure 2.4. Both the longitudinal (F}) and lateral (F},) forces on a tire shows these
characteristics when the longitudinal slip (k) or lateral slip («) respectively is changed.
The tire dynamics are described in more detail in the following sections.

FuFy 4

zuFZ ................

K,O

Figure 2.4: General force/slip relation of a tire.
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2.1.1 Longitudinal forces

A simple and often sufficient model of the longitudinal dynamics is a linear tire model,
depicted as the red line in Figure 2.4. For small values of the slip k, this approximation
is often sufficient. The linear tire model is defined as

F,=Cyk (2.1)

where C. is the longitudinal tire stiffness coefficient and x is the so called "practical”
longitudinal slip defined as

Rwy—vg

%ot (for a driven wheel)

kR =

(2.2)
k= Bew=v (for a braked wheel)

Vg

where R is the effective rolling radius of the wheel, w,, is the rotational speed of the
wheel and v, is the longitudinal speed of the wheel hub in the tire coordinates. During
acceleration or deceleration the difference Rw,, — v, is nonzero and the slip will generate
a force to move the vehicle according to (2.1). The use of two definitions for longitudinal
slip eliminates the problem of division by zero.

An even more simplified tire model can be used if the longitudinal slip is assumed small
and neglecting the rolling resistance and inertia of the tire. The longitudinal force F
on a wheel is

T
F,=— 2.3
- (23)

where T is the applied wheel torque.

2.1.2 Lateral forces

To describe the lateral force generated by a tire in a easy way, a linear model is often used,
depicted as the red line in Figure 2.4. As for the longitudinal model, the approximation
is often sufficient for small slip values. The linear model is defined as

F, = —-Cha (2.4)

where C, is the tire cornering stiffness and « is the side slip angle, shown in Figure 2.5.
The side slip angle could be expressed as

a=p—-906 (2.5)
where [ is the body side slip, defined as arctan(g—y) in vehicle coordinates at the specific
wheel position and § is the steer angle of the wheel. The velocity v in Figure 2.5 is
the total velocity of the wheel hub, which can be split into the longitudinal and lateral
components vy and vy respectively in the vehicle coordinates.
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Figure 2.5: Definition of slip angles on a tire. Variables: v=wheel hub speed, a=side slip
angle, S=body side slip angle at wheel position, é=steer angle.

2.1.3 Combination of longitudinal and lateral forces

Many maneuvers often involve a combination of driving/braking and steering. During
these conditions the tires are acting under so called combined slip, where the lateral and
longitudinal slip are affecting each other.

A simple model to understand the behavior is the so called friction ellipse, [14]. The
friction ellipse is expressed as

FZJ 2 Fx 2
=1 2.
<Fy7ma$) * <Fz,max) ( 6)

which states that the longitudinal and lateral forces cannot exceed their maximum values
Fymaz and Fy 4. If the friction level is simplified to be the same in all directions, the
maximum values can be expressed as

Frnaz = pF, (2.7)

where p is the friction level and F, is the normal force on the wheel. This model will
eliminate saturation of the tires in any direction.

A more sophisticated model of the tire is sometimes needed to fully understand the
behavior of a tire. One such model that describes the combined slip behavior is pre-
sented in [15] and is shown in the subsequent equations. The so called "theoretical” tire
slip in longitudinal and lateral directions are

Kk

It (2.8)
_ tan(a)

9 = Ttk

Oy =

where k£ and o are defined in (2.2) and (2.5) respectively. The expressions in (2.8)
says that if the "practical” longitudinal slip, k, is nonzero due to braking or driving,
the longitudinal slip is changed, but the lateral slip will always decrease in the same

10
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direction, see lower equation in (2.8). The opposite, a change in the lateral slip angle,
for example due to a change in the steer angle, will not affect the longitudinal slip. The
total tire slip is defined as

Defining the tire variable A as
A=1—0o (2.10)

where 6 is a tire model parameter. The total forces which can be generated from a tire
is

F = uF, (for a sliding tire) (2.11)

F = puF,(1 —\3) (for a non-sliding tire)

The components of the force in longitudinal and lateral direction can now be calculated

F,=F%
* o (2.12)

F, = F%

As discussed above, when a positive or negative torque is applied to the wheels, the lon-
gitudinal slip will increase in the applied torque’s direction, and the lateral slip decrease.
This could be translated to the forces generated from the wheels according to (2.12). A
practical example concluding the effects of combined slip could be during a maneuver
when steering is used and the brakes are applied to maximum. This will result in lost
steering ability, which means that the longitudinal forces will always dominate over the
lateral forces.

2.2 Newton formulation

The derivation of motion equations by the use of Newton’s second law are influenced by
[13]. The equations of motion for each unit in a combination, for example the A-double
in Figure 2.3, are

11
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m;(Daj — Vyjwsj) = i(Fxm + Exir) + Fxe(j-1)c0s(0(;-1))
=1
— Fyc(j—ysin(0—1)) — Fxej
mj(byj + Vajws;) = i:(FYﬁz + Fyjir) + Fxe(j—1)sin(0(j-1)) (2.13)
+ Fyc(j—1)cos(0(—1)) — Fye;
Jjw,j = i((Finl + Fyjir)lji — (Fxji — Finr)%)
=1

+ Fyc(j—1ycos(0¢—1))a; — Fy¢;b;

where j = 1 : n, with n, as the number of units in the combination, and ¢ = 1 : ng;
where n,; is the number of axles on unit j, and [/r indicates left/right. For example,
Ny = 2, ngj = [3 3] for the tractor-semitrailer (Figure 1.1) and n, = 4, nyj; = [3 3 2 3]
for the A-double (Figure 1.2). The parameters m; and J; are the mass and yaw mass
moment of inertia of unit j. The variables v,;, vy; and w;; are the longitudinal, lateral
and yaw velocity of unit j, respectively. The articulation angles between the units are
named 60; for the coupling between unit j and unit j+1. The coupling forces Fixqo, Fy o,
Fxcn, and Fy,, are all defined as zero. For ease of notation in this section, the lengths,
such as lj;, b; and a;, are defined as positive if they a placed in front of the unit’s center
of gravity (CoG) and negative if they are behind CoG.

The forces in (2.13) are expressed in the vehicle coordinate frame. The forces can instead
be expressed in tire coordinates by a rotation matrix using steer angle

(Finr Finl) _ (COS((SJ@') —Sin(5j')> (F:chir ijil) (2 14)
Fyjir  Fyji sin(dj;)  cos(i) Fyjir - Fyji

The system in (2.13) together with (2.14) will form a system of equations with 3 x n,,
equations. In these equations, the tire forces F;; and F,j; are the inputs which can

be controlled. The coupling forces Fx.; and Fy; in between the units are forces which
cannot be controlled directly and are therefor desired to be eliminated.

If the articulation joint between the units is modeled as a spring and damper in se-
ries, the coupling forces can directly be expressed as

Fch = CjA$j + deij, chj = Cjij + de’ij (2.15)

where ¢; and d; are the spring and damper coefficient for the coupling, Az;, Ay;, Avy;
and Awv,; are the difference in longitudinal position, lateral position, longitudinal veloc-
ity and lateral velocity in the coupling between unit j and j + 1, respectively.

12
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The equations in (2.15) inserted into the equations of motion will directly eliminate
the coupling forces. Together with the models of the tires, the final system, suitable for
the control allocation design, is found. The final form of the system equations is

&= f(z) + g(x,u) (2.16)

where z are the states vz1, vy1, W21, -+, Vznys Vynys Wen,, and the control inputs u are
the wheel torque T or wheel speed w,, (depending on tire model) on each wheel and
steer angle J on each axle.

2.3 Lagrange formulation

The motion equations can be derived from Lagrange’s equations and the derivation in
this section are based on [15].

Lagrange’s equations are a system of differential equations in time, with generalized
coordinates as variables. This system of equations is defined as

dor oTr 0

\%
— - 4+ =Q,, =1,2,...,M 217
dt g, Oqq  Oqq @ g ( )

where T" and V is the total kinetic and potential energy of the system respectively, g, are
the generalized coordinates, ), are the generalized forces and M is the degrees of free-
dom. Due to the fact that only planar motion is considered the potential energy V' is zero.

The choice of coordinates for a general combination is
q = (yl 71 ¢1 91 92 e Onufl) (218)

where X and Y| are the positions in a global frame for the first unit’s CoG, according
to Figure 2.2, ¢1 is the yaw angle of the first unit, 6; is the articulation angle between
unit j and j + 1 and n, is the number of units in the combination.

With this choice of coordinates the motion equations will be defined in the global frame,

but it is often more useful to have them defined in the vehicle frame. The relation
between the velocity in the vehicle frame and the global frame is

<X1> _ ( cos(¢1) Sin(¢1)> (X1> (2.19)
14 —sin(¢1) cos(é1)/) \Y1

13
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The motion equations can be transformed to vehicle coordinates, following the procedure
n [15], using equation (2.19) and the chain rule

oT T 9X, OT 9y, OT aT

— = —— —— + ——— = ——co08(¢1) — —— sin(¢1)
ox, 0Xiox, OVigx, OXp oy

T  aT 9Xy, 9T o9y, OT oT

I ° ;1 + 7% = v 1n(¢1) + COS(¢1) (220)
Y 90Xy Y oY, Y 81/1 a Y1

or 9T X, 9T 9y, OT .. OT -

= = V- =X

96 9X, 09 V1041 90X, oYy
The last relation uses

X, . oW

= = - X 2.21
96, ~ " 94, 1 (2.21)
According to [15], the final system of equations in the vehicle frame has the form
d oT
&TXI - d)l({“)in = QX1
d or .
dt 8Y1 ¢1 3X1 QY1 2 29
dOT L or L oT 222
dtog, ox,  av, ™
dor or _ _ 0
dtog, 00;
The kinetic energy of the system is defined as
N T T
=% 50+ 500; (2.23)
=1

where v; is the total velocity of unit j, dij, sometimes written as w.;, is the yaw rate of
unit j, m; and J; are the mass and yaw mass moment of inertia of unit j. It is important
to note that the velocities v; are the velocities in the vehicle frame.

The right hand side of (2.22) are the generalized forces which are inputs to the mo-
tion equations and can be controlled. The generalized forces are defined as

Op
Qy = E Fy aqk (2.24)
k=1 g

where pj are position vectors defining where the external forces Fj are applied to the
system and m is the number of actuators. The external forces are calculated from the
tire models in section 2.1 and are described more later.
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When all parts in (2.22) are included, the final system of equations have the form
i = f(@) + glaw) (2.25)

where x are the states vz1, vy1, w21, 91,. - énu_l, and the control inputs u are the wheel
torque T or wheel speed w,, (depending on tire model) on each wheel and steer angle &
on each axle.

15



Control Allocation

HIS CHAPTER introduces some of the theory for control allocation and shows
the application for LHVs. The work in this section is based on [5], [8] and
[20], with modifications for this application. In [20] a thorough introduction
to control allocation can be found.

Control allocation is used to coordinate an over-actuated system with upper and lower
limits in the actuator signals. Mathematically, control allocation solves a undetermined
constrained system of equations.

