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Optimal Smooth Switching of Controllers for Heavy-Duty Vehicles
BASAR OZKAN

Department of Electrical Engineering

Chalmers University of Technology

Abstract

Heavy road vehicles currently contain different dynamics control systems such as
advanced driver assistance control systems (ADAS) and simple rule based control
systems. As the transition towards full electrification of heavy vehicles and fully
autonomous vehicles continues, newer control systems are being added to current
ones. Thus, there is a need to be able to switch between different vehicle control
systems. The process of making these types of switches smooth is the topic of this
thesis. Smooth switching is considered to occur when there are no large bumps or
oscillations during the switching process.

Research done in the area of switching systems usually focuses on having the out-
puts of the controller coming online to be close to the outputs of the controller going
offline so that the transition is smooth. Trying to match the controller outputs does
not work for heavy vehicles because of the number of different actuators and the
differences in the response rates of these actuators. The contribution of this thesis
is to develop and analyze methods of switching between controllers that may have
different goals and are acting on differing actuators.

Switching methods of different complexities are developed and analyzed. Prepar-
ing the offline controller by connecting it to a model of the real vehicle is shown
to decrease the dynamics that occur when the new controller is connected. Using
linear interpolation and sigmoid functions to switch from the outputs of the initial
controller to the final controller are tested using a realistic simulation environment
developed by Volvo Trucks. Filtering these interpolation functions depending on the
actuator response rates shows significant decrease in the disturbance to the vehicle
during the switching process.

Switching using model predictive control as an in between controller to switch from
the tire force forces of the initial controller to the tire forces of the final controller is
shown to be feasible. This method has the advantage of achieving optimal switch-
ing depending on the priorities of the control designer. Another advantage of the
model predictive controller is obtained if the timing of the switch is known before
it happens. Using this preview information, the actuators can start changing their
outputs even before the switch time for optimal switching performance. Since the
model predictive controller requires knowledge of all of the system states a Cuba-
ture Kalman filter is developed. This Kalman filter also estimates the tire stiffnesses
because it is relatively difficult to know the tire properties of a truck.

Keywords: model predictive control, control allocation, switching systems, bumpless
switching, quadratic programming, heavy vehicles.
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Nomenclature

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

Acronyms

CA
MPC
VTM

Indices

trss

S?

ti

Parameters

Control Allocation
Model Predictive Control
Volvo Truck Model

Index for axle number where i is 1 for front and 2 for rear axle
Truck in steady state

i’th electric motor

i’th shaft in drive train

1'th tire

Longitudinal slip stiffness coefficient of i’th tire
Stiffness of i’th shaft

Damping of i’th shaft

Mass of truck

Rotational moment of inertia of i’th tire

Tire radius

Gravity constant

ix



Te Time constant of electric motor

Ty Time constant of brake actuator

0, Dead time of brake actuator
Variables

Vg Truck velocity

Vtrss Truck velocity in steady state

Wini Angular velocity of i’th electric motor

0 Twist angle of i’th shaft in drive train

Wini Angular velocity of i’th tire

T; Torque of i’th electric motor

F; Longitudinal force produced by i’th tire

Fiives Reference longitudinal force of i’th tire

F,; Normal force on i'th tire

Syi Longitudinal slip of i’th tire

C Longitudinal slip stiffness of i’th tire

0 Road slope angle

T Sampling time

K Constant for determining slope of sigmoid function

tq Time of switch
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1

Introduction

1.1 Background

Heavy road vehicles such as trucks and tractor semi-trailers are an important part of
the current transportation system. Improving the safety of these road vehicles has
been an area of continuous research in the last several decades. Active control sys-
tems have been shown to improve vehicle safety starting with the Anti-lock Braking
System (ABS) in 1978 and continued specifically with Electronic Stability Control
(ESC) [1]. Currently, there is also a push towards electrification of road vehicles
for reaching the goal of sustainable transportation set by the United Nations [2].
Electrification for heavy road vehicles has its own challenges because of the limited
energy density of batteries which limits the range of these vehicles [3]. One method
of improving the range of heavy road vehicles is using different types of electric mo-
tors on different axles of the vehicle. Since different types of electric motors can have
different optimal operation properties, the vehicle system can be optimized to use
the electric motors in the most efficient proportion [4]. Furthermore, the mechanical
brakes have to be used in conjunction with the electric motors. Control Allocation
(CA) is a method that can be used in the control of over-actuated systems like the
vehicles just described. CA has been used for both stability control [5] and energy
optimization [4] in heavy vehicles. There are also older rule-based methods for han-
dling over-actuated heavy vehicles that are currently used in industry.

The number of control systems that exist in heavy vehicles show that there is a need
be able to switch between these different control systems. One possible scenario that
can occur when using optimization based methods such as CA is that there is no
feasible solution to the optimization problem at a certain time instant. This serious
problem of having no controller output can be solved by switching to a rule-based
method that always produces a control output. This thesis will focus on the issues
of switching between different control systems as it relates to heavy vehicles. The
goal of this thesis is to develop methods that achieve the switching process smoothly
with good performance. Smooth switching is considered to occur when there are no
large bumps or oscillations during the switching process. A switching process that
has good performance achieves switching in a reasonable amount of time.
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1.2 Switching Control Theory Background

1.2.1 Bumpless Transfer

One of the important aspects of switching between controllers is bumpless transfer.
This can be thought of from the perspective of switching from an online controller
to an offline controller. A bumpless transfer occurs when the output of the offline
controller that is coming online is close to the value that is output by the currently
online controller [6]. If these values are close there is limited disturbance during
the switch. Much research has been done in the area of bumpless transfer using
different methods. Studies comparing different methods of bumpless transfer are
available [7, 8]. Hard switching is instantly switching between controllers without
any consideration of the transients. This method has the advantage of simplicity
both in application and also proof of stability. Scaling functions such as sigmoid
functions for smoothing transitions between controllers have been applied success-
fully for vehicle controls problems [9]. However, stability for this type of switching
is difficult to prove [8].

Many bumpless transfer methods attach other controllers to the offline controller so
that the output of the offline controller tracks the output of the online controller.
However, it may not be possible for the offline controller to track the output of
the online controller. It has been shown that it is possible to achieve tracking when
there are integrators in all of the controller channels and may not be possible if there
are no integrators in all of the controller channels [10]. Stability during bumpless
transfer is a concern and has been studied by introducing dwell time conditions
[11]. Linear quadratic methods have also been shown to be applicable to bumpless
transfer. By changing the weights in linear quadratic methods the designer is given
the freedom to achieve different signal shapes during the transfer process [12]. The
quadratic cost function can be used for several goals such as minimizing control
signals, tracking errors and controlled outputs [13]. Switching between different
automatic controllers is not the only application of bumpless transfer. Bumpless
transfer has also been applied in vehicles when the control of the vehicle is being
transferred from the human driver to a driver assist system [14].

1.2.2 Controller Design for Varying Systems

In most controller design procedures a model of the controlled system is used. How-
ever, a model of the system is never perfect. Even if a "good" model can be obtained
most systems change over time. Control engineers have developed several different
methods to solve these issues over the years. Robust control is one of these methods
where the uncertainties in the system model and the disturbances are taken into
account during the design process [15]. A controller is designed so that the closed
loop system is stable and meets performance requirements for all possible cases of
system variation. Another method that has been in use for varying systems is gain
scheduling. This method is specifically useful in the area of flight control because the
aircraft goes through many different flight modes that require different controllers
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[16]. The controller gains are varied depending on the flight mode. Adaptive control
is the general name for controllers that adapt to changes in the system and gain
scheduling is a type of adaptive control [17].

There are different methods for switching between controllers such as Multiple Model
Adaptive Control [18] and Iterative Identification Control [17]. In Multiple Model
Adaptive Control several models of the system are developed to describe the system
under different situations. Furthermore, a controller is designed for each model. A
decision making unit decides which model matches the real system the best and
chooses the corresponding controller. The Iterative Identification Control method
starts off with a basic controller and model. The measurements are used to im-
prove the system model and the controller is updated accordingly. The controller
and model are tested offline until the controller is optimized. When the optimized
controller is brought online new measurements from obtained from the system and
the process is repeated until the controller performance cannot be improved.

1.2.3 Stability of Switching Systems

Stability in a switching system is critical because it is possible to have instability
even when switching between two systems that are separately stable [19]. Tt is also
possible to switch between two unstable systems with a switching strategy that
makes the overall system stable. However, in vehicle dynamics controls, it is usually
the case that the control systems being switched between are stable. Therefore,
in this thesis, switching between stable systems is considered. It has been shown
that it is more difficult to guarantee arbitrary switching, which is switching at any
rate, when compared to slow switching [19]. Therefore, one usually limits the time
between switches to prove stability. This time is referred to as dwell time. If dwell
time is above a certain value, a linear system can be proven to be stable.

