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Summary

Drifting can be described as intentionally bringing a vehicle to a state of high sideslip and the rear wheels
are saturated due to high proportions of longitudinal- and lateral slip, while the front wheels align with the
direction of travel. As the tire behavior for high quantities of slip reaches a nonlinear behavior, drifting
can be described as vehicle motion beyond the limits. As the vehicle states beyond the tire friction limits
extends the possible motion primitives, future automated safety systems are likely to be deployed with
applications that enable safe control while in high sidelip state. This can be in the form of an integrated
vehicle system, with the aim of promoting the safety of the driver or the environment, but also as an eye-
catcher with regard to attracting customers for high performance vehicles with automated or auxiliary
drifting capabilities.

The key component to successful automated drifting lies with the reference drifting state that finds its
origin in an equilibrium analysis. Equilibrium locations of of a set of differential equations that describe
the dynamical system of a drifting vehicle, show that the drifting state of a vehicle equals an unstable
equilibrium, that can be stabilized using control inputs. As experimentally verified, equilibrium locations
of a single-track model show great correspondence with an experimental setup, which therefore proves
that equilibrium locations can be used as references for the proposed control strategy.

In this research, a control strategy is proposed using a nonlinear model predictive controller to stabilize
the vehicle into a high sideslip state, while dynamic referencing is used to to adjust references such that
path curvature becomes variable. As solely referencing the path curvature would not ensure converging
towards a desired path, an additional PID controller is applied to adjust the path curvature by means
of the lateral path deviation.

Simulation of the proposed control strategy shows the ability of the controller to track a desired reference
drifting state, while converging towards a desired path. Experimental verification has shown that the
use of a standard production vehicle without significant hardware and- or software modifications is not
able to convert desired control inputs into the applied control inputs, due to unsuccessful processing
of the desired steering angle. However, a semi-automatic verification of the controller has proven that
the NMPC sideslip stabilization controller proposed control inputs are very likely to stabilize the drifting
motion, as the desired steering input is corresponding in behavior of a manual driver.

The approached control strategy shows that in case parametric knowledge is known, or at least approxi-
mated within certain limits, the NMPC is able to bring the vehicle into a desired high-slip state. However,
this implies that if the control approach would be proposed for safety purposes, knowledge of that partic-
ular situation should be estimated before being used in the controller. In a simulation environment, this
is relatively easy to be deployed, however a real road situation could become quite critical. The latency
that would exist due to filtering, estimation and data transfer could be too significant to account for a
critical evasive maneuver, not to mention the computational performance the NMPC desires. In similar
fashion, knowledge of model parameters could be highly differing between variations of wheels, e.g.
u-split situations. Allowing adjustment to a multi-purpose controller would imply a significant amount of
logic that would allow such system.
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Vi Directional velocity [m/s]
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Fy; Lateral tire force [N]
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Ki Tire longitudinal slip coefficient [-]
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Introduction

All racing fans are known with the term drifting, where drivers operate their rear tires on the limits
of friction deliberately, with impressive vehicle behavior observed. Opposed to conventional straight-
forward driving, a drifting vehicle performs movement under an angled pose with respect to the driving
direction i.e. the rear of the vehicle "breaks out’and remains in that state, as depicted in Figure 1.1.

The angled pose of the vehicle can be described by an angle commonly known as the vehicle sideslip
angle 5. The sideslip angle describes the angle between the longitudinal axis of the vehicle and the
direction of the absolute velocity vector VV, measured at the vehicles centre of gravity (CoG). The
sideslip angle can be geometrically obtained through the mathematical relation expressed in equation
1.1, where V,, and V,, denote the lateral- and longitudinal velocity components of the vehicle velocity,
respectively. At the front wheels counter-steering is perceived, where the wheels align in the direction
of travel, where the front wheel behavior resembles rolling movement.

Vy
8 = arctan (V) (1.1)
As for most vehicles, the rear wheels align with the vehicle from a top view perspective. This implies that
during conventional driving, minor rear lateral tire slip angles «,. are found due to the wheel constraints.
Similarly, while drifting, the lateral tire slip angles are significantly large and can be found in the same
order of magnitude as the vehicle sideslip angle. As the front tires usually align with the direction
of travel, front lateral tire slip angles a,. are commonly minor. The lateral tire slip angles are in fact
mathematically common to the vehicle sideslip angle, as the angle describes the angle between the
longitudinal- and lateral velocity components of the center of the tire contact patch. In this case, the
local tire frame velocity components [34]are required to determine the slip angles .

Similarly, due to relatively large rear-drive torques the rear wheels undergo significant longitudinal wheel
slip s;;, with notable high tire temperatures in case of high friction surfaces. Figure 1.2 shows the
schematics of a transition between conventional driving and drifting, with indications of tire saturation.
Where a saturated tire implies that the tire finds itself beyond the peak friction force of tire characteristics,
as a result of a large absolute rear tire slip.

Counter intuitively, driving at large angles of sideslip does not necessarily imply terminal loss of control,
as it actually forms the foundation of the sport of drifting. Drifting challenges skilled drivers to travel
along a track while sustaining a large sideslip angle by exploiting coupled nonlinearities in the tire force
response [1]. The lateral tire force response on the rear are considered saturated during a sustained
drift [36].

In the sport of rally racing, drivers are often exposed to low friction surfaces such as gravel, mud, or
even snow and ice. Achieving the fastest lap under such circumstances is often achieved by operating
the vehicle while the rear tires are saturated, utilizing the drifting maneuver to remain a high pace while
remaining on track. The maneuver allows to decrease cornering time due to larger allowable velocities,
as well as its inverse, increasing the cornering angle at larger velocities (1.3).
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Figure 1.1: BMW M4 Drifting Team performing a drifting maneuver [4]

In general, controlling the vehicle in a stable drift requires a significant amount of practice, where most
average drivers would not be able to perform such maneuver without practice. Similarly, the powertrain
layout as well as configuration of the vehicle can significantly influence the ability for a vehicle to drift.
The transition between driving and drifting can be determined as highly in-stable, where achieving a
steady-state operation point with rear tire saturation is very limited. This can also be mathematically
supported by the steady-state drifting equilibria being an unstable saddle-point in terms of phase por-
traits.