3.1 Problem Formulation

Assume two formulations of a system that is desired to be equal

= f(x)+v

& = f(z) + Bu (3.1)

where z is a vector of states, f(x) is a nonlinear function, B is called the control effective-
ness matriz, u is the actuator input or also called true control input and v is referred to
as wvirtual control input. The state vector has dim(x) = k, the matrix B € R¥*™ the ac-
tuator input vector has dim(u) = m and the virtual control input vector has dim(v) = k.
The first equation in (3.1) describes the desired form of the system, whereas the second
equation describes what is available for control. To get a system where the two formu-
lations are equal, the equation v = Bu needs to be solved for the actuators inputs in w.

If the inequality m > k holds, the system is called over-actuated. This means that the

16



3.2. OPTIMIZATION CHAPTER 3. CONTROL ALLOCATION

virtual control input v can be achieved in several ways because v = Bu does not have
a unique solution. When controlling these sorts of systems, the issue of non-uniqueness
must be solved in some way. If it is not solved in a numerical way, there must be strate-
gies on how to use the available actuators for a wide variety of motions, and this might
be a strenuous task.

3.2 Optimization

One idea to address the problem of over-actuation is to map the virtual control vector
v to the actuator input vector u through a constrained optimization problem

u = arg min||W, (uges — U)Hg
u€ef)
Q = arg min|| W, (Bu — v)||3

u<u<u

(3.2)

where the vector uges is the desired actuator signals, W,, and W, are diagonal weighting
matrices used to prioritize certain actuator inputs or virtual control inputs respectively.
This sort of problem is called sequential least squares problem (SLS) and can be simpli-
fied, [20], to

u = arg min(|| Wy (uges — u)[|3 + 7| Wo(Bu —v)|3) (3-3)

u<u<u

where v is a weighting factor. This formulation is referred to as weighted least square
problem (WLS). Solving (3.3) gives the vector of optimal control signals u. This idea to
find u, is one common way to use control allocation.

The optimization problem in (3.3) is a quadratic programming problem and the lit-
erature for these types of problems is rich, both regarding solvers and theory. Earlier
work have been done investigating this optimization problem for control allocation in
a heavy vehicle application. In [5] it is stated that if the number of actuators are low,
the active set method is a appropriate solver and if number of actuators are high the
interior point method is a better choice. Both solvers can in general be used, but the best
execution time achieved is making a switch from active set to interior point at around
25 actuator signals.

The parameter v is a scaling parameter and is chosen by the designer. In general it
is chosen to prioritize the Bu — v term in the optimization higher, meaning that it is
most important to find a solution that fulfills Bu = v. In the choice of «, the inner
relative dimension needs to be taken into consideration, which is important to avoid
numerical instability [5].

The constraints in the problem formulation are due to the physical limitations of the
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actuators, and are set according to

Umin < u(t) < Umag (34)

3.3 Vehicle application

For application in a vehicle, the virtual control input v to the system will be forces
computed according to some control law to make the vehicle move as desired, see Figure
1.3. These forces are in this context called global forces and the solution to (3.3) will
tell how much each actuator should generate to achieve them. The relation is described
by the control effectiveness matrix B and is the input matrix to the state equations.
Depending on which states are used in the modeling, the virtual control vector will
be different, and therefore the B-matrix will have another form. Since the two model-
ing formalism shown in chapter 2 uses different states, several B-matrices can be derived.

The derived state equations in chapter 2 have the general form (2.25), repeated here
for convenience

i = f(@) + gle.0) (3.5)
The control allocation problem then have the nonlinear relationship
g(z,u) =v (3.6)

and therefore the optimization in (3.3) cannot be used directly. Even though some
attempts, see [21], have been made to solve (3.6) using nonlinear optimization, a more
common approach is to linearize g(x,u) to B, and end up with

Bu=wv (3.7)

which makes it possible to use (3.3). Usually this linearization include the approximation
of small angles, in this case small steer and small articulation angles. Especially in
low-speed maneuvers, this may not be a satisfactory assumption. Another possible
approximation is to formulate the system as a Linear Parametric Varying (LPV) system,
[22]. The idea is to update g(z,u) in each sample with measurements to achieve a
constant B-matrix in each sample according to

B(zu)u = v (3.8)

3.3.1 System overview

In Figure 3.1 an overview of the closed loop system design is shown, compare to Figure
1.3. The Driver Model represents a driver in the closed loop which acts depending on the
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driving situation and generates the reference signals to the control system. The Target
Generator includes the control law to generate the desired global forces. The Control
Allocator takes the global forces and coordinates the actuator signals in an optimal way.
These signals are then sent to the motion control system in the Vehicle, which will deliver
the motion that the driver commanded.

Driver ref Target v Control u

Model Generator Allocation Vehicle

Figure 3.1: Overview of system design. Actuator dynamics are neglected and a driver
model is included in the closed loop.

The job of the control allocator is to coordinate all the actuator signals in u, but there
is one special case. During normal driving conditions the steering of the vehicle should
behave as the driver expects. This means that the allocator does not have full control over
the front steer angle signal, called d1;. To make the allocator choose the steer angle that
the driver demanded, feed-forward according to [8] is used. The feed-forward function,
included in Target Generator in Figure 3.1, will generate targets for the allocator by
setting, for example, the global forces Fy and Mz according to

Fy = 2Ca5ref

(3.9)
My = 2Cal5,es

where 0,y is the steer angle that the driver expects. By using the same expressions in
the B-matrix, the allocator will under normal conditions choose the provided steer angle
due to the priority of the factor Bu — v in the optimization problem.

There is a possibility for the front steer angle to deviate if the virtual control input could
be better achieved. It is only during critical situations that the allocator will intervene
and aid the driver with more or less steer angle. This extra steer angle is referred to
as angle overlay and can be used to some degree, but not so much that the driver notices.

If it is known that the following units should be steered in a certain way, the desired
steer angles should be added to the expression in the feed-forward, to always correlate

to the terms in the B-matrix.

To help the allocator even more in finding the desired steer angle signals, calculated
reference steer angles can also be used in the desired actuator usage vector uges.

A summary of the signals sent to the control allocator block is depicted in Figure 3.2.
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V ——
udes —>
) —{  Control
u..u. —— Allocation

W, —

B(Xprev’ u

W, —

Figure 3.2: Illustration of the control allocation block where input and output signals are
included.

3.3.2 Available actuators

The available actuators to control the vehicle are the drive/brake torques and steer angles
on the tires. On a real vehicle drive and brake are two different actuators to generate
torque. This is simplified to one term, which is defined for both positive (drive) and
negative (brake) torque. There is individual brake/drive on each wheel. The longitudinal
tire model used in the control allocation design is the simple model derived in (2.3) and
repeated here for convenience

Fy== (3.10)

The linear lateral tire model in (2.4) and (2.5) is used in the control allocation design
and could in compressed form be expressed as

F, = f(z) + Cab (3.11)

The actuators that is available for control of the vehicle motion is the torque T', positive
or negative, and steer angle § on the wheel. There is one torque for each wheel, and the
steer angles on the same axle are assumed to be the same, which gives one steer actuator
for each axle. A control input vector for a general combination could be expressed as

ugeneric = (Tlll Tllr .. -Tlnall Tlnalr 611 cee Tnull Tnulr e (3 12)

Tnunanul Tnunanurénul s 5nunanu )T

where the notation is the same as used in chapter 2, using first index as unit, second
index as axle and last index indicating left/right. The parameter n, is the number of
units in the combination, and n,; is the number of axles on unit j. On the first unit,
only the front axle is steered, which represent the case many in heavy vehicles today.

The control input vectors for the tested vehicle configurations are presented in Appendix

Al
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3.3.3 Derivation of B-matrix

For a general input vector as (3.12), the corresponding B-matrices for different variants
of models will be derived in the following sections. The derivation is done using the com-
puter algebra tool Mathematica and the notation follows the definition used in previous
sections.

Newton model

The different actuators in (3.12) together with the equations of motion and the coupling
model forms a system of equations on the general form (3.5).

From this system the part related to the global forces v could be extracted. The global
forces for a general combination have the form

UNat1 = (Fx, Fy, Mz, ... Fxn, Fyn, Mzn,)T (3.13)

With the v-vector in (3.13) and actuator signals in (3.12), the corresponding B-matrix
have the form

Bu 0 ... 0
0 By -
Byann=| . % (3.14)
. .. .. 0
0 ... 0 Bun,
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where the matrix components are

cos(811) cos(811) c0s(81n,q)
LEALl LA e —gels
Bii = sin(617) sin(611) sin(S1p )
— R — R —R.

_ty7cos(811)—2l17 sin(811)  t17 cos(811)+2117 sin(811) _tingy ©0801n,1)—2lin,, sin(d1n,q)
2R 2R 2R

cos(1n; )

= —2Cq11 sin(d11) —2Cainq, Sin(d1n,q)
sin(814 )
— el 2Cq11 cos(d11) 2Ca1ngq €08(01n,q)
t cos(6 )+21 sin(é )
1ng1 1701 R 1ng1 1ng1 2Cq11cos(d11)l11 - 2Caingy €08(01ng)Ming,
cos(21) cos(821) cos(32n 4q)
Bag = sin(827) sin(d27) S‘“(52'rza2)
g2 g2 o ——fa2”
_ toq cos(8g1)—2loy sin(d) toq cos(8o1)+2lay sin(dgq) _ t2ngg €08(82n ,5) —2lon o sin(d2n 5)
2R 2R ce 2R
cos(d2n 9) . .
#0‘2 —2Cq21 sin(d21) s 720(227”12 Sln(627L,12>
sin(8ay )
Tﬂ 2Cq21 cos(d21) s 2Co<2na2 C05(62na2)
t cos(8 )21 sin(§ )
2na2 2102 SR 2na2 2na2 2Cqz21 cos(21)l21 ... 2Ca2n,4 €08(82n,5)l2n,o
cos(8p,,1) cos(8p,,1)
sin(dn,,1) sin(dn,,1)

Bryn, =

R
_ tng1908(8n,,1) —2ln,,1 8in(8n,,1) tn 1 €08(0n,, 1) +2ln,, 1 8i0(8p,,1)
2R 2R

08 (Snymamy, ) 05 (nynany, )

. R j R
SNy nan, ) S0 Sy nang, )

R R .
tnynan, ©950nynan, )~ 2nynan, SB0nynan,, ) tnynang ©©50nynan, )2 nunan, 5innynan,, )
2R 2R
—2Cqnqy18in(8ny,1) S _2cf’nu"anu sin(énunanu )
2Can 1 €08(dn, 1) L 2Canunanu cos(énunanu )
2Canq,1 cos(&nul)lnul .. 20&"11,"(177,” cos((snuna’nu )l"u,"anu

There is always a need to generate reference signals to all the global forces and sometimes
it is not so easy to tell what these reference signals will be. In that case an option could
be to skip some of the global forces and only keep the ones desired for control. An
alternative setup of virtual control vector is

UN,alt2 = (FXl Fyl ]\421 .. .Mznu)T (315)

where only the ability to control the moments of the units behind the first unit is kept.
This setup of virtual control vector will result in a general B-matrix as