1.3 Purpose

The purpose of this thesis is to develop methods of smooth switching between con-
trollers for heavy vehicles. This purpose is achieved by answering the following
research questions with regard to heavy vehicles:
1. What are the possible issues that may occur when switching between different
controllers?
2. What methods can be used for switching between different controllers in a
smooth manner?
3. Which methods work well for switching when a controller failure occurs and
it is necessary to switch to another controller?
4. Which methods work well for switching when the switching time is known
beforehand?

5. What are the advantages and disadvantages of different switching strategies?
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1.4 Methodology

The steps to achieve the purpose of the thesis are as follows:

1.
2.

Research the different methods of switching in the literature.

Develop a vehicle model that can be used in the analysis. The model should be
simple enough for analysis but still contain realistic dynamics that are present
in heavy vehicles.

Switch between basic controllers using the detailed vehicle model (VIM) pro-
vided by Volvo AB to determine the realistic issues that can occur during the
switching process. Conduct these simulations with direct switching methods
to understand the problem in detail.

Conduct switching between basic controllers with different strategies that are
not computationally intensive.

. Analyze the switching process using the Model Predictive Control method. It

should be noted that the goal in this step is not to switch controllers but to
develop various MPC based controllers for controlling tire forces to understand
the effect of different MPC based controller designs.

. Develop a state and parameter estimator. The MPC requires knowledge of

all states to perform the optimization. Even though these can be measured
directly from the model in a simulation environment, in a realistic scenario,
the states that cannot be measured must be estimated.

Test the switching process between two different controllers using MPC and
the basic vehicle model.

. Test the switching process between two different controllers using MPC and

the detailed vehicle model (VTM).

. Analyze the realistic test case scenario for switching between a CA based

controller and a rule based control algorithm using the detailed vehicle model
(VIM).

1.5 Scope and Limitations

The scope of the thesis is as follows:

1.

The vehicle model used in the controller design consists of the longitudinal
vehicle model. Lateral dynamics of the vehicle are not considered.

. The performance of different switching methods is validated using simulations

with a detailed truck model (VIM: Volvo Truck Model) developed by Volvo
in the MATLAB/Simulink environment. No experiments are conducted on a
real truck.

. Real time performance of the control algorithms is not considered.

. Electric motor and braking system models consist of transfer functions and

dead time delays which do not take into account all of the detailed dynamics
of electric motors and brakes systems.
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1.6 Ethical and Sustainability Aspects

The United Nations Sustainability Goals are considered in this thesis. Specifically
UN Sustainability Goal 12 concerns responsible consumption and production. Car-
bon emissions are a leading cause of global warming and must be reduced for sustain-
able development. Switching to electric vehicles is an important part of reducing
carbon emissions and Volvo Trucks is developing electric trucks for this purpose.
However, the travel range of these trucks is still limited compared to how much
a truck can drive in a day. Different projects at Volvo Trucks are under way to
improve the range of these trucks. One method for improvement is to use different
electric motors on different axles of the truck and optimize their use for minimum
energy consumption [4]. Furthermore, there are other control algorithms for the safe
operation of these heavy vehicles. There is a need to switch between these differ-
ent control algorithms in a smooth and effective manner. This is the main goal of
this thesis making it a part of reaching the sustainability goals of the United Nations.

It should be noted that transitioning to electric vehicles in itself does not guarantee
decreased carbon emissions because carbon emissions can still be high depending on
the method of electricity production. Thus, there is still the risk of not decreasing
carbon emissions if the electricity produced in the area that the electric truck is
operating is produced with carbon emitting fossil fuels. The recycling of electric
truck batteries is also a matter of concern since it concerns toxic materials. This
may be an issue in countries where environmental laws are not strict or are not being
enforced. In these circumstances the toxic materials can end up in places where they
can harm humans or other living organisms.

Developing complicated control algorithms that require many actuators and sensors
for the purpose of having very high efficiency can also have negative consequences.
The more complicated a system is, the more parts of the system there are that can
fail. A failure in a heavy vehicle control system can result in a traffic accident. A
traffic accident can cause loss of life or human suffering if someone is hurt. Further-
more, heavy vehicles can carry toxic substances that can spill into the environment
in the case of an accident. This could result in pollution of the area and also harm
the living organisms in the area. A traffic accident of a heavy vehicle can also cause
material damage to the truck, other vehicles and infrastructure.

No individual or personal data is used in this project, the method will aim at exe-
cuting switching in a smooth and cost efficient way. The method can not be used to
discriminate, fairness is by default included (no priority or advantage can be given
in the algorithm to discriminate).

Artificial intelligence was not used in the writing of this thesis.
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1.7 Thesis Outline

In Chapter 2 a longitudinal vehicle model is developed. This model is used in both
controller design and Kalman filter design. In Chapter 3 switching methods are
introduced and tested using simulations. Possible problems that can occur during
switching and the reasons they occur are analyzed. Two different methods are in-
troduced to improve switching performance. A detailed switching method using
Model Predictive Control (MPC) is developed in Chapter 4. First the application
of MPC to tire force control is introduced. The advantages of using preview infor-
mation about the switch in the MPC is shown. Different weightings of the MPC
are investigated. Since the MPC requires information about all system states a
Cubature Kalman filter is designed. Simulations are conducted for MPC switching
using both the vehicle model developed in Chapter 2 and the detailed Volvo vehi-
cle model (VITM). In Chapter 5 sigmoid functions are applied in switching from a
Control Allocation (CA) controller to a rule-based controller. A CA failure scenario
is investigated and various sigmoid function switching methods are analyzed. The
conclusion of the thesis is in Chapter 6.



2

Vehicle Modeling

In this chapter, a longitudinal vehicle model is developed for use in the later chapters
of the thesis.

2.1 Longitudinal Vehicle Model

The diagram of the model that is developed is shown in Figure 2.1. The velocity of
the vehicle is v4,.. The vehicle consists of an electric drive front axle and an electric
drive rear axle that can be controlled separately. The front electric motor has a
constant rotational inertia, J,,1, and has an input 71 applied to it. The electric motor
is assumed to be connected to a single front tire with a shaft of constant stiffness,
cs1, and constant damping, ds;. The single front tire is assumed to represent both
front tires. The front tire has a constant inertia of J;; and the longitudinal force
produced by the front tire is F};. The angular velocities of the front electric motor
and the front tire are w,,; and wy, respectively. The rotational twist angle of the
shaft that connects the front wheel to the front electric motor is ;. The same
parameters names and variable names are used for the rear axle with a subscript of
"2". The front and rear tires have constant radius R. The vehicle has seven states
that are shown in Equation 2.1.

Vgr

Wm1

931

Wm2
‘952

W2
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Figure 2.1: Longitudinal truck model diagram.

The longitudinal tire forces are calculated with the linear tire model shown in 2.2

Fii = CpiFLiSui (2.2)
where F}; is the tire force, C,; is the constant slip stiffness coefficient, F,; is the
constant normal tire force and s,; is the tire slip. The subscript ¢ is 1 for the front
axle and 2 for the rear axle. The slip is calculated by using Equation 2.3.

. R - wy — vy
Sai =

(2.3)

|Ut'rss|

It should be noted that usually R - wy; is used instead of vy, in the denominator
but since developing a linear time invariant system is the current goal, it is better
to use vy,.¢5 since it changes slowly. Thus we assume vy,.¢s is constant. The goal is to
put the equations in the state space form shown in Equation 2.4.

T = Ax + Bfullufull (24)

It should be noted that matrices A and By,; are constant in Equation 2.4. Using
Newton’s laws the parts of Equation 2.4 can be calculated as the following:

- i}tr .
wml
‘951

T=| wy (2.5)

U.ng
ésQ
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[ =Cr1—=Cgy2 0 O Cz1R O 0 CraR T
MtrUtrss —du e mtr";irss MtrUtrss
Tt T Tt 00
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00 Tws T Iz
0 0 0 0 0 —
Cac R ds Cs2 —ds2Virss—Cla R2
L JtQ'UQtrss 0 O 0 Jt; Jtz 2Jtt2vt'r.ss : 4
[0 0 1]
1

" 0 O
0 0 O
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1
0 I 0
0 0 0
0 0 0]
1

Ufull = T2 (2.8)

—g - sin(0)

It should be noted that slip stiffness, C;, has been used instead of slip stiffness coef-
ficient, C,; to make A easier to understand. The relationship is shown in Equation
2.9.

Other than the two electric torque inputs to the system there is a gravity force input
to the system depending on the slope of the road. The vehicle is assumed to be going
uphill on a road with a slope of 8 and g is the gravitational acceleration constant.
It is possible to calculate tire forces using the standard state-space format shown in

y=Cx (2.10)
where the tire forces are shown in Equation 2.11.