1.1. Motivation

Complex driving maneuvers from racing origins have initially formed the basis for several well known
safety systems. A safety system incorporating control on the limits of friction would have similar origin
as for example ABS. ABS mainly copies the earlier technique of skilled drivers that performed cadence
braking to avoid the permanent lockup of a braked wheel on emergency stops [26], which allows to
steer while brake, but also to improve both acceleration and deceleration. In similar fashion, both
drifting as well as cadence braking are driver actions that only high skilled drivers are capable of doing.
Corresponding to ABS, incorporating control on the limits of handling, or drifting, also has potential to
contribute to vehicle safety and performance in the future. As drifting maneuvers have already show
their contribution to driving performance in rally racing, these performance enhancing maneuvers can
also be deployed with the purpose of increasing general vehicle safety. Larger cornering angles and
velocities, extends the amount of possible vehicle states and therefore its trajectories. This contributes
to the possibilities of behalf of obstacle evasion, where a high sideslip vehicle state is able to perform
certain action that a conventionally driven vehicle has reached its handling limit. These limits can be
directed to the tire behavior of the the vehicle, where conventional driving is said to be driving in the
linear region of the tire response, where a drifting state reaches the nonlinear state of the tire response.
The transition point between the linear- and nonlinear tire behavior is named the friction limit.
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Figure 1.2: A schematic representation of a drifting maneuver. Note rear tire saturation, high sideslip and counter-steer [36]

1.2. Performance Enhancement

As briefly introduced, drifting on itself is considered a sport where where drivers operate their rear tires
on the limits of friction deliberately, with entertaining vehicle behavior as a result. Drifting competitions
became popular in the 1970s in Japan, which globally popularized by the 1995 manga series Initial D.
In modern day, drifting competitions are held worldwide and are judged according to the speed, angle,
distance to objects, driven lines and showmanship [1]. Besides the impressive looks of it, vehicle control
beyond the limits of handling is widely applicable in motor sports since it has positive effects on driving
performance in particular cases. Especially in low friction environments, such as rally, professional
drivers have applied drifting techniques for decades to handle corners at a larger cornering velocities
compared to traditional driving. As a result, the corners can be negotiated much quicker, with a larger
exit velocity.

Compared to existing research on vehicle dynamics control, the drifting maneuver and its control has
not been as extensively explored. However, several works have shown significant research on be-
half of control beyond the limits of handling. Several works on optimisation-based research studies
have shown that determining optimal vehicle cornering in high dynamic situations, resulting trajecto-
ries propose drifting behavior in particular driving conditions. Velenis and Tsiotras [30] investigated
the objective of a maximum exit velocities during cornering, which shows that the determined optimal
trajectories in low friction conditions show obvious signs of drifting behavior. Whereas in another re-
search [33], real-time data of rally drivers is collected performing a so called trail-braking’ maneuver,
and converted into a minimum-time cornering problem which is solved through nonlinear optimisation.
Figure 1.3 shows the result of simulating a maneuver while incorporating optimal properties of the trail-
braking maneuver. The resulted minimum time cornering solutions showed and excellent agreement
between the determined parameterization and guidelines provided by expert rally drivers. In similar
fashion, Gustaffsson [13] applied optimal control techniques on minimizing lap times for various racing
conditions. The research has shown that for rally racing conditions, applied optimisation techniques
indeed show drifting behavior for negotiating to turn hairpin corners. However, for each optimisation-
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based method, a sustained drift has not been seen as part of an optimally determined trajectory. The
vehicle seems to be in a transient state between turning and drifting for most cases.

Achieving the fastest lap under low friction circumstances is often achieved by operating the vehicle
while the rear tires are saturated, utilizing the drifting maneuver to remain a high pace while remaining
on track. The maneuver allows to decrease cornering time due to larger allowable velocities, as well
as its inverse, increasing the cornering angle at larger velocities.
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Figure 1.3: Optimally determined cornering trajectories, where narrow corners are handled best with large side-slip angles [33]

The 2004 DARPA Urban Challenge [29] initiated an increasing interest in autonomous robot competi-
tions, with significant increase in autonomous technologies. Where none of the participants in 2004
Darpa managed to conquer the defined trajectory, participants of the Indy Autonmous Challenge reach
velocities of 270km/h while driving fully autonomous [28]. Since drifting on itself is considered a popular
part of motor-sports, future autonomous drifting competitions could initiate existence in junction current
autonomous racing competitions. As drifting maneuvers have shown optimality for several racing con-
ditions, the application of automated drifting control in future autonomous racing competitions is a good
method to improve performance.

1.3. Safety

All modern day vehicles are equipped with a variety of automated vehicle safety features that contribute
to safe and efficient vehicle utilization, which can be named under the collective names of advanced
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driver-assistance system (ADAS) and automated driving systems (ADS). Each automated technology
can be be scaled according to the level of automation with respect to the amount of driver interference,
as well as the vehicle’s operational design domain (ODD).

These levels of automation are mostly scaled by means of the Society of Automotive Engineers level
scale, denoted SAE. SAE describes 6 seperate levels, where the scale progresses from level 0 to
5. Where safety features of level 0 mostly consist of warning and momentary assistance, where one
can think of AEB and LDW. More consistent control is applied from level 1, where accelerating- or
steering commands are constantly determined and controlled by automated systems such as ACC or
lane centering. Level 2 describes a combination of both accelerating- and steering commands at the
same time, where the initiation of both ACC and lane centering would immediately imply an SAE level
2 system.

Up until the point of level 2, the driver should be in constant supervision of vehicle control, which
changes from SAE level 3. An automated vehicle system of level 3 has the possibility to perform
automated driving tasks, but may request to takeover from the driver in a specific ODD. This means
that the vehicle is able to control the vehicle in specific traffic situations, for example deployment of
traffic jam chauffeurs.

From level 4, the automated vehicle will not request to take over anymore, which therefore is the first
level at which the vehicle can be named autonomous. As autonomous implies that all decision making
is done by the system, this term will be avoided throughout this report. Reason for this is that the driver
will in any case choose a start and en goal of a possible automated vehicle. The significant difference
between SAE level 4 and 5 lies in the aspect of the ODD. Where a level 4 vehicle is designed to drive
for specific a ODD, a SAE level 5 should be able to automatically drive in any ODD.