B 0 0

BN ait2 = o : (3.16)
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where the matrix components are

cos(811) cos(811) cos(d1n,q)
—r - . — R
Bii = sin(617) sin(611) sin(S1p )
—r —5 —Fr
_t11cos(811)—2l77 sin(d11) t17 cos(811)+2177 sin(d1q) 7f'1'na1 Cos(slnal)*mlnal S‘“(‘Slnal)
2R 2R e 2R
cos(d1n,q) . .
—5al- —2Cq11 sin(d11) —2Cainq, Sin(d1n,q)

. R
sn\(&lnal)

= 2Cq11 cos(d11) 2Ca1ngq €08(01n,q)
tingg ©08(81n, 1) +2lin, g sin(Bin, )
al al el al 2Cq11cos(d11)l11 - 2Caingy €08(01ng)Ming,
Boy = ( _ t9q cos(821)—2l91 sin(8a1) to] cos(Sg1)+2la7 sin(5a7) _ tangg 08(82n,5)—2lan,, sin(d2n,,,)
2R 2R s 2R
toan, o €08(82p o) +2lan o sin(day ,)
a2 a2 o~ral a2 2Cq21 cos(d21)l21 ... 2Ca2n,, €08(02n,5)12n,,
B, _ t1 €008 1) =2y 1 SNy 1) trg1 €08 (85y 1)+ 2y, 1 5050, 1)
umu - 2R 2R
tnunang ©3Cnunang)—2nunany, 5 Cnunany)  tnunang ©3Cnunang )2 nunany 50 Cnunan, )
2R
Qchnul COS(‘Snul)lnul s Qcanunanu Cos(énunanu )l”u"anu )

The B-matrix in (3.16) will though have a problem. For example, during a brake-in
maneuver only the actuators of the first unit will be activated, according to the first
row in (3.16). This behavior is not desired, the brakes of the following units should also
be used to get a short stopping distance. To activate the longitudinal actuators on the
following units a modification of the B-matrix is done. By adding rows describing the
coupling force between the units and telling the allocator to minimize these forces, the
following units’ actuators will also be chosen. It is only the coupling forces in the fol-
lowing units’ direction that are interesting to minimize because these forces are causing
the ”jack-knife-effect” when there is an articulation angle present. For example, for the
coupling between unit one and two the coupling force will be F'x.; = Fx,cos(01) — Fx,.
What reference the coupling forces will have in a driving situation is dependent on where
driving axles are located and how driving capability should be divided between the units.

The virtual control vector v is modified to the form

UN,altZ,final = (F’)(1 Fy1 Z\IZ1 e MZnu FXcl e FXc(nu—l))T (317)

Rows describing the coupling forces are added to (3.16) and will form a new B-matrix
obtained below. The symbol x is used to compress the notation and means that the
procedure is repeated.
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By 0 0
0 Byo
' 0
0
0O ... ... 0  Bpn,
Bnait2,final = | Bay Bez 0 ... 0 (3.18)
0 Be DBas :
X 0
0 X Bc(nu,l)nu
0 e 0
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where the matrix components are

cos(811) cos(811) Cos(élnal>
=g =gl S — e
By = sin(611) sin(611) sinl0ing, )
R R o i )
_t13cos(817)—2l1 sin(817)  tyq cos(811)+2lqq sin(811) _tingg €08G1ng ) —2lin,, sin(S1n,,)
2R 2R s 2R
cos(81mn,q) . .
%al —2Cq11 8in(611) R —2Cqa1nq, sin(din,,)
sin(81n,,)
——al’ 2C 411 cos(811) L 2Ca1na1 005(51na1)
tingg ©05(81n 1) F2lin g sin(d1n, )
al By @ 2Cq11cos(611)l11 -+ 2Caingy €08(81ng)ling,
t 521)—2laq sin(8 t 5 2197 sin(§ t2 cos (83 ) =202 sin(dg )
Bag = ( _ t21cos(821) =2l sin(821) t21 cos(d21)+21p sin(day) _2ngg ng2 ng2 ng2
2R 2R e 2R
ton o cos(8ay o) +2lay L sin(day, )
a2 a2 —ral az 2Cq21 cos(d21)l21 ... 2Ca2n,4 c08(d2n,5)l2n,o
B - tng,1608(8n,,1)—2ln, 18008, 1) tng,108(8n,,1)+2ln, 18i0(8n, 1)
nuu - 2R 2R
_tnunan, ©©50nynan, ) "2lnynan, Sit0Gnynan, ) trunan, ©°5@nynan, ) t2lnynan,, Sinlnrynan,, )
2R 2R
2Canu1 Cos(an,ulﬂnul cee ZC(xnunanu Cos(énunanu )l"u"anu )

o8 o8 s(é 5(8
Bei1 = ( wfill)cos(gl) %COS(QI) L};al)cos(gl) %cos(ﬂl)
—2Cq118in(d11) cos(01) ... —2Cqin,, sin(din,, ) cos(61) )
~0s (8 ~os (6
Beiz = ( 77005(1221) 77005(;21) Pt }2{”@2) _gos( }2%"“2) 2Cq215i0(821) ...  2Ca2n,y 5in(d2n,,) )

cos(8gy,

s s(d
Beg2 = ( % cos(62) %}gzl) cos(62) = a2 cos(62) w cos(02)
—2C 21 sin(da1) cos(02) . —2Ca2n44 sin(égn{ﬂ) cos(62) )
a = (53 (53 cos(33n ,3) cos(33n ,3) . .
Be2sg = ( —%Rdl) —%Rdl) . — R"ad - Rn03 2C 431 sin(d31) L 20"3"a3 sm(63na3) )
0s(5 os(6
Betnu—tmy = (=20 5Oy gy o) O Uy o)
2Cq(ny—1)18i0(8(pny —1y1) - 2C(x(nu—l)na(nu71) Siﬂ(5(nu—1)na(nu71)) )

Lagrange model

The generalized forces @ are the inputs to the system of equations in (2.22). The
generalized forces are defined in (2.24) and repeated here for convenience

m

Op
Q=) Fkafq’“ (3.19)
k=1 g

where pj are position vectors defined where the external forces F), are applied and m is
the number of actuators. The external forces are generated by the tires and the position
vectors will therefore define the tire positions. The procedure of defining the position
vectors follows the outline in [17].
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The left hand side of (3.19) is the virtual control input v. The external forces Fy
represents the actuator signals in w. The right hand side of (3.19) describes how the
actuator signals contributes to the virtual control. The B-matrix can therefore directly
be extracted from (3.19).

As mentioned in section 2.3, the generalized coordinates are chosen to

q=(X1Y1¢1 610 - 6y,) (3.20)
with the corresponding generalized forces

Qg = (Fx, Fy, Mz, My, ... My,,) (3.21)

When defining the position vectors it is convenient to define several coordinate sys-
tems and transformation matrices between them, see Figure 2.2 for the three coordinate
frames used.

First a fixed global reference frame in which the vehicle moves

<6X> (3.22)
ey

where e and ey are x and y coordinates respectively. Then define the coordinates in a
vehicle frame fixed at the center of gravity of each unit j

(eXJ) (3.23)
ey;

The next step is to define transformation matrices between the coordinate systems. The
first unit is rotated with its yaw angle relative to the global frame

(€X1> _ (cos(gbl) - sin(¢1)> <6X1> (3.24)
ey, sin(g1)  cos(¢1) / \ey;

The second unit is rotated with the yaw angle plus the articulation angle relative to the
global frame

<€X2> _ <COS(¢1 +61) —sin(¢1 + 91)> <€X2> (3.25)
ey, sin(¢pr + 601)  cos(é1 + 61) ey,
The transformation matrix for unit j is then

ex; | _ (cos(qu +01+02+--0;) —sin(¢p+06+62+ 9j)> (eXJ) (3.26)

ey, sin(¢j + 01+ 62+ ---6;) cos(p;+61+602+---0;) €y;
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The forces are rotated in a similar way using the same transformation matrices. The
difference is that steered axles are rotated with an extra term due to the steering angle.

The position vectors for the tires on the left side of the vehicle can generally be de-
fined as

tj;
Ley, (3.27)

Pji = Feoc; + Lijiex; + 5

and the position vectors for the tires on the right side of the vehicle can be defined as

t ..

Dji = PCOGj + Ljier — geyj (3.28)
where Pgoq; defines the distance from the center of gravity of the first unit to the artic-
ulation point of unit j. Here Lj; is the distance, in x-coordinate, from the articulation
point of unit j to the desired axle ¢, and t;; is the track width at that axle. For example,

the position vectors for two tires, left and right side, on the first axle on unit two

v | v 21
pou = X1+ Y1 —biex, — (az +la1)ex, + o>
o . (3.29)
po1r = X +Y —biex, — (a2 +la1)ex, — - e
see Figure 2.3 for notation of the lengths. A detailed example of calculating the gener-
alized forces for a tractor-semitrailer is found in [17].

The generalized forces are, as mentioned, also the global forces used in the virtual control
vector as

v=(Fx, Fy, Mz, Mg, ... Mj,)T (3.30)

Corresponding B-matrix can be written as

By B ... ... Bi,
0 Bgo Bgsz ... DBon,

Br=1 0 0 DBy ... DBan, (3.31)
0 0 0 :
0 0 Bg,, ina

where the first index in each component, indicates affected unit or articulation, and the
second index indicates contribution unit. This structure of the B-matrix means that
each unit or articulation joint is only affected by the units behind it. The first unit will
be affected by the whole combination and the first row of (3.31) describes how each
unit contributes to the virtual control inputs on unit one. That is, how each unit affect
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Fx,,Fy, and Mz, . Similarly, the second row describes how the virtual control input for
My, is affected by the units behind the articulation joint. This is repeated up till My, _,
which is only affected by the moments of the last unit of the combination. The elements
in the first row of (3.31) are defined as

cos(811) cos(811) cos(d1n,q)
== =g e R
By = sin(}ill) sin(811) o sin( }1{1&1)
_t11c0s(811) =2l sin(dy37) t13 cos(811)+2117 sin(817) _fingy ©9501ng;)=2lngy Sin01n,, )
2R 2R 2R
c08(81n,q) . .
#ﬂl —2Cq11 sin(611) . 72001"111 sin(d1n,y )
sin(51n,,)
—pal- 2C 11 cos(611) . 2C<¥1nal cos(81ngq)
tingq €08081n ) +2lin g 5in(S1n, )
al al o e—ral al 2Cq11c08(611)l11 --. 2Caing; €08(0ingq)ling,
s s cos(s +01)  cos(8ay, o +61) .
cos(831461)  cos(épy+61) 2n1?2 1 2n1g2 1 90y, sin(S21 + 01)
_ sin(8o1 46 sin(8914+61) sin(82q, 5 +01) sin(82q, 5 +01)
Bi2 ( 2% 1) ( 21071 e 22 g2 2C 421 cos(821 + 61)
-L L Lan ot Longor
211 21r _ a2 a2 —
2R 2R 2R 2R 2Cq21L21

—2Cq21 sin(d2n,, + 01)
2Cq21 cos(d2n,4 + 01)

72Ca2na2 L2nu2

cos(8y, 1+01+-+6,, 1) cos(Snyn +014..+0,, 1) .
: T = Ny . ultony T —2Cang18in(0n,1 + 01+ ..+ 60ny—1)
Bin, = Slrl(5nul+91;r~-~+9nu71) Sin(Snynan,, T01++0n, —1) 2C . 1 cos(on, 1 + 01 + L0, 1)
“ v w—
Lp,1 Lnynan,
“put - —2Cany1Llng,1

*QCanununu Si“(snunanu +601+ ...+ 0”,“71)
2Canynan, €05(0nyng + 01+ ... +0n, 1)

—2CanyNany, Ln,, Nany

where j = 1 : n, with n, as the number of units in the combination, and ¢ = 1 : ng;
where n,; is the number of axles on unit j. The lengths L;; /. are defined from the CoG
of the first unit, to the left (I) or right (r) side of axle ¢ on unit j. If no index of side
(I/r) is used, it means middle position of the axle. For the parts in (3.31) describing the
articulation moments, two example of the elements are given as

- L6y 211 LO1,2n,r
Bg 2 = ( -5 S —SEet —2Ca11L6121 ... —2Caing, L61,2n,
Lo Lo .
— ny—1,n411 ny—1,nyngr
Benu—lnu - ( - qu U R U R Uu—a 720@71“1[’671,“71,71,“1 e *ZCanunanu Lenu—l,nuna )

where the same notation is used as above, but instead the lengths Ly ;i are defined
from the articulation using the angle 6, to left (1) or right (r) side of axle i on unit j.