Utr

Wm1
=C1 951
Vtrss

l Vs Wi (2.11)
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3

Analysis of Controller Switching

In this chapter, the problems of switching controllers is analyzed from the perspec-
tive of control of heavy vehicles. Different methods of solving these problems are
developed.

3.1 Switching Between Two PI Controllers

In this chapter the process of switching between two different controllers that have
their own control loops in considered. Different switching cases are considered first
and methods of improving the switching process in order of increasing complexity are
shown afterwards. The switching process is shown with simulations using the VTM
model which is a realistic simulation environment developed by Volvo AB that runs
in Simulink. The goal is to show switching between systems where the controllers
have their own dynamics. PI controllers are one of the simplest controllers that
have dynamics because of the integral term. Therefore, the simulation is carried
out for switching between two PI controllers. The goal of both PI controllers is to
keep the vehicle traveling at constant velocity. However, the goal of Controller 1
is to use the front axle for 80% of the power and use the rear axle for 20% of the
power. The goal of Controller 2 is to use the front axle for 40% of the power and use
the rear axle for 60% of the power. The block diagram of the switching process is
shown in Figure 3.1a. The online controller in the figure is Controller 1 and and the
offline controller is Controller 2. The Vehicle is the VTM model and the estimator
is simply the velocity measurement from the vehicle. The reference is a velocity
reference of 40km/h. The vehicle is traveling up a hill with a 5 degree slope. The
actuator torques for an instant switch are shown in Figure 3.1b. In the figure, Stage
1 is shown as the steady state motion of the vehicle before the switch and Stage 2
is the motion of the vehicle after the switch. The figure shows that when the switch
to Controller 2 occurs, the actuator torques become zero and then start increasing.
This happens because the controller has zero initial conditions and the integrator
takes some time to reach steady state. Ultimately, the actuator torques reach the
correct steady state values.
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(a) Block diagram. (b) Actuator torques.

Figure 3.1: Switching between Controller 1 and Controller 2 process.

The results of this type of switching for tire forces are shown in Figure 3.2a and
the velocity is shown in Figure 3.2b. Figure 3.2a shows that the tire forces become
close to zero for a short while before they reach the correct values. The decrease in
the tire forces results in a decrease in the velocity before it goes back to the original
value as shown in Figure 3.2b.
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Figure 3.2: Switching between Controller 1 and Controller 2 results.

When sending requests to actuators it is possible for the actuators to take time to
respond. In previous simulations we assumed electric motors were used as actuators.
The response time of electric motors is relatively quick when compared with the
response time of the rest of the system and can be neglected. However, when for
example the switch it done to the brake system of the vehicle there is a delay
that should be taken into account. In the next simulations it is assumed that the
actuators that Controller 2 controls have a 0.2 second dead time. Repeating the
same switching simulations as before but with a 0.2 second delay in the actuator
torque, the results in Figure 3.3 are obtained. There is a 0.2 second period where
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no torque is produced by the actuators. Afterwards, actuator torques are produced

but they are quite oscillatory.
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Figure 3.3: Switching between Controller 1 and Controller 2 process with 0.2
second actuator delay.

The tire force and velocity results for the actuators with 0.2 second delay are shown
in Figure 3.4a and 3.4b, respectively. The tire forces reach very low levels and take
more time to reach the steady state values than in the previous simulation. Because
of the larger and longer decrease in the tire forces, the velocity decreases to lower
levels than before resulting in poorer performance. It should be noted that for these
simulations the torques are positive and when no torque is produced the vehicle
slows because of the delay. If the goal was to test switching to a braking system, the
simulation would have to be slightly different and the velocity would increase during
the break in the tire torque. For example, if the vehicle was traveling downhill and
Controller 1 was keeping the vehicle velocity constant using negative motor torques
and one was to switch to a mechanical braking system which lead to a stop in the
negative torque for a short while this would have resulted in an increase of the speed
of the vehicle.
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Figure 3.4: Switching between Controller 1 and Controller 2 results with 0.2 second
actuator delay.

3.2 Switching Between Two PI Controllers by Flip-
Flopping

In the previous section, switching from one PI controller to another PI controller was
introduced. It is possible that switching back to the original controller is necessary.
Some unexpected behaviour may occur if switching back occurs quickly. Further-
more, switching back and forth quickly, or flip-flopping can also result in problems.
This possibility is investigated for different switching intervals in this section. The
same controllers as in the previous section with no actuator delay are used in the
simulations. Actuator torque requests for flip-flop switching with a 1 second interval
is shown in Figure 3.5a. The corresponding tire forces are shown in Figure 3.5b.
The figures show that the system approximately reaches steady state after 1 second.
There is overshoot and some oscillations after each switch but the system remains
stable.
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Figure 3.5: Switching between Controller 1 and Controller 2 with 1 second inter-
vals.

The actuator torque requests for switching with 0.5 second intervals is shown in
Figure 3.6a whereas the corresponding tire forces are shown in Figure 3.6b. It is ob-
served that the switches occur before the system reaches steady state. Furthermore,
larger overshoots occur after each switch for both the actuator torque requests and
tire forces. However, the switching system is stable according to the simulations.
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Figure 3.6: Switching between Controller 1 and Controller 2 with 0.5 second
intervals.

The actuator torque requests for switching with 0.05 second intervals is shown in
Figure 3.7a whereas the corresponding tire forces are shown in Figure 3.7b. The
actuator torque requests occur as oscillations at the frequency of switching. The
amplitudes of the oscillations are relatively large. The tire forces also have oscilla-
tions at this frequency. However, the amplitudes of the oscillations are relatively
small when compared with the actuator torque requests. It is suspected that the
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oscillations are damped as the actuator torques move through the drivetrain and
reach the tires.
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Figure 3.7: Switching between Controller 1 and Controller 2 with 0.05 second
intervals.

The velocity of the vehicle for 1, 0.5 and 0.05 second switching intervals are shown
in Figure 3.8a, Figure 3.8b and Figure 3.9, respectively. There are oscillations in the
velocities corresponding to the frequency of each switching interval. The amplitudes
of the oscillations are similar in size for the 1 and 0.5 second switching intervals
whereas they are relatively small for the 0.05 second switching interval.
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Figure 3.8: Vehicle velocity for different switching intervals.
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Figure 3.9: Vehicle velocity for 0.05 second switching interval.

3.3 Model-Based Warm Start Switching

It was seen in the previous section that the starting the offline controller with zero
initial conditions results in a deterioration of the performance. It is possible to
have the offline controller connected to a model of the real system so that it is
prepared to be connected to the real system. This methodology is shown in Figure
3.10a. Warm start switching is the name given to this method here. In this way
the initial conditions of the controller are prepared to control the vehicle model just
like it is controlling the real system. It is expected that the performance quality will
depend on how well the model matches the real system. To alleviate this problem,
the real system parameters can be estimated and updated for the model. In the
example here, the tire stiffnesses are estimated by a Cubature Kalman filter. The
Cubature Kalman filter is introduced in Chapter 4. The reason for the choice of
tire parameters as the estimation parameter is that tire parameters are the most
difficult to know whereas other parameters are generally fixed or can be measured.
The details of the estimation are explained in the section about state and parameter
estimation in Chapter 4. Figure 3.10b shows the results of the simulation for the
actuator torques. In Stage 1, there are two control loops where each controller is
controlling its own model. In Stage 2 Controller 1 is disconnect from the real system.
Furthermore, Controller 2 is connected to the real system and also starts using the
feedback information from the real system at the same time. The results are quite
good since the oscillations after the switch are very small and steady is reached at
about 0.3 seconds after the switch. This means that the model matches the real
vehicle quite well. It should be noted that the real vehicle is the VI'M model and
the model is the 7 state model previously developed in Chapter 2.
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Figure 3.10: Simple switching between Controller 1 and Controller 2 process with
0.2 second actuator delay.

The tire forces and the velocity of the vehicle for the switch where the offline con-
troller is initially connected to a model is shown in Figure 3.11a and 3.11b. The
tire forces have small oscillations about the steady state values they should reach.
Figure 3.11a shows the average tire forces as well which change very little from its
value previous to the switch. This is quite good and the result can be seen in 3.11b
where the velocity of the vehicle changes very little during the switching process.
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Figure 3.11: Simple switching between Controller 1 and Controller 2 with model
results.

Asin the Section 3.1, the effect of having 0.2 second delay in the actuator is simulated
and shown in Figure 3.12. There is some deterioration in the performance. It can
be seen that the control input to the actuator does not change for 0.2 seconds even
though the switch has occurred.
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Figure 3.12: Simple switching between Controller 1 and Controller 2 process with
0.2 second actuator delay.