As an example, an SAE level 4 could be designed to drive highly structured highway roads, but is not
capable of driving in unknown rural areas, where an SAE level 5 vehicle should be able to drive both
highway as well as unknown rural areas. As an example, local driver-less buses, which are designed
for a specific part of a city centre.
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Figure 1.4: Development of ADAS and ADS at the BMW Group [5]

1.4. Automating vehicle testing at the limits of friction

An application that also builds upon the safety for general vehicle utilisation as well as performance
enhancement, is vehicle testing of development vehicles. At BMW, experienced factory test drivers are
required to reproducible perform a variety of maneuvers, at high performance and consistence, in order
to obtain testing data which is of certain quality. These maneuvers vary broadly among longitudinal and
lateral positioning, velocity and acceleration, where both low- and high dynamic maneuvers may cause
negative influence the physical and psychological state of the driver.
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For vehicle testing on very low dynamics, the monotonous execution of similar maneuvers can decrease
the alertness and therefore performance of the test driver, which may result deviations in the execution
of maneuvers. In similar fashion, highly dynamical vehicle tests on the limits of friction, such as the ISO
3888-2 [17] moose test demand high performing human drivers, as the maneuver also takes place at
160km/h. As each tests requires a significant amount of precision under pressure, energy levels of the
driver decreases significant. As a result of the energy demand, performance of the human driver will
decrease rather quickly. Therefore test drivers are obliged to have a have a significant amount of rest
in between sets of repetitions, which leaves the vehicle not collecting testing data. These mentioned
negative aspects that come along with vehicle testing contribute to an important factor, namely costs.
Extra costs contribute to lower profit for the listed company of BMW, which should therefore be avoided,
preferably in advance.

As an automated system does not face compulsive moments of rest, more repetitions of a testing ma-
neuver can be executed as compared to a human driver, which means that more data can be retrieved
on a similar working day. Automated vehicles at verified settings, would drive the maneuvers in a much
more reproducible manner as compared to a human test driver, which is prone to deviations in driving
behavior. Since this method of vehicle testing implies driver-less vehicles, the operator controlling the
vehicle, can take control of multiple vehicles at once. As a result, a significant amount of extra testing
data can be gathered at much higher consistency.

When it comes to automating vehicle maneuvers on the limits of friction also implies that each repetition
would be much closer to each other in the scope of performance, as human drivers are prone to differ-
ences in precise execution on each run. A proposed drifting controller will be an excellent application
for a controlled drifting maneuver, such as the ISO Lane Change at 160 km/h, where it is a requirement
that the driver remains a steady-state drift for a given trajectory.

1.5. Customer satisfaction

Besides possibilities to improve general vehicle safety in traffic situations, automated drifting control can
also function as a form of user satisfaction. As customers of the high-performance segment often want
to perform high skilled maneuvers, while they are not able to do so properly due to lack of experience
or underestimating the power of the vehicle. If an inexperienced driver decides to perform a drifting
maneuver after all, consequences can be catastrophic.

A programmed drifting maneuver which can be initiated by the driver, might answer the need for such
system. Integration of an automated drifting maneuver for entertainment purposes may seem a bit
far-fetched, but there are actually quite some high-performance vehicles with integrated systems with
the purpose of performing highly experienced driving actions which are not intended for public road
use. Among these systems include integrated lap timers in through GPS data (BMW Track Timer), tire
warming programs for drag racing purposes (Dodge Challenger Demon), as well as a drift analyzer.
The latter is a feature that is currently installed in both G80 and G81 BMW models, which grades a drift
performed by a driver through estimation of the performed sideslip angle, path distance and -curvature.

As many modern sport vehicles currently have a launch control function installed, which systematically
remains the drive torque of an engine at optimal value at standstill, in order to allow take off as fast as
possible. In general, mentioned types of driving actions and advisory- or assisting supporting systems
are not intended for public road use, but rather on premises for motor-sport purposes. As certain types
of production vehicles are already equipped with active drifting support system, there will be most
likely be a market for high performing vehicles having integrated drifting controllers that could both
initiate or maintain a steady-state drift. Where currently deployed systems found many sports vehicles
controls the stability of the drift, by means of a maximum allowable sideslip angle for performance
purposes, BMW could propose a system that performs a drift fully automatically, without any driver
inputs. Therefore an automated drifting maneuver could be a unique selling point for purchasers of
high performance vehicles.
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1.6. Objective

This research aims on a pre-development control strategy that functions as a foundation for an evasive
drift maneuver for actual production vehicles. This implies that the research describes the design of a
model predictive control strategy, enabling three main functionalities required for a an evasive drifting
maneuver. Where the first functionality is the establishment of bringing the vehicle into a desired high
sideslip state, which extends the available motion primitives of the vehicle. Similarly, for a success-
ful evasive maneuver, the vehicle should follow a desired trajectory in order to enable the vehicle to
move around undesired obstacles. At last, in correspondence to the current state of automated vehi-
cle control, the control system should be able to incorporate a future state reference in order to 'look
ahead’ into the vehicle position and state, in order to anticipate on movements of the environment.
As a potential drifting control system should be deployed on a production vehicle, feasible powertrain
architectures are also researched, as a purely FWD vehicle is capable of reaching high sideslip an-
gles through locking the rear axle by deploying the handbrake [31], but remaining a continuous drift is
infeasible.

Summarized, the objective of this research is to design a nonlinear model predictive control (NMPC)
approach that is able to stabilize a vehicle in a drifting motion, while remaining on a desired course.
Adding to that, the proposed control strategy should be focused on a real-time implementation with
results conducted on a production vehicle In order to achieve this, several subgoals are determined.

» Equilibrium analysis: Find the optimal states of drifting vehicle.

» Powertrain setup: Research the allowable powertrain configurations for automated drifting control
while considering real-time implementation.

Steady-state stabilisation: Design of a NMPC controller approach that stabilizes a drifting motion.
Course stabilisation with dynamical equilibrium selection: Consider additional modifications to
enable a vehicle to both stabilize a drift along a path.

* Real-time implementation: What type of adjustments are required of using a production vehicle
as a testbench for automated drifting

The research aims on conducting an experiment with a production vehicle in case of low-friction wet
surface. Other researches, such as the experiment conducted by Hindiyeh ([15], have proven that real-
time, full size implementation of a drifting controller is possible, however, the experimental platform had
powertrain properties that are not seen on common road vehicles, i.e. fully locked differential. Adding to
that, an evasive drifting controller should be generally designed to be adapted to a low friction surface,
such as a wet surface or snow as these are the road conditions are most useful for safe evasion
maneuvers. This research on drifting therefore differs from current state-of-art on non-linear model
predictive control (NMPC) for path following drift approaches proposed ([2],[35]). As these researches
show simulated results with controller setups that are real-time computational infeasible.