The complete B-matrix for the A-double combination, with maximum number of ac-
tuators, is presented in Appendix A.2.
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Simulation

HIS CHAPTER describes the test setups and results from the simulations. There
are no validation made in a real truck because of time and cost constraints,
but also due to the convenience of testing in a simulation environment. The
simulations are performed on both the tractor-semitrailer combination, Figure

1.1, and the A-double combination, Figure 1.2.

4.1 Test scenarios

To evaluate the control allocation structure three test scenarios are performed. These
scenarios are chosen to test the structure in different operating conditions, from high to
low speed and where both small and large steer and articulation angles are present.

In [23], technical characteristics, denoted performance based characteristics (PBC), are
defined for LHVs. These PBC are listed to set requirements on longer combinations
for safety purposes. Lateral performance measures are the main focus in these test
scenarios.

4.1.1 Split friction braking

This test scenario is carried out as follows. The vehicle is traveling at high speed facing
an area with different friction levels on left and right side. When the whole combination
is on this ground, the vehicle performs a braking to standstill while trying to keep the
straight path. The brake capabilities are reduced on the low friction side, but not on
the high friction side. If maximum brake force is applied the combination will slide out
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or it may ”jack-knife” depending on how the brake forces are distributed. This behavior
can be reduced or avoided if steering is applied to counteract the moment created by the
uneven braking. The test is carried out in a closed loop, where a driver model applies a
steer action to the front axle trying to keep the path.

To evaluate the performance of the braking maneuver, one of the most important per-
formance metrics is the stopping distance. The objective of this measure is to ensure
that the vehicle will decelerate and stop at an appropriate distance to avoid collisions.

Stopping distance is defined as, [23]: "The distance traveled by a fully laden vehicle
combination during straight line full braking from a certain initial speed and it is mea-
sured from the first pedal contact or when the brake request is sent from automatic braking
until the vehicle comes to a standstill at a certain friction level.”

To see how well the vehicle keeps the straight path during the maneuver, the maxi-
mum lateral off-tracking is also evaluated.

Lateral off-tracking in the split friction maneuver is defined as: ”The mazimum lat-
eral offset from the original straight path to the center of the most severely off-tracking
azle of any unit during the brake-in maneuver.”

Another relevant measure to study is the deceleration during the maneuver. The aver-
age longitudinal deceleration is calculated during the braking. This measure could be
improved if more steering is used to counteract the yaw moment created by the uneven
braking, allowing more brake force to be applied.

The vehicle used in this test is the tractor-semitrailer combination and the setup fol-
lows the recommendations of the Swedish ISO Standard, [26]. The friction coefficient
on the left side is varied between 0.1 and 0.3, which is considered low, e.g. like an icy
surface. The friction coefficient on the right side is high at 1, which could correspond to
dry asphalt. The vehicle is traveling with a initial speed of 80 km/h before the brakes are
applied. To be able to counteract the moment created by the uneven braking, steering
is used on the steerable axles. In the ISO Standard it is stated that the steering wheel
angle, connected to the front axle, should not exceed 120° during the maneuver. The
deceleration for the braking will be restricted to keep the steering wheel angle under this
value.

4.1.2 Single lane change
At high speed an open-loop single lane change maneuver is carried out. The vehicle

is first driving at a constant speed and after some time the vehicle is provided with a
single-period sinusoidal steering input at the front axle.
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There are several important performance characteristics that can be evaluated from this
test scenario. One characteristic studied is the rearward amplification (RWA), which
highlights the yaw stabilization at high speed. During a lateral movement each unit in
the combination experiences different lateral accelerations which amplifies backwards.

RWA in this thesis is defined as, [23]: "The ratio of the mazimum yaw rate of the vehicle
frame following vehicle unit to that of the first vehicle unit during a specified maneuver
at a certain friction level and constant speed”.

RWA could also be defined in terms of lateral accelerations, but since yaw rate is a
global variable, i.e. each unit has the same yaw rate, it is more reliable according to
[1]. A high value of RWA indicates that there is a risk of hitting objects on the sides
or causing the rear units to rollover. A RWA-value of 1 is optimal, and it is therefore
desired to have a control system that can achieve this.

Another important property to consider, regarding stability and handling of longer com-
binations, is how fast yaw oscillations of articulation joints is stabilized after a maneuver.
One measure to study this, is the yaw damping coefficient (YDC). If there is not much
damping of the oscillations, the driver workload and the safety risk might be increased.

YDC is defined as, [23]: "The damping ratio of the least damped articulation joint’s
angle of the vehicle combination during free oscillations excited by actuating the steering
wheel with a certain pulse or a certain sine-wave steer input at a certain friction level.”

The damping ratio is calculated via the logarithmic decrement, which is defined for
an under-damped system and the procedure is described in [25]. A damping ratio close
to 0 is a very badly damped system, whereas a system with a ratio close to 1 have a very
good damping.

The single lane change maneuver is performed on the A-double combination and follows
the recommendations of the Swedish ISO Standard, [24]. The start speed is 80 km/h
and amplitude and frequency of the sine-wave steer input is set according to

(511 = ASin(Qﬂft)

. (4.1)
A = 0.03 radians and f = 0.31 Hz

The amplitude is chosen to not exceed the recommended maximum lateral acceleration
of 2 m/s? of the first unit during the maneuver. The frequency is chosen to achieve
the greatest RWA-value during the lane change, and this value could be concluded after
test simulations for different frequencies. RWA-values for the uncontrolled A-double as a
function of the frequency of the steer input, together with corresponding maximum yaw
rates, is shown in Figure 4.1. At the moment the steer action is provided, the accelerator
pedal is released.
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Figure 4.1: Single lane change maneuver for the uncontrolled A-double combination. Left:
RWA-values for different frequencies of sinusoidal steer input. Right: Corresponding yaw
rates at the frequency where the RWA-value is maximum, marked as yellow dots.

4.1.3 180° turn

At low speed, a 180° turn is performed, this corresponds to turning back through a
roundabout. The test is carried out in closed loop to guarantee the predefined path.

A relevant performance measure for this maneuver is the low speed steady-state off-
tracking. During a turn in low speed the path of the rear wheels is going inside the path
of the front wheels which will require more space for the combination compared to when
going straight.

Low speed steady-state off-tracking is defined as: “The lateral offset between the paths
of the center of the front azle and the center of the most severely off-tracking axle of any
unit in a steady turn at a certain friction level and a certain constant longitudinal speed.”

The Directive 96/53 EG, [27], is the base for the test. The vehicle is from the be-
ginning traveling at a constant speed of 5 km/h and is driving straight in approximately
10 meters. It then performs a 180° left turn at a radius of 12.5 meters at the outermost
point of the combination, which is the point at the right front of the first unit. The
friction coefficient is always kept constant at 1 during the maneuver. If the combination
have steering on other wheels than at the front axle, there is a possibility to decrease
the off-tracking by steering on the rear wheels.

4.2 Simulation results

How the B-matrix is used, different control strategies, and the simulation results for
each test scenario, are presented in the following sections. The simulations are carried
out using Simulink and Volvo’s Virtual Truck Model (VIM) library [12]. The model
parameters for the simulations can be found in Appendix A.3.
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The different variants of control input vectors are presented in Appendix A.1. The
maximum number of actuators for the test vehicles is 31 actuators for the full A-double
combination. In this thesis there is no need to optimize the execution time in the
solvers and the active set method is used as the optimization solver for all simulation
setups.

4.2.1 Choice of B-matrix

In section 3.3 three different B-matrices are derived. These are tested in simulations
and a study of the structures is also made. Despite the easier structure of the Newton-
matrices, the treatment of articulation angles in the Lagrange-matrix describes the real
behavior of the vehicle better. Therefore, the B-matrix in (3.31) is the only one kept for
further simulations.

For the two test vehicles, the tractor-semitrailer and the A-double combination, the
virtual control vectors are

vrs = (Fx, Fyy Mz, Mp,)T
VA—dobule = (FXl FY1 MZ1 M91 M92 M93)T

(4.2)

At high speed, the steer and articulation angles will in general be small. Under high
speed maneuvers there is also a possibility to apply maximum brake force. As explained
in section 2.1, the longitudinal forces will then dominate, meaning that lateral forces will
be lost if a high brake force is applied. An appropriate simplification is then to set the
terms sin(-) and cos(-) to 0 and 1, respectively. This simplification is used in the two
high speed simulations, the single lane change and split friction maneuver. In the low
speed 180° turn, the structure of the original matrix is used, with some small changes.
To be able to use the feed-forward function explained in section 3.3.1, the terms in the
B-matrix related to the steer actuators must be approximated to only generate lateral
forces and moments. The approximation implies that no consideration will be taken to
the negative forces generated via large steer angles. This phenomena could for example
be compensated for using a speed controller.

The original B-matrix in (3.31) for the full A-double combination, without any sim-
plification of small angles are presented in Appendix A.2.