The effect of the actuator delay can be seen in the tire forces shown in Figure 3.13a
where the tire forces decrease during the time where slightly inaccurate actuator
torques are produced because of the delay in actuator torque production. This
results in deterioration of velocity tracking performance as seen in Figure 3.13b
compared to when there was no actuator delay.
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Figure 3.13: Simple switching between Controller 1 and Controller 2 with 0.2
second actuator delay and with model results.

3.4 Model-Based Warm Start Switching With In-
terpolation

Sudden switching can result in rapid changes in requests and actuator torques. It
is possible to slow this process using different methods. The method used in this
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section is linear interpolation between the outputs of the online controller to the
outputs of the offline controller. The switching occurs in 3 stages. In Stage 1 both
controllers are working in their own loops to control the real vehicle and the vehicle
model separately. This stage is the same as Stage 1 in simple switching and is shown
in Figure 3.14a. Stage 3 is the final stage after the linear interpolation has occurred
and Controller 2 is fully connected to the real system. The block diagram of Stage
3 is shown in 3.14b.
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Figure 3.14: Linear interpolation switching between Controller 1 and Controller 2
Stage 1 and Stage 3.

The block diagram of the interpolation switching process is shown in Figure 3.15a.
The output of Controller 1 is multiplied by gain G1 and added to the output of the
Controller 2 which is multiplied by gain G2. The variation of the G1 and G2 are
shown in Figure 3.15b. Gain G1 decreases from 1 to 0 linearly simultaneously as
gain G2 increases from 0 to 1.
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Figure 3.15: Linear interpolation switching between Controller 1 and Controller
2.

The actuator torque during Stage 1, 2 and 3 are shown in Figure 3.16a. It is observed
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that the torque switch in the actuators occurs without oscillations. It should be
noted that during the linear interpolation switching both controllers continue to be
connected to the real vehicle and continue to change their respective outputs. The
change the outputs of Controller 1 and Controller 2 during the switch can be seen
in Figure 3.16b and Figure 3.16¢, respectively.
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Figure 3.16: Actuator torques during linear interpolation switching between Con-
troller 1 and Controller 2 Stage 2.

The tire forces for linear interpolation switching are shown in Figure 3.17a. The
figure shows that the switching is smooth with very little oscillations. The velocity
during the linear interpolation switching shown in Figure 3.17b are also very good
because there is very little change in the vehicle velocity during the switching process.
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Figure 3.17: Linear interpolation switching between Controller 1 and Controller 2
with model results.

The actuator torques when there is delay in the actuators that Controller 2 is con-
nected to are shown in Figure 3.18a. Some oscillations are observed after the switch
which means that actuator delay causes deterioration of the performance of linear
interpolation switching as well. Figure 3.18b and 3.18c show the controller outputs
of the Controller 1 and Controller 2 respectively for this simulation. Oscillations are
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observed in the output of Controller 2 because of the delay in the actuators that it
is connected to.
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Figure 3.18: Actuator torques during linear interpolation switching between Con-
troller 1 and Controller 2 with actuator delay.

The effect of actuator delay on tire forces during linear interpolation switching can
be seen in Figure 3.19a. Although the switching process is smooth some small oscil-
lations occur after the switching process is over. The switching velocity performance
also deteriorates slightly because of the actuator delay but can be considered to be
quite good.
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Figure 3.19: Linear interpolation switching between Controller 1 and Controller 2
with actuator delay.
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4

Controller Switching Using Model
Predictive Control

In this chapter, the application of model predictive control to the controller switching
problem is analyzed.

4.1 Tire Force Tracking Using Model Predictive
Control

4.1.1 Longitudinal Vehicle Control Using Tire Force Track-
ing

In this section the vehicle model equations are put into a form for controlling the
tire forces of the longitudinal model developed in Chapter 2. A common method of
for tracking references using state-space methods is to add integrator states. The
addition of integrator states in discrete time is shown in Equations 4.1.

[ z(k+1) ]

S [_Ad o'l z(k)

C-T T xmt(/c)]*

8 |l

2],

| —g - sin(

where A; and By are discretized versions of A and By,;. A and By, are the
continuous time model matrices derived in Chapter 2. Going from continuous time
to discrete time can be achieved exactly by assuming that the inputs are constant
within sampling time 7" [20]. The specific sample is denoted with k. The front and
rear reference tire forces are Fiy,. (k) and Figef(k), respectively. The extended state
vector is shown in Equations 4.2 where the integrals of the tire force errors Fji;u;
and Fie are added as extra states.
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The integration can be calculated in discrete time as in Equations 4.3 and 4.4.

Faimt(k+1) = (Fuaref(k) — Fu(k)) - T+ Fine(k) (4.3)

Fioimt(k + 1) = (Fiaref(k) — Fi2(k)) - T+ Fioine (k) (4.4)
Fy1(k) and Fiy(k) are calculated in Equation 4.5.
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In this form the system can be controlled using Linear Quadratic Regulator Control
(LQR). However, MPC is used here because it has some advantages over the LQR.

4.1.2 Longitudinal Vehicle Control Using Model Predictive
Control

In this section a Model Predictive Controller (MPC) is developed for controlling the
tire forces. Some of the commonly used advantages MPCs are being able to place
constraints on the system inputs and states. Here, the advantage of taking into
account future disturbances (reference inputs) will be used.

MPC is a control method based on optimization. The goal is to minimize the cost
function over a prediction horizon N. The cost function is

Vi (2(0), (0 : N — 1)) = 2" (N)Pya(N) + 3 (&7 () Qa(i) + " (i)Ru(i)  (4.6)

1=0

[y

where x(k) is as shown in Equation 4.2 for this example and u(k) is as shown in
Equation 4.7 for this example.

u(k) = [ ggg ] (4.7)
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The R matrix is used to weight the actuator torques. When the values of R are
increased, the cost of the actuator inputs increases. This results in a decrease in
the amount of control input to the system to minimize the cost function. The Q)
matrix is used to weight individual states and P; is used to weight the individual
states in the final step of the optimization horizon. The cost function is subject
to inequality constraints H < f and equality constraints H.,x = f.,. The equality
constraints are used to make sure Equation 4.1 holds for the optimization because
z(k + 1) = Az(k) + Bu(k) must hold for the whole optimization horizon. The in-
equality constraints can be used to put constraints on the actuator outputs and on
the states.

For the vehicle tire force control example considered in this section, the goal is to
minimize the error in the integral of the tire forces. To achieve this goal the cost
matrix is weighted to minimize these tracking error integrals using

000 00O0O0 0O 017
0000O0OO0OO0O O O
0000O0OO0OO0O 0 O
0000O0OO0OO0O 0 O
@i={0000O0O0O0O O O (4.8)
0000O0O0OO0O O O
0000O0OO0OO0O 0O O
0000O0O0O0Ws O
L0 OO0 0000 0 W]
The cost matrix for the inputs is designated as
WRI 0
=] (19

The effects of different weighting choices are shown in Section 4.1.4.

4.1.3 The Advantages of Preview Information

In this section, switching between two different tire force references is focused on.
There are two possible variations for this switch to occur. It is possible that the time
that the switch will occur is known before the switch happens. It is also possible
that there is no knowledge beforehand and the tire force references suddenly change.
The time history of the tire force reference is shown in Figure 4.1. Now consider
that the current time is 1.6 seconds and the MPC has a prediction horizon of N=30
or 0.3 seconds. If the controller does not have information about the coming switch
the prediction is calculated according to a constant reference as shown in in Figure
4.2a. However, if the controller does have information that a switch is coming as
shown in Figure 4.2b, then the switch in the reference is used in the calculation of
the controller throughout the horizon.
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Figure 4.2: Reference tire force for current time = 1.6 seconds.

To compare the different responses for the MPC with and without preview, the
controller outputs, tire forces and vehicle acceleration are plotted. The controller
outputs which are assumed to also be the actuator torques are shown in Figure
4.3. The simulation shows that when the controller has preview information, the
actuator slowly starts producing torque when it receives information that a switch
is coming. However, the controller that does not have preview information suddenly
produces large torques when the reference tire force changes. The tire forces that
result from these actuator torques are shown in Figure 4.4a. The figure shows that
the preview controller is much more capable at following the reference tire forces. On
the other hand, the controller without preview information has large oscillations and
overshoot during switching. The difference in the acceleration performance of both
controllers are shown in Figure 4.4b. During switching from one axle to the other
oscillations occur because the tire parameters of the two axles are different. The
oscillation magnitudes are larger without preview when compared to the oscillation
magnitudes with preview. As expected, small oscillations starts before switching
time for the controller with preview but large oscillation start right at switching
time for the controller without preview.
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Figure 4.3: Actuator torque with and without preview.
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Figure 4.4: Simulation with and without preview.