Related work

2.1. Equilibrium Analysis

The key to driving the vehicle into steady-state lies at a mathematical analysis of the dynamical system
described by the set of nonlinear differential equations. Where steady-state equilibria are non-unique,
where each solution could consist of all possible states of the vehicle, from conventional driving to
drifting in both forwards and backward directions. In case of drifting, an equilibrium point can therefore
function as a reference steady-state pose. An equilibrium analysis is extensively analysed as proposed
in [36], where both drifting equilibrium locations of a rear wheel driven single-track model as well as
its phase portrait analysis is proposed. The phase portrait analysis shows that the drift equilibria are
saddle-points, which are considered unstable equilibrium points. This implies that a drifting controller
should actively control the vehicle such that it remains its high sideslip state. New vehicle equilibria are
proposed in [20], where secondary drifting equilibria are identified for four-wheel driven vehicles. The
study shows that four-wheel driven vehicles are also able to stabilize a steady-state drift, in case the
powertrain layout is rear axle biased.

2.2. Sliding surface control

The approach of a sliding surface controller has been proposed, which ensures the vehicle to be con-
trolled towards a desired equilibrium drifting state ([36], [14]). The developed controller utilizes a suc-
cessive loop structure in which yaw rate dynamics is used to control outer loop sideslip dynamics, while
tire forces are used to control yaw dynamics of an inner loop. The controller uses a switching mode
approach in order to control front lateral force F,r trough the steering angle ¢ in a first mode, in order
to drive the vehicle into the desired drifting equilibrium. However, the approach of solely controlling the
front lateral force F,» can be limited by the front tire friction limit, where a second mode of rear drive
force is introduced. The second mode will apply an additional rear drive force F, g that contributes to
bringing the vehicle into a desired steady-state drifting equilibrium. As main objective of the proposed
controller is bringing the vehicle into a state of drifting equilibrium, the proposed controller will result in
the vehicle moving in a circular trajectory, at the desired sideslip angle 54.s. Where a physical imple-
mentation of a drive-by wire test vehicle has shown that the proposed drift controller achieves sustained,
robust drifts while operating on a surface with considerably varying friction coefficient ;1. Furthermore,
the proposed stability analysis through phase portraits and a numerically-validated Lyapunov function
have shown that the controller is able to stabilize a vehicle into desired drift equilibrium while creating
a region of attraction that is large enough to drive a vehicle physically towards that equilibrium point.

2.3. Combined drifting and path-following approach

The more complex approach of a drifting controller has been proposed, which additionally ensures the
vehicle to be following a defined trajectory, while controlling the vehicle into a desired equilibrium drifting
state ([9], [10], [11]). The control approach uses the lateral error e, with respect to a reference path,
to control movement along certain trajectory, while a the sideslip error ez with respect to a reference
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sideslip 5,.¢ will ensure bringing the vehicle into a state of drifting. In order to both follow certain
specified path and sideslip 3, the steering angle § and rear drivetrain torque r are functioning as control
inputs of the vehicle, which are determined through a function of imposed error dynamics, a nonlinear
model inversion, followed by wheelspeed control. The imposed error dynamics converts the lateral-
and sideslip error into a desired course rate q'bdes and a desired yaw acceleration 4. As these values
describe the state derivatives of the bicycle model (3.1), a numerical approach of nonlinear model
inversion is applied to determine the desired steering angle § and thrust angle ~4.;. The steering angle
0 can then directly be injected as an input to the system, where the desired thrust angle v, first has to
be mapped to a desired wheelspeed wy.s, of which the latter also has its own control loop with respect
to the actual wheelspeed w.

Experimental verification of the proposed controller, has shown that the control approach is able to
both track a reference path as well as sideslip reasonably well. A comparison to a control approach
without the wheelspeed control loop, shows that outcomes of the nonlinear model inversion can also be
injected into the system through the relation of = REjI%f. However, the latter shows larger amplitudes
in the control inputs, and therefore also in the tracking errors.

Both real-time continuous control strategies mentioned ([36], [14],[9], [10], [11]), experimentally show
that a vehicle is able to sustain a steady-state drift, even along a defined path. However, having a closer
look at the powertrain setup of the test vehicle, shows that independent electric engines simulate the
behavior of a fully locked differential. This will not answer the request to design an evasive drift controller
for production vehicles, as these have significantly differing powertrain layouts as described in 3.3.

2.4. Linear Quadratic Regulator

Velenis et al. [34] proposes an LQR drifting controller based on the four-wheel model, in combination
with the Pacejka tire model, while optimizing for the steering angle ¢ and rear wheel-speed w; as the
control inputs. The rear wheel-speed is converted from the required rear longitudinal force component
F.r. Park et al. [24] similarly applies the rear wheel-speed w; as the control input for an LQR controller,
but in this case by means of the bicycle model, and the Fiala brush-tire model. Other than the work by
Velenis et al., the LQR only controls the vehicle into drifting operation point, as the path following control
is executed by an external feed-forward feed-backward path tracking controller. Lastly, the paper of
Huang et al. [16] proposes a controller based on the four wheel model, which is required in their study
or rear wheel independent control. Other than in previous papers, the input matrix contains a column
with partial derivatives with respect to the front lateral force F,r. In vehicles, there is no actuator that
applied that force immediately, however, it can be used as an input for the system after being passed
through an inverse vehicle model, that outputs the steering angle 4.

2.5. Model Predictive Control

An approach of a model predictive controller, to bring a vehicle into steady-state drifting has been
proposed [7]. When it comes to the applied dynamical models, and defined dynamical systems used in
the controller, significant correspondence with the LQR approaches can be observed. As in this case,
system matrices are obtained through linearization of a nonlinear- bicycle and Fiala tyre model around
defined state- and input variables. As a steady-state drift requires a reference equilibrium state, the
systems matrices will change according to the values of equilibria, as demonstrated through equilibrium
varying simulation. The approach shows that the choice of dynamical system states can be chosen
relatively arbitrary, as the sidelip angle is not chosen as a state, while it is still possible to track the
reference drifting state. A model predictive controller can then be designed using state- or output
feedback, of which state feedback often has better performance.