4.2.2 Split friction braking

The split friction maneuver is performed on four different configurations of the tractor-
semitrailer, where three of them uses control allocation for the vehicle control. It is
assumed that the friction level is estimated in some way and therefore known to the
allocator. The tested configurations are as follows.
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e Vehicle 1 - Reference vehicle without control allocation. The controlled actuators
are the front steer angle and brake torques on each wheel. The control strategy
for the second unit is to take maximum brake force that can be achieved on the
low friction side and use the same on the high friction side, which will eliminate
the risk of sliding out with the second unit. On the first unit, the strategy is to
use maximum brake force on the low friction side and apply more brake force on
the high friction side until counter-steering by 120° on the steering wheel angle is
reached.

o Vehicle 2 - Vehicle equipped with control allocation. The controlled actuators are
the front steer angle and brake torques on each wheel. For the control input vector
corresponding to this vehicle, see (A.1).

o Vehicle 8 - Vehicle equipped with control allocation. The actuators controlled are
the front steer angle, steer angles on the second unit and brake torques on each
wheel. For the control input vector corresponding to this vehicle, see (A.2).

e Vehicle 4 - Vehicle equipped with control allocation. The actuators controlled are
the front steer angle, steer angles on the second unit and brake torques on each
wheel. The steer angles on the second unit are restricted to all be same. For the
control input vector corresponding to this vehicle, see (A.2).

These vehicle configurations are referred to as Vehicle 1 ... Vehicle 4 in the follow-
ing.

Control strategy

In this braking maneuver the longitudinal forces are in focus. The generation of the
target for Fx, is done with a speed controller according to

Fx, = Ma, (4.3)

where M is total mass of the combination and a, is the desired acceleration. The maxi-
mum possible brake force is the target, which correspond to a, = —0.7g, where g is the
gravitational constant.

The targets for Fy, and My, are generated via feed-forward of the steer angle pro-
vided from a driver model in feedback according to Figure 3.1. This driver model is set
to keep a straight path during the maneuver. The uneven braking gives a yaw moment
which the driver wants to counteract by turning the steering wheel, generating a steer
angle at the front axle. This steer angle gives the targets for Fy, and Mgz, to in total
get a vehicle with zero yaw moment.

It is important to meet the regulation requirements of maximum steering wheel an-
gle and the same procedure as described for the reference vehicle is used. This means
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that the brake force is restricted to still achieve 120° on the steering wheel. This maneu-
ver can be considered as a critical situation and angle overlay is used to help the driver.
The allowed angle overlay is varied between +1,2,...10°.

The target for the second unit is to achieve My = 0, i.e. it is desired to keep a straight
path. The allocator is then let to decide the steering angles needed to achieve this target.

The weighting matrix for the virtual control signals, W,,, is set to prioritize in the fol-
lowing order. Fx, is most important to satisfy, moments on all units is second most
important and lowest priority is set to Fy,. The W,-matrix used, corresponding to this
priority, is

(4.4)

[a)

—
S = O O
_ o O O

The front steer angle have the restriction to the maximum steering wheel angle (120°),
together with 4+ the angle overlay, and the total angle is not allowed to exceed 445°.
This is used in U, and Unq:. The limitations of torque actuators uses the friction
ellipse (2.6) to set appropriate maximum and minimum values, i.e. +uF,. Due to this
simple model there is no consideration into how large the longitudinal slip is. A problem
that can arise during a hard brake-in, if the slip is to high, is that the wheels lock. This
corresponds to going to the right after the peak in the force-slip curve Figure 2.4, where
the tire forces are lost. To avoid this problem a simple ABS-function is used to restrict
the longitudinal slip to stay under a certain slip level. The ABS-function is used before
the actuator signals are sent to the vehicle motion system.

The tuning parameters W, and ug4e.s can be chosen to make the allocator choose ac-
tuators in a desired way. The W,-matrix tells how to prioritize which actuators that
is most important to achieve the desired usage in ug.s. In general for all maneuvers,
the steering actuators is prioritized to be used before brakes and driving, due to energy
minimization. In the W,-matrix, which has the same diagonal form as W), the steering
actuators is set with to the weighting 1. The torque actuators is set relative to the their
normal forces, presented in [5], according to

1 1 1 1
W irq = /mg diag 4.5
wird < V lell V lelr \/anunanul \/anunanur) ( )

where the terms \/1}7 are limited to be at maximum 100. Under normal conditions, these

weighting factors are approximately in the magnitude of 2-4. To impel the allocator to
find the desired actuator usage, the parameters in ug.s is set accordingly. The desired
usage for the front steer angle is the angle generated from the driver model. For the
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second unit’s steer actuators, there are no predefined steer angles. The allocator is left
to choose these and the terms in ug.s are set to zero. The wheel torques are desired to
be used as little as possible and are therefore set to zero.

For this test case, the tuning parameter 7 is set to 0.01, which gives good numerical
stability. Due to the inner relative dimension, as mentioned in section 3, this weight-
ing in the optimization problem gives a proper relation between the two terms. This
magnitude of v is also recommended by [16].

Results

As can be seen in Table 4.1, when comparing the stopping distance between Vehicle
1 and Vehicle 2, it is clear that equipping a vehicle with control allocation decreases
the stopping distance. If the actuators are weighted as described in equation (4.5) the
allocator chooses to apply brake torques in a more optimal way, which results in a higher
braking force. This leads to a improved stopping distance compared to Vehicle 1.

Table 4.1: Stopping distances, = 0.1

Vehicle configuration | Stopping distance [m]
Vehicle 1 87.39
Vehicle 2 83.42
Vehicle 3 86.60
Vehicle 4 72.95

By adding steering to the second unit, the stopping distance is improved compared to
Vehicle 1. In that case, the allocator is allowed to brake more unevenly on the second
unit since the steer actuators can counteract the moment that is generated. It could be
expected that Vehicle 3 and Vehicle 4 behaves similar but Table 4.1 shows a clear dif-
ference in the stopping distance. The origin of the difference have not been investigated
further.

The drawback of Vehicle 2 can be seen in Figure 4.2, the errors in the allocation are
quite large which may cause a undesired behavior of the vehicle.
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Figure 4.2: Mapping error Bu—wv for Vehicle 2, u = 0.1. Upper left: Error in Fx, (zoomed
for clarification). Upper right: Error in Fy,. Lower left: Error in M,. Lower right: Error
in Mgl .

The moment errors are especially large and these can be explained by the uneven brak-
ing. The reference for My is set to zero and this means that the allocator strives for
braking equal on both sides of the second unit to not generate a moment in the articu-
lation joint. By weighting F'x, high, the allocator is forced to choose a solution where
the vehicle brakes unevenly and a large error in My is to be expected. This means that
a moment is generated in the articulation point and should cause an articulation rate.
Even though the errors are large, the articulation rate is small, which have two reasons.
The main reason is explained by the ratio between the track width ¢ and the wheel base
wb. For a long unit, such as the semitrailer, the ratio ﬁ is small, and by applying an
uneven braking on the two sides of an axle, the lateral motion generated at the axle is
small. Due to this geometry, the motion of the second unit is not that large even if the
error is. The other reason could be explained by the ABS-function, which limits the slip.
The longitudinal forces are applied in such a way that there are always lateral forces left
to counteract the moment, and hence prevent the articulation rate.

The large error in Mz, is due to the feed-forward function, which calculates a moment
such that a specific steer angle is chosen by the control allocator. The feed-forward func-
tion does not take the uneven braking and created moment into consideration. Therefore,
there is an error in My, , which is to be expected.

In Figure 4.3 the mapping errors for Vehicle 3 are shown. This vehicle also have steering
on the second unit, and the errors are significantly lower compared to Vehicle 2 with the
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errors shown in Figure 4.2.
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Figure 4.3: Mapping error Bu — v for Vehicle 3, 4 = 0.1. Upper left: Error in Fx,. Upper
right: Error in Fy,. Lower left: Error in Mz, . Lower right: Error in M, .

In Figure 4.4 the second unit’s steer actuators, for Vehicle 3, are shown. It is seen that
the steer angles are opposite to each other.
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Figure 4.4: The steer angles on the second unit for Vehicle 3.

Steering this way is not desirable and to make the second unit steer in the same direction,
the steer actuators are forced to have the same value. This is change done to get Vehicle 4.

In Table 4.2 it can be seen that the vehicle with the shortest stopping distance has
the largest deceleration, which is an expected result.
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Table 4.2: Average deceleration, = 0.1

Vehicle configuration | Average deceleration [7;]
Vehicle 1 —1.78
Vehicle 2 —1.82
Vehicle 3 —1.78
Vehicle 4 —1.98

The lateral offset from the desired path are shown in Table 4.3. As can be seen from
the table, the vehicles equipped with control allocation all have a similar lateral offset.
Hence, this measure will not be important when comparing the different vehicles.

Table 4.3: Maximum lateral offset, u = 0.1

Vehicle configuration | Lateral offset [m]
Vehicle 1 0.0717
Vehicle 2 —0.1284
Vehicle 3 —0.13
Vehicle 4 —0.1282

In Figure 4.5, the actuator signals for Vehicle 4 is shown. As can be seen from the figure
the vehicle applies significantly more brake force on the high friction side. Since the
cornering stiffness is high and the lever is long, the steer angles on the second unit is
small. In Appendix A.4 corresponding generated tire forces for Vehicle 4, as a result
from the control input, are presented.
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Figure 4.5: Allocated actuator signals for Vehicle 4, u = 0.1. Upper left: Wheel torques -
Unit 1. Upper right: Wheel torques - Unit 2. Lower left: Steer angle unit 1. Lower right:
Steer angle unit 2

Parameter study

Angle overlay can be seen as a safety function which overrides the driver input if it is
determined to be necessary. For angle overlay it means that the allocator can apply
more steer angle than the driver requests. This can be beneficial in a situation where
the driver does not react fast enough. The control system can then override the driver
and apply control signals that are not requested but determined to be needed for better
control of the vehicle. The purpose of angle overlay is that if a larger steer angle is
applied more brake force can be applied.

To implement this function, the allocator is allowed to choose a steer angle in a interval
around the steer input from the driver. To evaluate the effect of angle overlay in a split
friction maneuver, the interval around the steer input is varied between £1°,2°,...,10°.
Vehicle 2 is decelerated with a deceleration that corresponded to 120° on the steering
wheel. The friction is varied between 0.1,0.2 and 0.3. For p = 0.3, the driver does not
reach 120°, before the brakes are saturated. An example of how angle overlay works
is seen in Figure 4.6. The figure depicts a case where the allocator is allowed an angle
overlay of 2°. The allocator uses this to steer more than the driver requests because it
leads to a more optimal behavior of the vehicle.
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Figure 4.6: The steer angle from the driver and the steer angle from the control allocator.

In figure Figure 4.7 the stopping distance is plotted against the angle overlay. As can
be seen from the figure the implementation of angle overlay improves of the stopping
distance.
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Figure 4.7: Upper left: Stopping distance for ¢ = 0.1. Upper right: Stopping distance for
1 = 0.2. Lower: Stopping distance for p = 0.3.