4.1.4 Effects of Different Controller Weightings

Using an MPC provides flexibility in controller design and it is possible to focus on
different metrics to achieve different goals. To focus on different metrics it is possible
to use different ) matrices to weight states differently depending on the preferences
of the control designer. It is also possible to add more metrics as states and put
costs on those states depending on how much the control designer wants to focus on
those metrics. This is why several different MPC controllers are developed in this
chapter to compare the performance of different MPC weightings. The controller
designed using the )1 weighting in Equation 4.8 is named Controller Q1. Since the
advantage of preview information was observed in the previous section all of the
controllers used in the following comparison use preview information. In the design
of Controller Q2, 2 more states that are the error between the reference tire force
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and the real tire force are added as

- UtT(]{Z) -
wml(kz)
0s1 (k)
wtl(kz)
wm2<]€)

w(k) = | Os2(k) (4.10)
wtg(l{?)
Foine (k)
Ft2int(k)
Ftlp(k)

L Ft2p(k) i

where Fj;), and Fj, are the tracking errors of the the tire forces calculated in Equa-
tions 4.11 and 4.12.

Fup(k) = Fures (k) = Fu (k) (4.11)

Fiap(k) = Fiares (k) — Fia(k) (4.12)

The cost matrix is weighted to minimize these tracking errors and their integrals as
shown in Equation 4.13.
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Controller Q1 can be thought of as similar to an integral controller whereas Con-
troller Q2 can be thought of as similar to a proportional integral (PI) controller.
Figure 4.5 and Figure 4.6 show the simulations that compare Controller Q1 and
Controller Q2. According to Figure 4.5 Controller Q2 produces faster actuator re-
sponses compared to Controller Q1. Figure 4.6 shows that the tire force response is
slightly faster with less percent overshoot. Furthermore, the acceleration is slightly
less for Controller Q2 when compare with Controller Q1, which is an advantage.
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Figure 4.5: Actuator torques for Controller Q1 and Controller Q2.
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Figure 4.6: Simulation for Controller Q1 and Controller Q2.

In the design of Controller Q3, the acceleration state, a;.(k) is added, which is a
derivative of the longitudinal velocity as shown in Equation 4.14.

v (k)

(4.14)

The cost matrix is weighted to minimize the tracking errors, their integrals and the
acceleration as shown in Equation 4.15.
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Qs = (4.15)
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Figure 4.7 and Figure 4.8 show the simulations that compare Controller Q1 and Con-
troller Q3. According to Figure 4.7 Controller Q3 requires faster actuator response
when compared to Controller Q1. However, according to Figure 4.8b the unwanted
longitudinal acceleration is greatly reduced. This is expected because high penalty
is put on the acceleration state of the model used in the MPC.
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Figure 4.7: Actuator torques for Controller Q1 and Controller Q3.
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Figure 4.8: Simulation for Controller Q1 and Controller Q3.

In the design of the fourth controller that is tested, costs are added to the derivatives
of the actuator torques. This is to limit the stress on the motors and also to not
require unrealistic torque variations from the electric motors. Looking back at the
cost function in Equation 4.7, the controller output part of the cost function is
changed as shown in Equation 4.16.

71 (k)
72(k)
Tlder(k)
TZder(k)

Trder (k) and To4e- (k) are the discrete approximations of the derivatives of 71 (k) and

To(k) respectively. The derivatives are approximately calculated using Equations
4.17 and 4.18.

u(k) = (4.16)

Tl(k) —7'1(]{3 — 1)

Tider (k) = T (4.17)
TZder(k) - TQ(k) _;Q(k — 1) (418)

The cost matrix of the inputs are modified to include the derivatives as shown in
Equation 4.19.

Wi 0 0 0
0 We 00
Ba=1 0 0" w0 (4.19)

0 0 0 Whg

Figure 4.9 and Figure 4.10 show the simulations that compare Controller Q3 and
Controller Q3 R2. The weights of Controller Q3 are adjusted for tracking reference
tire forces well during switching with low longitudinal acceleration. The weights of
Q3 R2 also punish the derivative of actuator torque so that the torque request does
not change very fast. Figure 4.9 shows that Controller Q3 R2 works as intended
and decreases actuator oscillations. However, Figure 4.10 shows that the tire force
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response is a little slower and the longitudinal acceleration oscillations increase for
Controller Q3 R2. Thus, there is some degradation in the switching performance
for Controller Q3 R2. This is expected since the requested actuator performance is
more limited for this controller.
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Figure 4.9: Actuator torques for Controller Q3 and Controller Q3 R2.
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Figure 4.10: Simulation for Controller Q3 and Controller Q3 R2.

4.2 Estimation Using the Cubature Kalman Fil-
ter

The Cubature Kalman filter is used in this thesis for parameter and state estimation.
The MPC requires knowledge of all of the states to solve the optimization problem.
Another issue is that the tire parameters of the vehicle are not known in general.
Therefore, the tire stiffnesses of the front and rear tires are estimated as well. The
Cubature Kalman filter is a nonlinear filter that approximates the nonlinearities
using sigma points. It is a specific version of the Unscented Kalman filter. Since
the Cubature Kalman filter is able to estimate nonlinear systems it is possible to
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estimate the tire stiffnesses by adding them as states to the state equations. It is
possible to use other filters for nonlinear systems such as the extended Kalman filter
and the particle filter. The Cubature Kalman filter is chosen because it is better
at approximating the probability distribution of a nonlinear function compared to
the extended Kalman filter [21]. The disadvantage of the Cubature Kalman filter
compared to the extended Kalman filter is that the computational load is higher.
However, the computational load is not as high as the particle filter. The Cubature
Kalman filter algorithm is described in the next subsection and the application of
the filter to the longitudinal vehicle model is described in the subsection after.

4.2.1 The Cubature Kalman Filter Algorithm

The Cubature Kalman filter is a nonlinear filter but it is similar to the standard
linear Kalman filter in that a Gaussian density is assumed and it consists of the
prediction and update steps. The algorithm is outlined here for one prediction
and one update step. As with the standard Kalman filter an initial state estimate,
Xi—1k—1, and initial covariance matrix, Pj_i;—1 at time k-1 is necessary to estimate
the state at time k, Xy, using measurements, y;. Equations 4.20 and 4.21 show the
creation of the sigma points. The length of state vector x is n. It should be noted
that (P,i/_Ql‘k_Ji is the 7’th column of (Pllc/—21|k:—1>' Equations 4.22 and 4.23 show
the predictions of the states and covariance respectively. The model of the system
is denoted with f in the equations. The process noise covariance matrix is Q like in
the standard linear Kalman filter [21].

Xy =%+ V0 (P ) i = 1,20 (4.20)
X =% — v (P ) i= 12, (4.21)
1 2n )
St ~ oo > E(X() (4.22)
i
1 o 7 A 7 A
Pt & Qe 5 D (X)) = Rige) (X)) = Rgen)” (4.23)

i=1
After the prediction step in Equations 4.20-4.23 of the Cubature Kalman filter, the

update step of the filter is executed. The new sigma points are calculated using
Equations 4.24 and 4.25.

Xy = Rppo1 + v/ (Pltzl/lf—l)i i=1,2.,n (4.24)
X0 s s VA () = L2 @29

The desired moments for use in the update step are calculated using Equations 4.26-
4.28. The measurement model of the system is denoted with h in the equations.
The measurement noise covariance matrix is R like in the standard linear Kalman
filter.

. R i
Fhk-1 ~ o 3 h(X{) (4.26)
n;3
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1 2n 1 A 7 A
Paye ~ 5= 3 (XL = Rigpon) (W(XL) = Fger)” (4.27)
=1
L& ) (i)
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The filter gain Ky is calculated in Equation 4.29.
K; =P,.S; ! (4.29)
The state and covariance estimates are calculated in Equations 4.30 and 4.31.
Xk = Kipe—1 + Ki(Ye — Yejr-1) (4.30)

Pijy = Prpo1 — KiSiKL (4.31)

Equations 4.20-4.31 must be applied at every time step to calculate the new state
estimates and their approximate covariance matrix.

4.2.2 Application of the Cubature Kalman Filter to the
Longitudinal Vehicle Model

The Cubature Kalman Filter is applied to the longitudinal vehicle model for state
and parameter estimation. The tire stiffnesses are estimated by adding them as
states to the state equations. The tire stiffness states are considered to be constant
and vary as a random walk process. The modified version of the linear state-space
longitudinal vehicle model introduced earlier is shown in Equation 4.32.

roo. 7 [ =Cp1—=Cas2 . Cz1R . Cr2R . _ . y T
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(.Uﬂ Trverss Ot + Jn Wml + J1 95(11 * Jt1Vtrss Wi
w — —Qs2 —Cs2 s2 . .
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(952 Wm2 — W2
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W2 Czo2R ds2 . Cs2 —ds2Virss—Cra R .
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Qzl
[ Caz | 0

For this model some of the equations have multiplication of states with each other.
Therefore, the model is nonlinear. With correct measurements and tuning it is
possible to estimate both the states and tire stiffnesses. If both the states and tire
stiffnesses are estimated correctly the tire force can also be estimated using the tire
model introduced previously. The block diagram of the application of the Cubature
Kalman filter to the longitudinal vehicle model is shown in Figure 4.11.
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Figure 4.11: Cubature Kalman filter block diagram applied to longitudinal vehicle
model.