The results of a benchmark between a steady-state drifting controller, using the approach of LQR and
MPC [18], has shown a good substantiation of applying MPC. Where both controllers have the ability
to bring a vehicle into steady-state. Results of the MPC controller are more promising as compared to
LQR, as MPC reaches steady-state much faster, with mostly less amplitude in over- and undershoot.
However, since these are only numerical simulations, a physical implementation of such MPC controller
could face a lack of computational feasibility as compared to LQR.

An MPC approach that brings down the issues on computational effort, is a proposed controller on
the limits of handling[3]. Other than previous model predictive control approaches, a simplified linear
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model is used to successfully implement an model predictive controller, that modifies a human driver
input such that a vehicle is stabilized on the limits of handling. The controller is not designed to fully bring
a vehicle into a steady-state drift, but the applied methodology can be considered helpful in designing
a real-time feasible MPC controller. As a modified linear vehicle- and tire model is used for the MPC
controller, the optimization becomes convex, which reduces the computational effort, thus increasing
real-time feasibility.

Another approach proposes a tire modelling concept which also allows a convex optimization with
the purpose of bringing automated vehicles from standstill to the limits of handling [37], which arises
questions regarding real-time feasibility to an optimization based control approach which is non-convex.
The information gathered regarding MPC and LQR drifting control, shows that applying LQR and MPC
can be done in relatively flexible fashion, as a variety of controller designs can function the same
purpose. Varieties in the applied vehicle-, and tire models, as well as different definitions of the control
inputs, allow multiple roads to a a successive drifting controller.



Vehicle Dynamics

In general, vehicle dynamics can be described by a variety of mathematical descriptions on different
levels of complexity. With regards to automating drifting maneuvers, a modelling approach is desired
which captures the most relevant aspect of the total vehicle dynamics, while maintaining simplicity for
computational performance of a control system. This chapter describes the applied dynamical system
used in the controller design, followed by a more extensive description of the drifting vehicle.

Figure 3.1: From a four wheeled vehicle to two wheels [6]

3.1. Single-track model

The bicycle model is also known as the single-track or lumped-tire model, of which the latter appellation
gives a good hint on its representation. The bicycle model is characterized by simplifying the vehicle
kinematics and dynamics of a four-wheel vehicle model by lumping the tires on the left- and right side
together in the center-line of the vehicle, resulting in a two-wheeled representation as shown in figure
3.1. This conversion functions the purpose of decreasing complexity through decrease of parameters,
as well as degrees of freedom. Since the Ackermann steering geometry will in practice have slight
deviation [21], the lumped steering angle § of the bicycle model is considered a good approximation

11
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for many applications. In similar fashion, force- and moment leverage points are decreased from four
to two lumped wheels by vector addition of left and right quantities. Rotational velocities as of the
wheels are averaged between the left- and right wheels, whereas vertical loads are added, indicating
that lateral load transfer between left- and right is not captured using the single-track model.

The dynamic bicycle model is graphically shown in figure 3.2, where the centered bicycle model is fit-
ted over the actual vehicle. As can be derived from the schematics, there are a variety mathematical
descriptions available to describe vehicle dynamics, where several three-state differential equations
suffice in finding all states of the vehicle. By obtained preliminary steps of the proposed controller de-
sign, the optimally determined states are chosen, such that the direct states serve multiple purposes,
with the least recalculations required. The system of equations is described (3.1), where time deriva-
tives of the states sideslip angle 3, the yaw rate r, and the absolute vehicle velocity V' represent the
bicycle model dynamics. The absolute velocity describes the true velocity the vehicle in space, com-
bining both the lateral- and longitudinal velocities with respect to the vehicle frame. The sideslip angle
is the angle between the vehicle x-axis and the absolute velocity, which is therefore the main indication
for a vehicle being in drift at large sideslip angles. The yaw rate describes the rotation around the
z-axis of the vehicle. In many vehicle motion algorithms, the bicycle model is usually not expressed in
with the time derivative of the sideslip angle /3, but as information of the sideslip angle characterizes
the state of a drift, it is rather convenient to directly have that value at hand, for both reading of state,
as well as defining a reference. Similarly, most approaches on behalf of vehicle motion control are
performed through longitudinal- or also lateral- vehicle, where in this case the absolute velocity is used.
The reasoning behind this is that the having the absolute velocity available, a path following property
is ensured much easier as compared to velocities with respect to the vehicle, where a path curvature
kpatr, 1S defined by division of the absolute velocity by the yaw rate r.

In some cases, different symbols are used for expressing same variables. In this report one can
therefore encounter r or ), which denotes the yaw rate around the z-axis of the vehicle. Velocity vectors
are often noted as v;, V;, U;, where lowercase i represents the direction of its unit vector with respect
to the center of gravity of the vehicle.
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Figure 3.2: A schematic representation of the bicycle model [27]
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3.2. Tire-Road interaction

To enable a control strategy to drift automatically, the interaction between the vehicle and the road
surface is of most significant importance on the drifting motion. As can be intuitively derived from
the bicycle model schematics (3.1), the transition between conventional driving and drifting requires
a relatively large rear lateral force to establish a state of drift, while similarly being able to maintain
an optimal lateral force to remain in a steady-state drift. This implies that the knowledge of the tires
should be as accurate as possible, capturing most characteristics with the least complexity. Therefore,
once the drive torque exits the differential of the left and right, the torque is transmitted to the wheel,
which is considered a rigid body with certain mass. As a result of the applied torque, the longitudinal
component of the contact patch exerts a force in opposite longitudinal direction of travel. The dynamics
of the rotating wheel are described by 3.2, where the time derivative of the rotational velocity of the
wheel w is determined by the sum of moments around the wheel center, divided by the rotational inertia
of the wheel. A schematic overview of wheel dynamics is added in case terminology requires some
refreshment (3.3).
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Figure 3.3: Wheel dynamics description incorporating tire-road interaction[12]

o L = Fyry
wj = ij
The amount movement between two surfaces describes the phenomenon of slip, where in case of
wheels, the amount of sliding between contact patch between tires and road surface. In the work of
[23] practical tire slip quantities are determined, for both longitudinal slip x; and a lateral slip angle
«;, which are mathematically described by equation 3.3. These practical tire slips preserve the view
purely in lateral or longitudinal direction where in correspondence to the high sideslip angle, significant
decomposition of directions occur at the rear tire slip during a drifting maneuver.

j=FR (3.2)

w;ir; — Vig 1 Vi
Ki = e o; = tan oW
Wil Vi

i=FR (3.3)

Hindiyeh proposed a control strategy where only the lateral force characteristics of the tires were incor-
porated through the brush-tire model [15], which is a function depending on the lateral slip angle «. This
has shown positive results in case of reaching a single state drifting equilibrium, however this limits the
possibility of a transitional drift, as there is no information regarding the longitudinal slip components
available as the longitudinal velocity of the contact path remains an unknown. This can be also seen
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in the work of Goh,2020 [11] where an additional wheelspeed control has proven better performance
when it comes to drifting as it contributes to stabilization of the vehicle during drift, through adding
robustness to the control strategy.