For each p there is a angle that gives a minimal stopping distance, which is 2, 3 and
4° respectively. After these angles there are no further improvement of the stopping
distance.
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4.2.3 Single lane change

The open-loop single lane change maneuver is performed on five different configurations
of the A-double combination, where four of them are controlled. The input steer angle
is set according to (4.1). The tested vehicle configurations are as follows.

e Vehicle 1 - Reference vehicle without control allocation. The input steer action is
applied directly to the front axle and wheel torques are disabled.

o Vehicle 2 - Vehicle equipped with control allocation. The input steer action is ap-
plied directly to the front axle. Actuators controlled are individual wheel torques,
both positive and negative. To generate positive torque, electric machines are used
and to produce negative torques, pneumatic brakes are used. For the control input
vector corresponding to this vehicle, see (A.3).

e Vehicle 3 - Vehicle equipped with control allocation. The input steer action is ap-
plied directly to the front axle. Actuators controlled are individual wheel torques,
positive and negative, which are both generated from electric machines. This setup
is referred to as torque vectoring and could save energy, due to the absence of pneu-
matic brakes and the possibility to use regenerative braking. For the control input
vector corresponding to this vehicle, see (A.3), where all torques are restricted to
Zero.

o Vehicle 4 - Vehicle equipped with control allocation. The input steer action is
applied directly to the front axle. Actuators controlled are all steer angles on the
following units. No wheel torques are used to control the motion. For the control
input vector corresponding to this vehicle, see (A.4).

o Vehicle 5 - Vehicle equipped with control allocation. The input steer action is
applied directly to the front axle. The actuators controlled are all steer angles
on the following units and individual wheel torques on the whole combination.
To generate positive and negative wheel torque, electric machines and pneumatic
brakes are used respectively. For the control input vector corresponding to this
vehicle, see (A.4).

These vehicle configurations are referred to as Vehicle 1 ... Vehicle 5 in the follow-
ing.

Control strategy

In this maneuver it is important to improve the RWA- and the YDC-parameters. The
target is to get closer to 1 in both RWA and YDC compared to the reference vehicle. If
the yaw rate of all units followed the first unit’s yaw rate, but time delayed, this would
be achieved.
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According to the test scenario setup in section 4.1.2, the accelerator pedal is released dur-
ing the maneuver. But in some of the vehicle configurations there are electrical engines
at the wheels which could generate positive torque. In those cases there is a possibility
to try keeping the speed during the maneuver. A speed controller to generate a reference
in Fl, is set according to

FX1 = KxM(’UmO — le) (46)

where M is the total mass of the combination, v, is the initial speed set to 80 km/h,
vz1 18 the measured speed of the first unit and K, is a proportional gain used for tuning.
After tuning, the parameter K, is set to 2.

When the input steer angle is given and applied in open loop, there is no need to send
this signal through the control allocator. The steer angle is in this maneuver instead
provided directly to the vehicle and the allocator focused on forcing the following units
to follow a given target of the movement. To incorporate this, the virtual forces for Fy,
and My, are set to 0 and given low priority in W,,.

Targets for the moment in the articulations of the following units are calculated via
a simple feedback controller. This is based on a proportional gain, and a delayed yaw
rate from the first unit to mimic the movement of the first unit. For example, the virtual
moment in the first articulation is set according to

M01 = K01 (J2 + J3 + J4)él,error = K91 (JQ + J3 + J4)(é1,ref - él,meas)

91 ref = \Wz2,delay — Wzl,meas
ref ( sdelay s )

el,meas = (wz2,meas - wzl,meas)

M01 = K01 (JQ + J3 + J4)(Wz2,delay - Wz2,meas) (47)

where Kj, is a proportional gain used for tuning, J; is the yaw moment of inertia for
unit j, w.2 meas is the measured yaw rate of the second unit and w.2 geiay is the reference
yaw rate of the second unit, defined as the first units yaw rate but delayed in time.
Notice the use of the yaw rate difference w,o — w1, which is the articulation rate 91.
The inertias used in the equations are the inertias behind the given articulation. For
instance, for the last articulation only the inertia of the last unit is used. This seems like
the most reasonable choice to describe the articulation moment, and shows satisfying
result. After tuning, the gains for the controller are set to 40, 55 and 45 for Ky,, Ky, and
Ky, respectively. The time delays, to delay the yaw rates, are calculated as the distance
between the units’ CoG divided by the initial speed, approximated to be constant.

As mentioned above, it is important for the following units to follow the yaw rate of
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the first unit, and if possible keep the speed. This is incorporated to the problem formu-
lation by choosing the diagonal weighting matrix W, appropriately. The matrix in this
test case is set to

1 0 0 000
0 0.001 0 000
W, = 0 0 0.001 0 0 O (4.8)
0 0 5 0 0
0 0 05 0
0 0 0 0 5

For some of the test vehicles torques on each wheel are used. The limitations for the
pneumatic brakes is set according to the friction ellipse (2.6). For generating drive
torques during the maneuver, electric machines are used. During high speed, it is not
possible to achieve maximum positive torque according to the friction ellipse, this due to
the characteristic of a general engine. Instead, the limitation for drive torque is approx-
imated to 10 % of the friction ellipse. For some vehicle configurations, also the brake
torques are generated via the electric machine. The limit for these negative torques is
also set to 10 % of the friction ellipse, but in negative direction. For the steer actuators
there is a limit of approximately 45 ° that can be achieved from them. The steer angles
on the following units are also restricted to be the same for each unit.

The controller gains in (4.7) are tuned to improve the performance measures, RWA
and YDC. In the cases where only wheel torques are used to control the motion there
is a trade-off between keeping the speed and improving the RWA- and YDC-measures.
Using more brake torque will work against the speed controller and lower the speed. The
tuning of the gains for those vehicles is therefore limited to not let the speed drop below
75 km/h during the maneuver.

Actuator priority in W, and desired actuator utilization in uges is set in the same way
as the in the split friction maneuver. The only difference is that the desired usage of the
front steer angle is set according to (4.1).

The tuning parameter v is set to 0.001 in most of the cases, and when steering is used
v is set to 0.01. This parameter turned out to be important in this test scenario.

Results

The steer input is provided after 3.23 seconds and returned to normal at the time of
6.46 seconds. The measured yaw rates for all units, for every vehicle setup, is shown in
Figure 4.8. Corresponding RWA-values and YDC-values are depicted in Table 4.4 and
Table 4.5 respectively.
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Figure 4.8: Yaw rates for the single lane change maneuver. Upper left: Vehicle 1. Upper
right: Vehicle 2. Middle left: Vehicle 3. Middle right: Vehicle 4. Lowest: Vehicle 5.

Table 4.4: RWA-values

Vehicle configuration RWA [ ]
Vehicle 1 2.13 (at unit 4)
Vehicle 2 1.60 (at unit 4)
Vehicle 3 1.97 (at unit 4)
Vehicle 4 1.03 (at unit 3)
Vehicle 5 1.03 (at unit 2)
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Table 4.5: YDC-values

Vehicle configuration YDC [ ]
Vehicle 1 0.11 (at articulation 3)
Vehicle 2 0.10 (at articulation 2)
Vehicle 3 0.12 (at articulation 3)
Vehicle 4 0.45 (at articulation 1)
Vehicle 5 0.45 (at articulation 1)

The simulation results show the improvements in the relevant performance measures
when introducing more actuators and control allocation to control the motion. In an
energy perspective, it is more desirable to use steer actuators compared to wheel torques,
and to improve the performance in this maneuver steering is much more efficient.

In all cases when torque actuators is used, the behavior of the vehicle is not as smooth
as for the usage of only steer actuators, which is depicted in Figure 4.8 for Vehicle 2.
For this vehicle, the RWA-value is improved, compared to Vehicle 1, but the YDC-value
is somewhat worse. So, even if the amplification backwards is better, the damping is
worse, with a more slightly more nervous behavior of the vehicle.

By only using electric machines to generate both drive and brake torques, as for Ve-
hicle 3, the performance measures are not improved much. Torque actuators needs to
generate large control signals to get a moment large enough to stabilize the movement.
For Vehicle 3, the torque is restricted to £10% of the maximum torque available from
the friction ellipse, which does not give enough moment to control the motion as desired.
The benefits of only using electric machines to improve the performance could be dis-
cussed.

In Vehicle 4 and 5, steer actuators are used on both configurations and wheel torques
are available on Vehicle 5, but there is no significant difference in the results. For a
specific axle, the longitudinal forces generated from torque actuators needs to be larger,
compared to the lateral forces generated from steer actuators, to get the same moment.
This since the lever is longer for lateral forces, whereas for longitudinal forces the lever
is smaller in comparison. The lever difference, and also weighting in W, between the
actuators, will prioritize the usage of the steer actuators when stabilizing the movement.
The benefit of adding torque actuators, as in Vehicle 5, is that the speed could be kept
better during the maneuver. The allocated wheel torques and steer angles for Vehicle 5
is shown in Figure 4.9.
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Figure 4.9: Allocated actuator signals for Vehicle 5. Upper left: Wheel torques - Unit 1.
Upper right: Wheel torques - Unit 2. Middle left: Wheel torques - Unit 3. Middle right:
Wheel torques - Unit 4. Lowest: Steer angles.

In the first time period, before the steer action is requested, some torque is applied to all
wheels. This is due to the initialization of the simulation, where there is a small speed
reduction and the speed controller works to reduce this error. The actual tire forces

generated from Vehicle 5, as a result from the control input, are presented in Appendix
AA4.

The mapping error Bu — v for Vehicle 5 is shown in Figure 4.10. The error in the be-
ginning for Fx, corresponds to a initialization error in speed of approximately 2 km/h,
which is controlled back during the maneuver. The moment and lateral force of the first
unit are not important, due to the fact that the steer input is provided directly to the
vehicle. Therefore, these errors are not relevant. The errors in My are considered small,
with the meaning that the units are controlled to the desired motion.
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Parameter study

To see how robust the control allocator behavior is, the amplitude of the sine-wave steer
input for Vehicle 5 (4.1) is varied. Shown in Figure 4.11 and Figure 4.12 are the allocated
actuator signals for the two different amplitudes A = 0.06 and A = 0.09, respectively.
For A = 0.06, the behavior is similar as for the initial amplitude in Figure 4.9. As
expected, all actuator signals have been increased, mostly for the steer actuators, but
the torque actuators as well. For A = 0.09, many of the steer angles are saturated to
their limits of £5°. At this point the torque actuators tries to save the situation by
applying much larger torques compared to the two previous simulated amplitudes. For
this maneuver, with A = 0.09, the lateral accelerations are large, just above 10 m/s? at
the last unit. In general, such large accelerations would result in a roll-over situation,
but due to low settings of CoG heights in the VTM-model of for each unit, see Appendix
A.3, this phenomenon is not happening. Even for this critical situation, where some
actuators are saturated, the RWA-value for the controlled vehicle is 1.62. This can be
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compared to a simulation of Vehicle 1 for the same amplitude, which gets a RWA-value
of 4.37.
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Figure 4.11: Allocated actuator signals for Vehicle 5, A=0.06. Upper left: Wheels torques
- Unit 1. Upper right: Wheels torques - Unit 2. Middle left: Wheels torques - Unit 3.
Middle right: Wheels torques - Unit 4. Lowest: Steer angles.
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4.2.4 180° turn

The simulation of the 180° turn is performed on three different configurations of the
A-double combination, where two of them are controlled with control allocation. The
tested vehicle configurations are as follows.

e Vehicle 1 - Reference vehicle without control allocation. A driver model generates a
steer action at the front axle to follow the specified path. A simple speed controller
equally distributes drive torques on the second and third axle of the first unit.

e Vehicle 2 - Vehicle equipped with control allocation. Actuators controlled are the
front steer angle and following units’ steer angles. Drive torques are used on the
second and third axle of the first unit.

e Vehicle 3 - Vehicle equipped with control allocation. Actuators controlled are the
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front steer angle and following units’ steer angles. Drive torques on all wheels are
also included.