The inputs to the vehicle shown in Figure 4.11 are as shown in Equation 2.8. These
inputs are also inputs to the Cubature Kalman filter. This means that the road slope,
f is assumed to be known or estimated in another algorithm. The measurements
from the real vehicle are shown in Equations 4.33.

78
Wm1
Ymeas = W1 (433)
Wm2
Wt2

For the estimation process to be more realistic Gaussian noise is added to the mea-
surements from the vehicle. The estimated states shown in the figure are also shown
in Equation 4.34. It should be noted that the front and rear tire stiffnesses C,1. and
Cyoe are estimated as states using the Cubature Kalman filter. These tire stiffness
estimates and vehicle state estimates are used in the tire model shown in Figure
4.11 to estimate the tire forces. The estimated front and rear tire forces are Fjq,
and Fjo, respectively.

Utre
Wmle
9316
Wtie
Test = | Wm2e (434)
0526
Wi2e

Cxle
CzZe

The tire forces and their estimates calculated by the filter developed in this section
are shown later on in this chapter in Figure 4.19a and Figure 4.21a.
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4.3 Switching Between Two Controller with As-
sistance of Model Predictive Controller

In Chapter 3, it was shown under certain conditions it is possible to linearly inter-
polate between controllers and get good results during switching. However, it was
also shown that if the control system that is being switched to has considerably
different dynamics than the online control system, the performance of the simple
linear interpolation switching deteriorates. MPC can be used to take into account
the future response of the system, the actuator and state constraints and any delays
in the actuators. Therefore, MPC is a promising method for switching between
two different control systems with considerably different dynamics. In this section,
MPC is used to switch between two different controllers. The two axle longitudinal
vehicle model will be used as the test system. Although the dynamics is not very
different between the two control systems, the two axles have different dynamics
mainly because of the different tire characteristics on the front and rear axles.

The general block diagram form of the MPC assisted switching system is shown in
Figure 4.12. There is an online controller that is controlling the real vehicle. In this
case the real vehicle is following a reference velocity. There is an offline controller
that will be switched to. It is assumed that the time of switching is known. The
offline controller is initially controlling a model of the real vehicle and trying to make
the model follow the reference velocity. The reason for this is achieve a warm start
during the switch to the offline controller. There is an MPC that will assist in the
switching process to make the switch happen smoothly. The goal of the MPC is
to change the tire forces requested by the online controller to the offline controller.
The cost function of the MPC can be adjusted to make the process follow what is
important for the designer. Furthermore, it can take into account any differences
between the actuators in System 1 and System 2.
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Measurements
—>
Online Controller -——- k
> C
o ’

. ‘
Reference odel Predictive / q
ke -—y=- Vehicle Model 1

’
’
’
< Offline Controller ﬂ- - Vehicle Model 2

Figure 4.12: General block diagram of MPC assisted switching.

The details of the MPC assisted switching process is shown in Figure 4.13. This block
diagram shows the signals in more detail. It can be seen that the tire stiffnesses
are estimated by the estimator using measurements from the real system. The
tire stiffness estimates are used to update the tire stiffnesses of the two vehicle
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models controlled by the MPC and offline controller. Furthermore, the tire stiffness
estimates are used to update the vehicle model used in the MPC for prediction
purposes during the optimization. The figure also shows that the tire forces of the
offline model and the online model are inputs to the MPC. This is because the goal
of the MPC is to switch the tire forces from the tire forces of the online controller to
the offline controller. This means that the estimator must estimate the tire forces
on top of the vehicle states and tire stiffness. The MPC assisted switching is tested
first with the real vehicle and the vehicle models having the same 7 state format
shown in Equations 2.4-2.8. Then the VITM model is used to test MPC assisted
switching for robustness. Testing with the VT'M model is a relatively realistic test.
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Figure 4.13: General block diagram of MPC assisted switching.

4.3.1 MPC Switching Where System Models are the Same
as the Real System

In this subsection the real system and the system models are the same 7 state
model shown in Equations 2.4-2.8. It should be noted that although the state-
space equations are the same, the tire stiffness of the real vehicle is unknown. For
this reason, the estimator estimates the tire stiffness of the real vehicle and the
tire stiffnesses of the other three models are updated with this information. The
switching takes 4 stages which are explained in detail now. The torque inputs to
the real vehicle during all four stages is shown in Figure 4.14. For this simulation
Stage 1 is between 4 and 4.5 seconds, Stage 2 is between 4.5 and 5 seconds, Stage 3
is between 5 and 6 seconds and Stage 4 is after 6 seconds into the simulation.
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Figure 4.14: Actuator torques for MPC assisted switching during 4 stages of
switching.

Block diagram of Stage 1 is shown in Figure 4.15a where the online controller is
controlling the real vehicle and the actuator torques are shown in 4.15b. During
Stage 1 the offline controller is connected to its own vehicle model.
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(a) Block diagram of Stage 1. (b) Actuator torques of Stage 1.

Figure 4.15: MPC assisted switching Stage 1.

Stage 2 is shown with the block diagram in Figure 4.16a. In this stage the MPC is
initialized and starts controlling its own vehicle model in a separate loop. This is
to achieve a warm start during the switch from the online controller to the MPC.
The vehicle model is initialized using the state estimates and tire stiffness estimates
from the real vehicle. The MPC requires initial and final reference tire forces to
switch between. The initial reference tire forces are obtained from the tire force
estimates from the real vehicle. The final reference tire forces are obtained from
the tire forces in the model controlled by the offline controller that will finally be
switched to. Figure 4.16b shows the actuator torques reaching a steady state from
4.5 to 5 seconds. At 5 seconds the MPC is ready to be connected to the real vehicle.
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Figure 4.16: MPC assisted switching Stage 2.

Figure 4.17a shows Stage 3 with a block diagram. During Stage 3 the MPC takes over
controlling the real vehicle. Switching the tire forces from the tire forces produced
by online controller to the tire forces produced by offline controller is executed. It
should be noted that both of these tire forces are estimates. Tire forces of the real
vehicle cannot be measured and therefore must be estimated. Furthermore, the tire
forces that will be determined by the offline controller after it is connected is also
not known because the vehicle model is not exactly the same as the real vehicle.
The torque variation during the switching process is shown in Figure 4.17b.
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(a) Block diagram of Stage 3. (b) Actuator torques of Stage 3.

Figure 4.17: MPC assisted switching Stage 3.

Stage 4 is shown with a block diagram in Figure 4.18a. This stage is the final stage
and the final controller is connected to the real vehicle. Now, the new controller
both controls the torques going into the real vehicle and also starts using the mea-
surements from the real vehicle. It is not connected to the offline vehicle model
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anymore. The electric motor torque is shown in Figure 4.18b for Stage 4 shows a
small bump when the switch occurs.
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(a) Block diagram of Stage 4. (b) Actuator torques of Stage 4.

Figure 4.18: MPC assisted switching Stage 4.

Tire forces and their estimates are shown in Figure 4.19a.The noisy estimates are
on top of the actual tire forces so they are not visible. This shows that the tire force
estimates are quite accurate. The velocity plot shown in Figure 4.19b shows that
the velocity increases slightly during the switching process. This occurs because
the controller currently used is just trying to switch the forces by minimizing a
cost function and the cost function does not take into account velocity. It should be
noted that it is possible to add the velocity into the cost function to keep it constant.
Since the velocity has increased slightly during the switch the final controller starts
decreasing the velocity when Stage 4 begins. This is the reason of the small bump in
decreasing electric motor torques that is observed in Figure 4.19a at the beginning
of Stage 4.
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Figure 4.19: Tire forces and velocity for MPC assisted switching during 4 stages
of switching.
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4.3.2 MPC Switching Where System Models are the 7 State
Model and the Real System is the VIT'M Model

The same simulation is conducted as in the previous section, but this time the real
vehicle is the VI'M model. The electric motor torques for this simulation are shown
in Figure 4.20. The switching process goes through the same 4 stages. The only
difference is that Stage 3 lasts shorter and Stage 4 starts at 5.7 seconds. It was
observed that the longer Stage 3 continues, the more the vehicle velocity deviates
from the reference velocity. Therefore, exiting Stage 3 faster results in a smaller
bump in electric motor torques.
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Figure 4.20: Actuator torques for MPC assisted switching during 4 stages of
switching.