The absolute slip occurring at the rear tires can be mathematically described by means of the the-
oretical coefficients of slip, where lateral- and longitudinal theoretical slip quantities (3.4) result in a
combined slip definition (3.5) [32]. Opposed to the practical slip quantities, theoretical slip quantities
take into account the effect on the directional slip component of perpendicular direction. Thus both
decomposed theoretical quantities are reduced with respect to the practical slip quantities, as the slip
in other directions then increase their true velocity at the contact patch. l.e. a practical lateral slip angle
is determined by the longitudinal and lateral velocity component, however longitudinal slip increases
the true longitudinal velocity vector at the contact patch, decreasing the true slip angle.

Syj = Vs i=FR (3.4)

Wiy WiTj

Sj=4/Sz;+52;, j=FR (3.5)

The industry standard for tire modelling is called the Magic Formula, better known as the Pacejka Model
or MF. Hans. B Pacejka proposed a series of Magic Formulas in the last couple of decades, where
the model thanks its name to the fact that its origin is based on the principle of curve fitting rather than
on physical substantiation, as seen for the brush-tyre model. The Magic Formula can be described by
an amount of 10-20 coefficients which allows to fit a curve corresponding to experimentally obtained
data, often measured in testbenches. The parameterizations allow to generate a function which tells
the amount of longitudinal- and lateral tire force exerted on the tyre contact patch, as a function of a
given vertical load, camber angle and slip quantity. More extensive parameterizations have the ability
to include both pressure- and thermal properties of the tires, which are neglected due to the low friction
surfaces, which usually come with cooling properties for the tires. However, this approach brings extra
difficulty to the real-time controller performance, as wet or snowed surfaces are usually less homoge-
neous as dry asphalt. In case of this research, the general standardized Magic Formula 5.2 is applied
(3.6), with a simplified version (3.7) being considered due to the negative computational influence on
the computational performance of a proposed NMPC controller. Both equations are described with
similar parameters, where B and C' are stifness- and shape- factors, respectively. Magic formula pa-
rameters D and E describe the slip at peak force at rated load F,. Figure 3.4 indicates the influence
of the Magic Formula parameters to the force that will be exerted at respective slip. The amount of
parameters allow to fit the Magic Formula to almost any type of measured tire, where the standardized
Magic Formula is able to capture properties throughout the complete slip range quite precise. Where
the simplified model lacks force estimation in the larger slip ranges, thus being a good solution for
control applications within the linear range of tires. As can be derived from figure 3.4, the tire forces
increase until the peak friction point is reached. Once slip becomes larger than this point, a decrease
of exerted forces on the contact patch is seen. However, in case of very low friction surfaces, such as
snow or ice, tire behavior often shows no peak friction forces due to the lack of available traction.

ij - WjTj

Saj =

Hij = Dij sin(C’i]« arctan Biij — FE; (BUSJ — arctan(Biij)) 1=x,Yy j= F. R (36)
Hij = Dij sin(Cij arctan Biij) 1=z, jJ= F R (37)
Sij . ‘
Fij = =5 Fau i=2x,y J=FR (3.8)
J

A proposed schematics 3.5 allows us to use the knowledge of the vehicle- and tire model to explain
what the relation between tire forces and the practical slip. During conventional driving at the largest
possible yaw rate, the tires are at the friction limits, better known as the peak friction coefficient, where
the larges lateral force is exerted through the tires. From this point on, the relation with the Magic
Formula is seen, where larger tire slip angles result in a decrease of tire force, which in practice means
that the vehicle will reach a high sideslip state once the steering angle is increased at similar velocity.
Point A in figure 3.5 shows this peak in the lateral force component of the vehicle, where the lateral tire
slip is at its limit, and the longitudinal slip approached zero. Point E describes a similar driving motion,



3.2. Tire-Road interaction 15

yray
S, |l Xm
/
\
D
Y
X
: ’/ * /—\‘\ ~=.
Sv arctan(BCD) X
Xy Carctaln(Bx...)

Figure 3.4: Influence of the Magic Formula coefficients on the directional force response with respect to its slip [22]

however at lower velocity or yaw rate, decreasing the lateral tire force. A drifting state is obtained at
location D, where a larger rotational velocity compared to its longitudinal velocity component shows
a high lateral slip state, while the wheels are spinning simultaneously. Points B and C show skidding
behavior of tires at varying lateral slip angles, where the local tire velocity component in the longitudinal
direction is larger than the rotational velocity of the wheel. Skidding occurs when brake torque is applied
to a wheel, where tyre traction is missing such that wheels lock.
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Figure 3.5: Lateral tire force variations with lateral slip angle « and longitudinal tire slip  [1]
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3.3. Differential

In general, most production vehicle have differentials installed on each driven axle, which are consid-
ered open. As the name implies, the differential enables a vehicle to have differentiated wheel rotational
velocities. There is a desire for such application in case of turning during conventional driving, where
the differential enables the outer wheel to have a larger angular velocity, as the this wheel has to cover
a greater distance. This approach of an open differential is ideal for comfortable cornering during driv-
ing in normal road traffic, where loads and stresses on both tires and drive shafts remains minimized.
The approach of an open differential does however have disadvantages and limitations when it comes
to driving properties, mainly caused by too extensive differences between the left- and right wheel. For
example, in case of fast cornering maneuvers, the inner wheel with respect tot the curve is relieved
significantly, causing a decrease in applied torque which, limiting the torque on the outer wheel too. In
combination with a driver applying aggressive throttle response might actually induce the inner wheel
to start spinning, causing the outer wheel to follow that behavior accordingly. Similarly, different road-
wheel interactions might also induce one wheel to start spinning, causing torque breakdown on the
other wheel too. For example, one wheel being on a significantly more slippery surface such as black
ice, while the other is placed on regular asphalt. But also the case where a wavy road surface causing
one wheel to lose contact inducing complete loss of torque, causing the vehicle to not apply any torque
at that instant.