These vehicle configurations are referred to as Vehicle 1 ... Vehicle 3 in the follow-
ing.

Control strategy

The main objective for this maneuver is to follow a path, where all axles should track
the 180° turn as good as possible. During a low-speed turn the speed is reduced and to
compensate for this the Fx, -term is generated via a speed controller to keep the initial
speed of 5 km/h. The controller have the same form as (4.6) in the single lane change
maneuver, and the proportional gain is set to 3.

The targets for the moment and lateral force of the first unit is generated with feed-
forward of the front steer angle together with targets for the following units steer angles.
The front steer angle is provided via a driver model that tracks the turn with a radius
of 12.5 meters at the outermost point of the combination. Generation of targets for
steer angles on the following units are based on a very simple control strategy used in
[4] for controlling a smart dolly. The technique is extended to be used on the whole
combination, not only the dolly (the third unit). The following units’ steer angles are
set proportional to the front steer angle, and delayed based on the distance from the
front axle to the respective axle. This is stated as

0 = K;011(t — taeiay, )
L:cj (4.9)

tdelayj = Vs
where K is the gain used for tuning, L; is the longitudinal distance from the front axle
to the steered axle on unit j, and v, is the longitudinal speed, assumed to be constant.
The distance L;; will in general vary with the articulation angles, but is approximated
to be constant. The longitudinal distance L,; is approximated to the same for all axles
on each unit and the setting is 11.10 meter, 16.38 meter and 24.08 meter, for Lo, L3
and L,4 respectively. After tuning, the gains are set to -0.85, -0.5 and -0.6, for Ky, K>
and K3 respectively. This control strategy is very simple and not optimal, but is enough
to see performance improvements when introducing steering on more axles than on the
front axle.

When tuning the controller, the requirements are set to make the right side of all axles to
track inside the radius of 12.5 meters. In reality, when all axles are steered, the rearmost
point of each unit may be running outside. For convenience, this approximation is used
to get a estimate of the performance improvements.
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It is important to achieve the predefined steer angles, but the speed must also be kept.
After tuning, the best weighting among the virtual forces in W, is set as

10

(4.10)

o o O o O

o O O O = O
O O O = O O
o O B O O O
oSO = O O O O
_ o O O O O

The priority among the actuators in W, are the same as for the previous maneuvers. For
the actuator utilization uges, the desired value for the front steer angle is set according
to the driver request, and the following units’ steer angles are set as the calculated values
in (4.9). The desired torque actuator usage is also set the same as before, to zero, to be
used as little as possible.

The tuning parameter ~ is set to 0.01, to get a stable behavior of the allocator.

Results

In the calculation of steady-state off-tracking, the first axle position is approximated to
track a constant radius, as the outermost point of the first unit do. This approximation
is considered good enough to see the improvements when introducing more actuators.
The maximum off-tracking during the maneuver for the three vehicles compared are
presented in Table 4.6. Corresponding trajectories of middle axle positions are shown in
Figure 4.13.

Table 4.6: Low speed steady-state off-tracking

Vehicle configuration | Lateral offset [m)]
Vehicle 1 8.08 (at axle 2, unit 4)
Vehicle 2 1.79 (at axle 1, unit 2)
Vehicle 3 1.78 (at axle 1, unit 2)
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Figure 4.13: Trajectories for middle axle position, together with outermost point on unit
1 (OMP1). Upper left: Vehicle 1. Upper right: Vehicle 2. Lowest: Vehicle 3.

Introducing steer actuators on the following units gives a large reduction in the steady
state off-tracking. The difference between Vehicle 2 and 3 is that last configuration uses
all wheels for driving the vehicle. This change in vehicle configuration is handled by the
control allocator, and the control signals are redistributed to still achieve the same path.
The difference in off-tracking between them could be considered negligibly. For Vehicle
3, the allocated signals sent to the vehicle is shown in Figure 4.14.
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The mapping error Bu—v for Vehicle 3 is plotted in Figure 4.15. All errors are very close
to zero, expect for the longitudinal force. The F'x,-error corresponds to a reduction in
speed from the reference 5 km/h to 4.5 km/h during the turn. The speed is going back
to 5 km/h after the maneuver and the error then goes back to zero again. The error is
regarded as acceptable during a maneuver like this.
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Concluding remarks

THE PURPOSE of this thesis, as stated in section 1.2, is achieved. A general
control allocation structure for LHV is derived. A vehicle model based on the
Lagrange formulation, together with a LPV approximation of the system, was
shown to be a satisfactory approach for the control allocation design for LHV.

The B-matrix is easily updated in each time step of the simulation with previous mea-
surements of steer and articulation angles.

The B-matrix is derived off-line in a computer algebra tool. It is therefore possible
to automatically generate a new B-matrix if another actuator configuration is desired.
With the control allocation structure and the computer algebra tool, the change of actu-
ator configuration during simulations has been an effortless procedure, mainly updating
the B-matrix. Only with some modifications, the structure could be extended for usage
in a arbitrary long heavy vehicle combination.

The proposed control structure is shown to improve the performance in the tested sce-
narios. The split friction maneuver, performed on the tractor-semitrailer combination,
gives a stopping distance of 66.28 meters, compared to the reference vehicle of 87.39
meter. The A-double combination is simulated in a single lane change maneuver and a
180° turn. The RWA-value in the single lane change is decreased from 2.13 for the ref-
erence vehicle, to 1.03. The steady-state off-tracking in the 180° turn is decreased from
8.08 meters for the reference vehicle, to 1.78 meters. The results show the possibility
of using control allocation together with more actuators to get improved performance
of a modular vehicle combination. This makes the modular vehicle combination have
performance similar to a standard configuration.
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5.1 Discussion and future work

The mathematical model in the Newton formulation is based on a coupling model with
a spring and damper. An alternative method to model the coupling is to have kinematic
constraints relating the velocity and acceleration in the coupling. This could give an
alternative state formulation and hence, result in a competitor to the chosen control
allocator design.

In the derivation of the B-matrix only planar motion is considered and actuator dy-
namics are not included. A future study could be to include these into the modeling
and see if the performance can be further improved by using a more complex model to
derive the B-matrix. Another interesting study would be to keep the problem nonlinear
and evaluate if the performance can be improved by using nonlinear optimization.

The linear parameter varying (LPV) B-matrix is used in the low speed maneuver and a
simplified version of it in the two other test cases. Early attempts in using the simplified
B-matrix in the low speed maneuver shows that it could be questioned if LPV is needed
even in the low speed case where large angles are present. Using a static B-matrix is
better for a real time implementation. Simulation of other test scenarios are also impor-
tant, and the best structure of the B-matrix could be further investigated.

The results shows that it is possible to use control allocation for these types of vehi-
cles, but the performance is not optimized. Especially noticed for the single lane change
maneuver, there is a sensitivity in the allocator tuning parameters. A more sophisti-
cated evaluation on how both controller and control allocator parameters are affecting
the behavior are recommended for future work. Some parameters used in the allocator,
such as road friction, are assumed to be known. This is not the real case in reality and a
stable and robust estimator is important to include. Many model parameters are also es-
timated, such as inertias and cornering stiffness, and these can be investigated even more.

In section 4.2.2 it is shown that the stopping distance can be improved by using an-
gle overlay. A future study could be to further explore the mechanisms behind the
improvement. If this effect can be explained more specifically, a function can be de-
veloped to control the vehicle in a critical situation. This is interesting from a safety
perspective.

The configuration of the vehicles, with individual wheel torques and all steerable axles,
is not yet applicable in reality, due to cost and complexity. The configurations is used
to see how the allocator handles many actuators and the possible performance improve-
ments with that. A more realistic setup to investigate, could be to have drive torque on
axle two and three of the first unit, individual wheel brakes and a steerable dolly. In
such a case, a comparison between motion control systems used today, and the proposed
structure could be made. Implementation in a real truck is also a interesting future step.
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In this thesis different control strategies are used for each maneuver. It is desirable
to use a standard structure for the controller and one step closer would be to design a
controller that works for a large variety of maneuvers. This kind of study would take
the control structure closer to a real world implementation.
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Elucidating material

A.1 Control input vectors

The four variants of vehicles tested and the associated u-vectors:

e Tractor-semitrailer with tractor front axle steerable and individual torques on each
wheel.

u= (T Thir Th Tior Tizi Th3r 611 To1g To1rToor ToorTogr To3r)T (A1)

e Tractor-semitrailer with tractor front axle and trailer axles steered, individual
torques on each wheel.

u= Ty Thir Tha Tior Tizi Th3r 611 To1s To17Toor ToorTog To3r - ..

(A.2)
521 522 623)T

e A-double with tractor front axle steerable and individual torques on each wheel.

u= Ty Thir Th Tior Tuzi Th3r 611 To1 To1rToor Toor T To3r - .-

(A3)
Ta1 Ts1p Ts21 T3or Tang Tary Taor Taor Tazp Tugy)T

e A-double with tractor front axle and following units axles steered, individual
torques on each wheel.

u= Ty Thir Tho Tior Tizi Th3r 611 To1 To1rToor Toor T To3r - ..
921 022 623 T31; Ta1yr Tao1 T32r 631 032 Ta1y Tury Tuor Taor Tazp Tuzr ... (A.4)
041 042 643)7
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A.2 Complete B-matrix

The virtual control vector associated to the A-double combination with maximum num-
ber of actuators, see (A.4), is

v=(Fx1 Fy1 Mz My, My, Mp,)T

Corresponding B-matrix have the form

s(8 5 .
700:’(}%11) 7COS(R11) % % % % —2Cay sin(d11)
in(8§ in(s
sin(d1y) sin(é1) 0 0 0 0 2Ca1; cos(311)
t11 cos(811) =21y sin(817) 2117 sin(811) 4217 cos(811) t12 t12 t13 t13
B = - 2R 2R ~3r 3R ~3k 32k 2Co1iliicos(di1)
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
cos(821+61) cos(821+67)
R
sin(3g14601) sin(3g1461)
R

_ 2(ag+l21)sin(8a7)+2bj sin(dg3+607)+ta; cos(dag)
2R

—2(ag+lgy)sin(dp7)—=2by sin(S91+67)+to cos(dag)
2R

_ 2(ag+lgy)sin(Sa1)+tag cos(aq) to) cos(891)—2(ag+laq) sin(Sa1)
3R 2R

0

0

0 0
cos(899+01) cos(d22+61)

R R
sin(3904607) sin(399467)

_ 2(ag+lgo)sin(822)+2by sin(da0+6071)+tao cos(da2)
2R

—2(ag+1la2) sin(Sng) —2b1 sin(d9n+601)+tag cos(a)
2R
_ 2(ag+lgg) sin(S22)+tag cos(d22)
2R

tgg cos(822)—2(ag+lo2) sin(d22)
2R

0

0

0
0

cos(d23+67) cos(d93+67)

sin(03+671) sin(603+6071)