Figure 4.21a shows the tire forces and tire force estimates during the full simulation.
It can be seen that the tire force estimates are better before the switch when com-
pared with after the switch. The possible reason for this is that the tire stiffness is
being estimated before the switch and the tire moves to a different operating point
after the switch. Therefore, the tire model’s accuracy decreases after the switch.
Tire force modeling is a very complicated topic where very detailed models are used
that only work under certain conditions. The accuracy of the tire force estimate is
acceptable since a simple linear tire model with unknown stiffness was used in the
estimation. Figure 4.21b shows that the velocity of the vehicle deviates very slightly
from the reference value and moves towards the correct value during Stage 4.

41



4. Controller Switching Using Model Predictive Control

6000 40.05 = -~ - g \ \
© | o | o l o
4004 & I8 I8 I8 4
) | & | B 1B
5000
40.03 - : : : 1
40.02 - ‘ ‘ L 1
4000 | | |
= = L | | | 1
z E 40.01 | | |
@
o | =
& 3000 ‘ z VJF‘ ‘
o YW 3 | | |
= \ \_‘ 2 39.99 - | | | 1
2000 ~— | | !
| 39.98 - | | i 1
| | | |
| s Tire force 1 39.97 - | | | 4
1000 - | | I Tire force 2 1 | | |
| | | Tire force 1 estimate 39.96 - | | | s Reference velocity | -
| | | s Tire force 2 estimate | | | Vehicle velocity
0 | | L L 39.95 | | | L L
4 45 5 5.5 6 6.5 7 4 45 5 55 6 6.5 7
Time (seconds) Time (seconds)
(a) Tire forces and estimates. (b) Velocity.

Figure 4.21: Tire forces and velocity for MPC assisted switching during 4 stages
of switching.
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Controller Switching Using
Sigmoid Functions

In this chapter a case study of switching between a CA control algorithm and a rule
based algorithm is analyzed.

5.1 Using a Sigmoid Function for Switching

The general switching control system that is analyzed in this chapter is shown in
Figure 5.1. An important difference between the control switching performed in this
chapter compared to previous chapters is that the outside controller in the loop is
the same for both of the controllers. Here, the driver, which is the driver model
found in VTM is trying to keep the velocity of the vehicle constant. The driver
outputs a reference force for the total vehicle. As in the previous simulations the
vehicle is traveling straight and the lateral dynamics of the vehicle are not analyzed.
The vehicle is traveling downhill where the slope of the road is 5 degrees. The driver
is braking the vehicle to maintain constant velocity. Initially a CA determines how
to distribute the driver force request. Then a switch to a rule-based controller is
performed. The CA distributes the torques on the front and rear tires according
to the efficiency of the electric motors using an optimization algorithm. The rule-
based algorithm divides the torques between the front and the rear depending on
the normal forces on the front and rear axles. The goal is to analyze switching per-
formance from an optimization based algorithm that minimizes energy consumption
to a simple rule based allocator.

The CA optimizes by calculating the proportion the brake and electric motors are
used for highest efficiency. However, for this downhill simulation where the electric
motors provide enough torque to keep the speed constant by regenerative torque,
the CA chooses to only use the electric motors and does not use the mechanical
brakes. On the other hand, the rule based algorithm is assumed to only have access
to using the mechanical brakes to control the speed. There is a significant difference
in the response time of the two actuators. The electric motors respond almost
instantaneously and is modeled with the transfer function is Equation 5.1 where
7. = 0.001.
1

Te(s):Ts—i-l

(5.1)
The mechanical brakes respond slower and are modeled with the transfer function
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in Equations 5.2. The brake model has a dead time component where ¢, = 0.02 and
a first order delay component where 7, = 0.22.

6—6’55

Velocity
Measurements

Control
Allocator

Actuator
Requests

Driver

Reference
Velocity

Rule Based
Controller

Figure 5.1: Block Diagram for switching between CA and rule based method using
sigmoid function.

Sigmoid functions are used for the gains G1 and G2 shown in Figure 5.1 for switching
purposes. Gain G1 is decreased from 1 to 0 and G2 is increased from 0 to 1 during
switching using sigmoid functions. The G2 function is a sigmoid function as shown
in Equation 5.3 where K, determines slope of the sigmoid and t; determines the
time that the switch occurs. The plot of the sigmoid in time is shown in Figure 5.2
where the blue line is the plot of Equation 5.3 for K; = 20. The G1 function is
found by subtracting G2 from 1. The plot of G1 in time is also shown in Figure 5.2
but with an orange line.
1

G2At) = 1

(5.3)

e CA sigmoid gain
Rule based sigmoid gain
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Figure 5.2: Sigmoid function based gain variation for switching.
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5.2 Control Allocation Controller Failure Scenario

Switching using the method developed in the previous section is tested for a CA
failure scenario. It is possible for a CA to not have feasible solutions to the opti-
mization problem and output unexpected results. This possibility must be taken
into account in the design of the control system. In this section, a CA failure is sim-
ulated. During the first 17 seconds of the simulation the vehicle is traveling downhill
with a constant velocity and the CA is braking with the electric motors by dividing
the torque between the front and rear electric motors for optimal energy regenera-
tion. At 17 seconds into the simulation, the CA fails to find a feasible solution and
starts outputting 0 torque requests for the front and rear tires as shown in Figure
5.3a and Figure 5.3b, respectively. The switching process described in the previous
section is started when the failure occurs. At 17 seconds the rule based algorithm
is outputting a front and rear tire torque as well as shown in Figures 5.3a and 5.3b,
respectively. These figures show the request for the front and rear tire torques to
switch from the CA request to the rule based request between 17 seconds and 18
seconds in the simulation using sigmoid functions. It should be noted that these are
the requests and not the actual torques at the tires. Since the actuators take time
to respond, the actual torques occur with a certain amount of delay when compared
with the requests. The actuator requests and their respective outputs are shown in
Figure 5.4a and Figure 5.4b.
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Figure 5.3: Torque requests during switching after CA failure.
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Figure 5.4: Actuator outputs during switching after CA failure.

The resulting tire torques on the front and rear tires are shown in Figure 5.5a. The
corresponding vehicle velocity for these tire torques is shown in Figure 5.5b. Figure
5.5b shows that the error in velocity tracking increases after the CA failure and
then goes back to the value before the failure after the switch to the rule based
controller. It should be noted that there is a driver model that is simulated by a
controller which responds to the increase in the error after the CA failure. Figure
5.6 shows that the braking force requested by the driver increases in the absolute
sense as the vehicle speed increases. This is the reason why there are oscillations
in the tire torques before the tire torques settle down to the rule based tire torque
requests which were being requested previous to the CA failure.
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Figure 5.5: Vehicle response during switching after CA failure.
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Figure 5.6: Tire force requested by driver during switching after CA failure.

5.3 Control Allocation Output Hold for Improved
Switching Performance

In Section 5.2, failure in the CA produced a temporary 0 actuator request which
caused an undesired response. A possible solution to this problem is to continue with
the same CA output request when the failure occurs and switch to the rule based
output request using the sigmoid function gains. This method is tested through
simulations in this section. Figure 5.7a and 5.7b show the front and rear tire torque
requests respectively. The CA fails at 17 seconds in these figures as well. However,
the last value before the failure is held constant as an output for the CA. The
actuator requests during the switch are less oscillatory and have smaller overshoots
which suggest a better response with this method.
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Figure 5.7: Torque requests during output hold switching after CA failure.
Figure 5.8a and Figure 5.8b show that even though the actuator torque requests re-
semble the sigmoid function quite closely, the actuator responses are not symmetric.

This is because the brake actuator that is coming online is much slower than the
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electric motor actuator that is going offline. Figure 5.8a and Figure 5.8b show that
the electric motor output and the request are almost exactly tracking each other
whereas the mechanical brake response is lagging the brake request. The results of
the delay in the mechanical brake response can be seen in the decrease in the total
tire torque shown in Figure 5.9a. This results in a slight increase in the speed of the
vehicle as shown in Figure 5.9b. The increase in the vehicle velocity, in turn results
in an increase of the requested driver torque to decrease the velocity as shown in
Figure 5.10. The increase in vehicle speed shown in Figure 5.5b is approximately
three times higher than the vehicle speed increase shown in Figure 5.9b. The in-
crease in the requested driver torque shown in Figure 5.6 is also approximately three
times higher than the increase in the requested driver torque shown in Figure 5.10.
These figures show that there is a significant improvement in the performance of the
switching process when the CA output is held after the CA failure occurs.
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Figure 5.8: Actuator outputs during output hold switching after CA failure.
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Figure 5.9: Vehicle response during output hold switching after CA failure.
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Figure 5.10: Tire force requested by driver during output hold switching after CA
failure.