The complete opposite to an open differential is a fully locked differential, indicating that the driveshaft
on the left and right is considered rigid, causing the wheel speeds to be similar at all times. Most off-
road personal vehicles enable the driver to choose between an open differential as well as a fully locked
differential, in order to conquer uneven road surfaces or even tracks where there is no road contact
on a wheel. However, driving with a fully locked differential induces the opposite of the advantages of
the open differential, namely the overload and wear of drive-train components and tires, respectively.
On top of that, the general driving response of the vehicle significantly reduces, as corresponding
wheelspeed cause the vehicle to always go straight, causing understeer characteristics.

Combining both characteristics of the open differential and the fully locked rigid rear-axle is defined by
a limited slip differential (LSD). For over 70 years, multi-disc locking differentials have been applied in
almost all variants of motorsports, whether it is in track racing or on on off-road sports. Where on the one
hand the advantages of the differential is retained, while eliminating the unacceptable disadvantages for
a sporty driving style, or racing application. A properly designed limited-slip differential must therefore
continue to allow for speed differences between the wheels within a certain range, but it should also be
able to distribute the torque as variably and asymmetrically as possible to where it can be converted
into propulsion, i.e. to the wheel with the higher grip level. In order to realise these goals, there are
different types of systems for variable locking of the differential or asymmetrical distribution of torque,
each of which has its specific advantages and disadvantages and should be specifically selected and
used depending on the intended use and priorities. However, there are some reasons why we only find
limited-slip differentials only in sporty personal vehicles, and not in all production vehicles. This is mainly
due to the fact that the limited-slip differential is much more complex, as it has two functionalities, which
should be selected (usually automatically) according to the driving style. This causes the development
of such differential to be more complex due to the locking aspect, and therefore more expensive in both
purchase and maintenance. On behalf of comfortable and efficient driving, the limited-slip differential
also has two significant disadvantages, where the internal friction of the locking differential causes
resistance and heat development, resulting in a minimal fuel consumption increase.

Most LSDs are based on the principle of lamella lock, where a firm connection is established through
connecting inner- and outer discs, which connect due to clutch disks being pressed axially outwards
on ramped differential axles. A variety of plate packages allow to vary the locking degree of the LSD.
The locking degree describes the moment when the differential completely locks, as a result of the
minimum locking degree and the applied preload, i.e. throttle response of the engine. The locking
degree describes the point from which the differential locks as a result of a torque difference between
the two drive wheels. This implies that the differential locks at torque differences smaller than the
respective locking degree, whereas larger torque differences open the differential. Figure 3.6 shows
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response of varying LSD setups, where the grey dotted line indicates a 0% locking 'open’ differential,
whereas the green plot on the right-hand plot approximates a 99% lock.
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Figure 3.6: Limited slip differential, with varying ramp angles [8]

An attentive reader would have noticed that the information regarding the differential would not influ-
ence the direct characteristics of the single-track model, due to left- and right characteristics being
lumped together. However, preliminary simulations of an NMPC approach show feasible results with
varying degrees of locked differentials. As seen in the experiment proposed [15], a fully locked differ-
ential shows feasible drifting control. This is mainly due to the corresponding wheelspeed that occur
between left and right, thus also for the single-track estimation of the vehicle state. In case of the fully
locked differential the wheel torques differ amongst sides, but a resultant drive torque can still be used
as a control input for an NMPC approach. In similar fashion, LSDs also lock, such that the drive torques
between left and right are not larger than a respective ratio. Once a LSD locks, the wheelspeed differ-
ence also equals zero, thus the single-track relation holds. Successful controller simulations as well
as experimental measurements using a driver input shows that a 30% locked differential is feasible in
case a single-track vehicle modelling is feasible.

3.4. Load Transfer

A vehicle suspension system comes in many variants, as it has great influence on the driving char-
acteristics of the vehicle. Very stiff spring coefficients are seen for racing applications, where luxury
vehicles are equipped with springs that enable smooth and comfortable driving characteristics. Several
proposed drifting control strategies ([14],[10],[35]) assume a static normal loads on all wheels, assum-
ing there is no longitudinal load transfer taking place between the front- and rear axle of a vehicle. This
assumption holds mainly for conventional driving in curves, where the load transfer mainly exist in lat-
eral direction, due to the centripetal acceleration a. (3.9) causing a load increase on the outer wheels
of the vehicle. The total load on the front and rear suspension sets remain therefore almost similar,
where a static load assumption for the bicycle model (3.10) usually suffices in application.

v: v
_v_V 3.9
Ge= = (3.9)
b
Fopo= "7~ Fipo = - (3.10)
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3.4.1. Suspension dynamics modelling

However, in case of a drifting state of the vehicle, the velocity vector rotates significantly with respect
to the the vehicles center, indicated by the large sideslip angle. The rotation of the vehicle causes
the centripetal acceleration to decompose in both the lateral but also the longitudinal direction of the
vehicle body. Preliminary results of an NMPC approach for drifting have shown that the static load
approach (3.10) enables the vehicle to enter a state of drift, however, not reaching the desired reference
states. Therefore, it is convenient to capture load transfer as much as possible, without influencing the
computational capacity of the controller too much. For the bicycle model it is possible to model the
suspension as depicted in figure 3.7, where one spring and one damper capture the dynamics on both
the front- and rear axle, respectively. Where the pitch angle of the suspended mass 6 and the vertical
displacement of the CoG z and their time derivatives 6, z suffice in describing the vertical displacements
Az; Az; for i = F, R through geometrical derivation as derived in equation 3.11. Modelling the front
and rear axles as spring-damper systems with coefficients K;, C; for i = F, R, respectively allow to
compute the vertical loads on the front and rear axles as described in equation 3.12, where F; is the
static load distribution of the respective vehicle. The described mass-spring-damper system for the
single-track vehicle model can be mathematically described by the differential equation stated 3.13.
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Figure 3.7: Schematics of suspension dynamics [30]
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3.4.2. Suspension dynamics estimation
Based on preliminary results of model predictive controller design, incorporating the true error dynamics
of the vehicle brings an extra amount of required computational in order to optimize for the differential
equation describing the suspension dynamics. Instead, an estimation of the the front and rear vertical
load can be estimated through setting the sum of moments equal to zero, where incorporation of the
measured longitudinal acceleration to estimate the difference in exerted vertical load between the front
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and the rear axles. The difference in force can be estimated through the relation described in equation
3.14, resulting in the load estimation in equation 3.15.