_ 2(ag+l23) sin(823)+2bg sin(d3+01)+t23 cos(da3)
2

—2(ag+lg3) sin(dg3)—2by sin(d93+601)+to3 cos(da3)
2R

_ 2(ag+la3)sin(8g3)+to3 cos(da3) tog cos(d23) —2(ag+log)sin(da3)
R 2R

0
0

0
0

—2Ca2 sin(d21 + 01)
2Cagzy cos(d21 + 01)

—2Cagg sin(d22 + 01)
2Ca2 cos(d22 + 01)

—2Ca21((a2 +121) cos(621) + b1 cos(d21 + 61))  —2Caz2((az + l22) cos(d22) + by cos(d22 + 01))

—2azi(az + l21) cos(d21) —2Cagz(az + l22) cos(d22)
0 0
0 0
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—2Cap3 sin(23 + 01) %}W
2Cas3 cos(823 + 01) sin(831 401 +03)
—2Cas3((a2 + 123) cos(823) + by cos(d23 + 61)) _ 2((ag+bo) sin(31+62)+(ad3—131) sin(25}%1)+b1 sin(831 4601 +62))+t31 cos(531)

_ 2(ag+bo)sin(d37+02)+2(ag—1l31) sin(d37)+*37 cos(d31)
2R

—2Caz3(az + l23) cos(d23)
0 _ 2(az—l3)sin(é31)+t3) cos(831)
3R

0 0

cos(831+01+02)
R
sin(d31 461 +02)
R
t31 cos(831)—2((ag+by) sin(d371+62)+(ag—l31) sin(537)+by sin(d31+671+62))
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2
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R
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R
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_ 2(ag+lg2) sin(d39)+tzo cos(dza)
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0
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R
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R
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cos(841+61+62+63)

sin(841+6014602+03)

I
_ 2((ag+bg) sin(547 +69+63)+(ag+bg) sin(S41 +63)+(ag+la1) sin(547)+bg sin(547 +67+62+63))+t4q cos(d47)
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_ 2(ag+bg)sin(dg1+63)+2(ag+lgy)sin(dgy)+tgy cos(dq1)
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ta1 cos(S471)—2((ag+bg) sin(dqq +92+93)§§((13+b3) sin(841+03)+(ag+l47)sin(841))

—2(ag+b3) sin(d41+603) —2(ag+1lq1) sin(547)+t47 cos(d47)
2R

t41 cos(847)—2(ag+lq1)sin(847)
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R
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—2Cayq sin(d41 + 01 + 02 + 63)
2Cay cos(841 + 01 + 02 + 03)
—2Cay1((a2 + b2) cos(da1 + 02 + 02) + (a3 + b3) cos(d41 + 03) + (aa + la1) cos(d41) + b1 cos(d41 + 01 + 02 + 03))
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—2Cay3((az + b2) cos(da3 + 02 + 03) + (a3 + bz) cos(daz + 03) + (aa + lag) cos(d43) + b1 cos(da3 + 01 + 02 + 03))
—2Cau3((a2 + bz) cos(daz + 02 + 03) + (az + bz) cos(daz + 03) + (as + la3) cos(843))
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A.3 Model parameters

The model parameters used in the simulations for the A-double are given by Volvo in
the VTM-model or approximated given the information in [16]. In the VTM-model a
very complex tire model is used, which does not use a linear model including cornering
stiffness. For the control allocation, the approximation of a linear lateral tire model in
(2.4), needs an estimation of the cornering stiffness. Provided by Volvo, the cornering
stiffness for the front axle and rear axles (all other axles) are estimated according to

Co, front = 6.85mug (A5)

Caorear = 16.1Tmgag

where m, is the axle load on the specific axle and ¢ is the gravitational constant. The
notation used in the following is the same as used throughout the report. For example x;,
means for unit j and axle . Only some parameters used in the VI'M-model are presented
here, the rest can be found in the initialization files. For convenience, longitudinal lengths
are defined with sign conversion, positive signs for positions in front of CoG of the unit,
and negative signs for positions behind CoG of the unit. The parameters used for the
tractor-semitrailer have some minor differences to the A-double, due to another setup
in the VIM-model, and are not presented here. The model parameters used in the
simulations for the A-double combination are given in Table A.1.
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Table A.1: Model parameters for the A-double combination

Parameter Symbol | Value Unit
Axle load, unit 1, axle 1 Ma11 7063 [ke]
Axle load, unit 1, axle 2 Ma12 8535 [kg]
Axle load, unit 1, axle 3 Ma13 8535 [kg]
Axle load, unit 2, axle 1 Ma21 6436 [ke]
Axle load, unit 2, axle 2 Mg22 6436 [ke]
Axle load, unit 2, axle 3 Ma23 6436 [kg]
Axle load, unit 3, axle 1 Ma31 8044 [kg]
Axle load, unit 3, axle 2 Ma32 8044 [ke]
Axle load, unit 4, axle 1 Ma41 6804 [ke]
Axle load, unit 4, axle 2 Ma42 6804 [kg]
Axle load, unit 4, axle 3 Ma43 6804 [kg]
Cornering stiffness, unit 1, axle 1 Cai1 237 330 | [N/rad]
Cornering stiffness, unit 1, axle 2 Cai2 676 950 | [N/rad]
Cornering stiffness, unit 1, axle 3 Cai3 676 950 | [N/rad]
Cornering stiffness, unit 2, axle 1 Coo1 510 470 | [N/rad]
Cornering stiffness, unit 2, axle 2 Co22 510 470 | [N/rad]
Cornering stiffness, unit 2, axle 3 Ca23 510 470 | [N/rad]
Cornering stiffness, unit 3, axle 1 Cas1 638 000 | [N/rad]
Cornering stiffness, unit 3, axle 2 Cas2 638 000 | [N/rad]
Cornering stiffness, unit 4, axle 1 Coal 539 650 | [N/rad]
Cornering stiffness, unit 4, axle 2 Coa2 539 650 | [N/rad]
Cornering stiffness, unit 4, axle 3 Coa3 539 650 | [N/rad]
Distance from CoG to coupling point front, unit 2 as 4.43 [m]
Distance from CoG to coupling point front, unit 3 as 4.55 [m]
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Parameter Symbol | Value | Unit
Distance from CoG to coupling point front, unit 4 ay 4.65 [m]
Distance from CoG to coupling point rear, unit 1 b1 -1.95 [m]
Distance from CoG to coupling point rear, unit 2 by -4 [m]
Distance from CoG to coupling point rear, unit 3 b3 0 [m]
Distance from CoG to axle 1, unit 1 11 1.45 [m]
Distance from CoG to axle 2, unit 1 l12 -1.55 [m]
Distance from CoG to axle 3, unit 1 l13 -2.86 [m]
Distance from CoG to axle 1, unit 2 loy -1.97 [m]
Distance from CoG to axle 2, unit 2 la2 -3.27 [m]
Distance from CoG to axle 3, unit 2 la3 -4.57 [m]
Distance from CoG to axle 1, unit 3 l31 0.65 [m]
Distance from CoG to axle 2, unit 3 l32 -0.65 [m]
Distance from CoG to axle 1, unit 4 lag -1.75 [m]
Distance from CoG to axle 2, unit 4 l42 -3.05 [m]
Distance from CoG to axle 3, unit 4 la3 -4.35 [m]
Height to CoG over ground, sprung mass, front, unit 1 ho1 0.80 [m]
Height to CoG over ground, sprung mass, front, unit 2 ho2 1.51 [m]
Height to CoG over ground, sprung mass, front, unit 3 hos 0.90 [m]
Height to CoG over ground, sprung mass, front, unit 4 hos 1.54 [m]
Yaw mass moment of inertia, unit 1 J1 20 000 | [kgm?]
Yaw mass moment of inertia, unit 2 Ja 543 000 | [kgm?]
Yaw mass moment of inertia, unit 3 J3 2 000 | [kgm?]
Yaw mass moment of inertia, unit 4 Jy 546 000 | [kegm?]
Mass, unit 1 mi 24 134 [kg]
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Parameter Symbol | Value | Unit
Mass, unit 2 ma 19 308 | [kg]
Mass, unit 3 ms3 16 088 | [kg]
Mass, unit 4 my 20 412 | [kg]
Wheel radius R 0.5 [m]
Track width, axle 1, unit 1 ti1 2.05 [m]
Track width, axle 2, unit 1 t12 1.85 [m]
Track width, axle 3, unit 1 ti3 1.85 [m]
Track width, axle 1, unit 2 ta1 2.05 [m]
Track width, axle 2, unit 2 t22 2.05 [m]
Track width, axle 3, unit 2 tos 2.05 [m]
Track width, axle 1, unit 3 t31 2.05 [m]
Track width, axle 2, unit 3 t32 2.05 [m]
Track width, axle 1, unit 4 ta1 2.05 [m]
Track width, axle 2, unit 4 t42 2.05 [m]
Track width, axle 3, unit 4 t43 2.05 [m]
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A.4 Simulation results

A.4.1 Split friction braking

Tire forces for the simulation of Vehicle 4, where the low friction side is set to = 0.1,
are shown in the figures below. On the low friction side the tires are saturated and
the linear tire model, which is assumed according to Figure 2.4, may not be enough to
describe the tire dynamics. Even with this uncertainty, the control structure produces
reasonable results.
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Figure A.1: Tire forces for Vehicle 4 - Unit 1. Upper left: Tire 11 left. Upper right: Tire
11 right. Middle left: Tire 12 left. Middle right: Tire 12 right. Lower left: Tire 13 left.
Lower right: Tire 13 right.
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Figure A.2: Tire forces for Vehicle 4 - Unit 2. Upper left: Tire 21 left. Upper right: Tire
21 right. Middle left: Tire 22 left. Middle right: Tire 22 right. Lower left: Tire 23 left.
Lower right: Tire 23 right.

A.4.2 Single lane change

Tire forces for the simulation of Vehicle 5 are shown in the figures below. There is a
large marginal between the lateral forces and the maximum available force puF,. The
assumption of a linear lateral tire model, according to Figure 2.4, could be considered
as a good approximation.
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Figure A.3: Tire forces for Vehicle 5 - Unit 1. Upper left: Tire 11 left. Upper right: Tire
11 right. Middle left: Tire 12 left. Middle right: Tire 12 right. Lower left: Tire 13 left.

Lower right: Tire 13 right
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Figure A.4: Tire forces for Vehicle 5 - Unit 2. Upper left: Tire 21 left. Upper right: Tire
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Lower right: Tire 23 right.
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Figure A.5: Tire forces for Vehicle 5 - Unit 3. Upper left: Tire 31 left. Upper right: Tire
31 right. Lower left: Tire 32 left. Lower right: Tire 32 right.
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Figure A.6: Tire forces for Vehicle 5 - Unit 4. Upper left: Tire 41 left. Upper right: Tire
41 right. Middle left: Tire 42 left. Middle right: Tire 42 right. Lower left: Tire 43 left.
Lower right: Tire 43 right.
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