5.4 Shaping Switching Functions for Improved Switch-
ing Performance

The previous section showed that using symmetric sigmoid functions for switching
will not produce ideal results when the actuators that are switched between do not
have the same response rate. This happens when the actuators coming offline are
responding at a different rate than the the actuators coming online which results in
the replacement of torques being too fast or too slow. If there is good information
about the actuator response times, this information can be incorporated into the
switching sigmoid functions. For the example in this chapter, the electric motor
responds much faster compared to the mechanical brakes. So, as the electric motors
go offline, the mechanical brake torques cannot catch up. This information is incor-
porated into the sigmoid function by filtering the electric motor sigmoid functions
by the approximate transfer function of the mechanical brakes. This results in the
filtered sigmoid functions shown in Figure 5.11. The figure shows the request for
the electric motors to go offline is slower than the request of the mechanical brakes
to come online.
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Figure 5.11: Filtered sigmoid function based gain variation for switching.
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Applying the sigmoid functions shown in Figure 5.11 for the switching process results
in the torque requests shown in Figures 5.12a and 5.12b. These figures show that the
total request becomes quite large. However, Figures 5.13a and 5.13b show that the
actuator responses during the switching process are quite symmetric. This results in
the very smooth transform of the total tire torques from the CA request to the rule
based controller request as shown in Figure 5.14a. Furthermore, the change in the
vehicle velocity is barely visible in Figure 5.14b. The change in driver force request
during the switching phase is also very small as shown in 5.15. These figures show
that shaping the switching functions was successful in making the switching process
very smooth.
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Figure 5.12: Torque requests during filtered sigmoid based switching after CA
failure.
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Figure 5.13: Actuator outputs during filtered sigmoid based switching after CA
failure.
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Figure 5.14: Vehicle response during filtered sigmoid based switching after CA
failure.
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Conclusion

6.1 Conclusions

Possible issues in switching between different vehicle dynamics controllers used in
heavy vehicles have been analyzed in this thesis. It was observed that switching
between controllers that have their own dynamics (for example a PI controller)
are specifically problematic since the dynamics of the controllers interact with the
vehicle dynamics when the switch is made. A proposed solution is to keep the of-
fline controller connected to a model of the real vehicle to keep the controller at a
state that is close to the state it will have when it is connected to the real vehicle.
This method was shown to work better than connecting a controller that was not
prepared. Linear interpolation between the outputs of two controllers was shown
through simulations to give an easy implementation and smooth transition between
two different controllers.

Model Predictive Control (MPC) was shown to be an alternative method for switch-
ing. Several advantages of the MPC were observed. One important advantage of
the MPC is observed when the timing of the switch is known. When the time of
the switch is known, this time can be put into the optimization function. The MPC
takes this information into account and optimizes the actuation to minimize the
cost function taking the switch into account. This results in the actuation to start
even before the switch time so that switching is as smooth as possible. On the other
hand, an unexpected switch with a similar cost function resulted in larger oscilla-
tions in the forces. This, in turn resulted in larger acceleration disturbances to the
vehicle. Another advantage of the MPC is to be able to put different weights on
different variables so that the control design engineer can focus the controller for
example on fast response, less actuator wear or passenger comfort. In general, MPC
based switching was seen to give the control design engineer specific control into all
aspects of the switching process. Even though the MPC based switching process
was complex it was shown to work in a realistic simulation environment.

MPC is a very powerful tool in the switching process, yet three main disadvantages
were observed. The first disadvantage is the computational load on the controller.
Even though this thesis did not focus on computational load, it is well known that
online MPC solvers take longer times to compute outputs compared to more tradi-
tional controllers used in vehicles. Possible consequences of this is the necessity of a
more powerful processor in the vehicle compared to standard vehicles. This would
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result in an increase in the price of the vehicle which is undesirable in the highly
competitive market of vehicle manufacturing. Another issue of using an MPC is
for the MPC to not be able to find a solution to the optimization problem in a
reasonable amount of time. This is specifically true for nonlinear MPCs which were
not considered in this thesis.

The second disadvantage of the MPC is that the MPC requires all the states of the
vehicle to be known. Since all of the states cannot be measured, the unmeasured
states must be estimated. A Cubature Kalman filter was developed and used for
the estimation of the states that were not possible to measure. Since a simulation
environment was used, noise was added to the measurements from the "real" system
to simulate more realistic scenarios. The magnitude of the noise affected the perfor-
mance of the MPC. There was a trade-off between the amount of noise allowed and
the performance of the MPC. Specifically for large noise to signal ratios, there was a
limit to the amount that the unwanted acceleration of the vehicle could be decreased.
It should be noted that a smaller sampling time for the Kalman filter compared to
the MPC was seen to give better performance in the overall system. A sampling
time of 0.001 seconds for the Kalman filter and a sampling time of 0.01 seconds
for the MPC was observed to achieve good performance. It should be noted that
decreasing the sampling times of both the Kalman filter and the MPC improves the
performance of each of them and the system overall. However, the computational
cost of decreasing the sampling time of the MPC is much higher. This is because
the MPC needs to predict a certain amount of time into the future to achieve good
performance. However, when the sampling time is decreased the number of predic-
tion steps in the horizon of the MPC must be increased by the same proportion to
achieve the same total prediction horizon. This results in an exponential increase in
the computation time for the MPC, thus limiting the sampling time of the MPC.

The third disadvantage of using an MPC is that it requires a model in the predictive
optimization process. The problem with optimization using a model is that models
do not fully represent reality. The effect of this was studied in two different stages.
Tire properties are among the most difficult parts of the vehicle to model. In the
first stage the "real" vehicle was taken as the as the vehicle model developed in this
thesis. Even though a linear tire model was used, the tire stiffnesses of the front and
rear tires were assumed to be unknown. Thus, a Cubature Kalman filter was used to
estimate the tire stiffnesses as well as the states of the vehicle. The Kalman filter was
able to estimate the tire stiffness, tire forces and vehicle states accurately even in the
presence of noise. This was expected since the "real" system and the Kalman filter
model were quite similar. Switching between controllers with the MPC worked well
under these circumstances. In the second stage of testing model inaccuracies, the
VTM model was used as the "real" system during the simulation. This simulation is
more realistic since a nonlinear real system is being controlled by the MPC. However,
the Kalman filter update model and the MPC prediction model are linear models.
There was some deterioration in the performance of the switching process. A partial
explanation of this deterioration is the inaccuracy in the tire force estimation. There
are two main reasons for the inaccuracy in the tire force estimation. The first is the
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very nonlinear nature of the "real" tire. The second is the sensitivity of calculation of
tire slip to tire radius which is also a very difficult parameter to measure or estimate.

In the final section of the thesis a case study of switching using sigmoid functions
from a CA controller to a rule based controller was analyzed. The scenario was of
a truck traveling downhill while the driver was trying to keep constant velocity by
braking. There were two reasons for the choice of this scenario. The first interesting
part is the switching between a dynamics optimization based controller to a rule
based controller. The second interesting part of this case study was the fact that the
response times of the systems before and after the switch were quite different. The
CA was controlling electric motors during the braking process whereas the rule based
algorithm was assumed to only have access to mechanical brakes which had a much
slower response rate. The problems associated with just using a sigmoid function
during a CA failure were shown. Solutions to these problems were developed. It was
shown that the last output of the CA can be held constant and the sigmoid functions
can be used to switch from these outputs to the rule based controller. Even though
this method worked reasonably well the difference between the response rates of
the actuators still caused a disruption in the total tire force and vehicle velocity.
The filtering of the sigmoid functions used in switching depending on the actuator
response rates was tested as a solution to this disruption. The filtering of the
switching sigmoid functions depending on the actuator response rates decreased the
disruption during switching to negligible levels.

6.2 Future Work

The switching methods developed in this thesis were tested in a simulation envi-
ronment with a realistic model developed by Volvo (VTM). However, even though
the vehicle model was very detailed, the braking system model and electric motor
models were relatively simple. Simulating with more detailed electric motor and
mechanical braking models can give more realistic results even in the simulation
environment.

The performance of the longitudinal vehicle dynamics during the switching process
was analyzed in this thesis. It is well known that the lateral and longitudinal dy-
namics of a vehicle are coupled. Therefore, including the lateral dynamics of the
vehicle in the analysis is the next step in predicting how the vehicle dynamics change
during the switching process.

Real time testing of the controllers and switching methods was not implemented.
Testing the real time implementation of the MPC is especially crucial because of the
computational intensity of the optimization process. Therefore, real time testing of
the controller on a dedicated controller is the next step in determining the viability
of the MPC.

Analysis of the effects of sample time and noise of sensors was performed in this
thesis. The sampling time and sensor accuracy on current truck systems is not
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capable of running the algorithms developed in this thesis. The requirements on the
computer system and sensors is an area that can be researched further. It should
be pointed out that the next generation of computer systems and sensors that are
planned to be implemented on trucks are much faster and more accurate. This
trend of increasing computing power and more accurate sensors in heavy vehicles is
expected to continue.
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