_ o, (3.14)

F.p=F,ro — AF,

3.15
FzR:FzRO+AFz ( )

3.5. Coordination of the vehicle

In order to obtain information of the state of the vehicle with respect to its environment, a path definition
can be described by the relation between the absolute velocity V' and path radius R and yaw rate r
(3.16), where the path curvature K describes the inverse of the path radius.

r 1 \%
K_V_R’ R_r (3.16)
With respect to the definition of the single-track model, the path curvature and heading angle v allows
us to describe the path by means of a curvilinear coordinate system 3.17, where the set of differential
equations describe the change in heading angle 1, travelled path sx, and lateral deviation from the

desired path sy.

. V cos(¢) + )

TR
sy = Vsin(y + 8) (3.17)
o = Vcos(y + )

].78yK ’



Equilibrium analysis

As proposed mathematical analysis of vehicle states focused on drifting, shows that determining steady-
state equilibria as well as a phase portrait analysis can tell us a lot about desired steady-state drift
locations poses [36]. This chapter proposes a strategy of obtaining the locations of these equilibrium
points (4.1), where also a comparison with experimentally obtained data is performed(4.2).

4.1. Steady-state equilibrium locations

The model description (3) and its set of nonlinear differential equations (3.1,3.2,3.13) capture most im-
portant dynamics of the vehicle states considering the single-track model. steady-states imply that the
time derivatives of the system of equations is equal to zero, meaning that the state does not change
with time, i.e. V = 8 = 7+ = 0. Based on this condition, the set differential equations can therefore
be rewritten in the set of nonlinear equations (4.2). Equilibrium vehicle states are non-unique, where
each solution could consist of all possible states of the vehicle, which resembles conventional driving,
drifting in both forwards and backward directions. Therefore, the set of differential equations is solved
using a nonlinear least-squares function of MATLAB [sqnonlin, as this form of optimization allows the
incorporation constraints on respective states. An initial guess often allows the solver to converge to
a desired state, e.g. a high sideslip drifting equilibrium, but the use of constraints on desired veloc-
ities, wheelspeeds and/or wheelslip make finding equilibria significantly faster. However, as can be
mathematically derived, the proposed model contains more variables than equations, which means
that certain equilibrium values therefore have to be chosen by a value that could describe a drifting
motion. Therefore, the system of equations is solved using a desired sidelip angle 5°? while a range of
experimentally confirmed feasible path radii is considered R°?. As a result, the optimization variables
are described by x., (4.1), which allows to compute all respective tire force components.

XU = [V gea gt 8 e gea Tee)T 4.1)

Fy-cos(0° — B°1) — F L sin(6°1 — B°1) + Ff, cos 31 + F , sin 3

x

m
_ F;% cos(0°? — 3°1) — F 1. sin(6%7 — 5°9) — F 4, sin 39 + F;j’% cos 3¢9 e
myes 42
0 a[F,}sin 61 + F{ cos 6°1] — bF, f (4.2)
I,
PR N
():—-’—7—"1i j=FR
wj

Since the results of the equilibrium points are considered non-unique, as a drifting equilibrium is con-
trolled through a balancing relation between the front- and rear force magnitudes. This implies that
variations in rear drive torques, and its resultant longitudinal slip coefficient may vary, as the front axle

20
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is subject to different poses, thus varying forces. The equilibrium analysis shows that the velocity of
vehicle state equilibria 4.8 increases as the desired path radius at constant sideslip angle, whereas a
constant radius causes a decrease in sideslip angle as a result of the force balance required between

the front and rear axle. As a result, the yaw rate of the vehicle increases with the path radius through
the relation 3.16.
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In correspondence to the Magic Formula definition (3.2) figures 4.1,4.2 show that that the lateral tire
forces are at its highest at relatively small sideslip angles, thus small tire slip angles. This implies that
towards these peaks, the vehicle is considered conventional driving in the linear range of tires, which
can also be indicated by the near corresponding wheelspeeds (4.7) and positive steering angles (4.5).
At afurther increasing sideslip angle, clear indications show that the front- and rear wheelspeeds start to
deviate in magnitude, indicating that the vehicle state is entering a drifting state where the steering angle
approaches zero, while the rear longitudinal force has not reached its peak force (4.3). This means that
the applied rear torque results in a reasonable amount of slip such that the rear tires become saturated
in lateral direction with a reasonable sidelip state. However, since the peak friction force in longitudinal
direction is not reached, we consider the the drifting state towards this point a transient drifting state,
i.e. there is a slight drift, however tires are not fully saturated nor counter steer is taking place. All
equilibria plots have the locations of the peak drive torques e, rear lateral peak forces e and the front
lateral peak forces marked e, in order to support information.

Once the the peak longitudinal slip is reached, thus the amount of wheelspeed becomes signifcantly
larger than the rear axle longitudinal velocity, we consider the tires saturated in both lateral- and lon-
gitudinal direction, where a direct change in steering angle is obtained (4.5) in order to balance the
front and rear forces. Larger sideslip are considered fully drifting equilibria, where we see proportional
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behavior in the steering angle, and further deviation in the wheelspeeds (4.7) which are are a result of
larger required rear slip, and decreasing front wheelspeed due to decreasing yaw rate. Please note
the direct relation between the longitudinal tire forces(4.3) and the applied rear torque (4.4), as a result
of the equilibrium definition at the rear axle (4.2).
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4.2. Experimental verification

An experimental verification has been conducted in order to determine the correspondence between
practical and theoretical equilibria, which can be deployed as a confirmation of the identified model
parameters. The experimental data is obtained on the BMW proving grounds of Aschheim where a
slightly conical skidpad is sprayed with constant water flow. As mentioned, the single-track model does
not capture a large amount of dynamics of a production vehicle and its tire-road interaction, therefore
the single-track approach should be modelled such that it corresponds to the true vehicle as best as
possible. Figure 4.2 shows a comparison of theoretical equilibria with measured vehicle states, of
which the latter are measured by means of the vehicle state estimation signals, which are found on
the CAN bus of most production vehicles. The measured sideslip angle functions as a fixed parameter
for the Isqnonlin function optimizing for the equilibrium vehicle state equilibria. The measured vehicle
state functions as an initial guess for the equilibrium analysis, in order to bring the equilibria as close
as possible. The results show that reaching an actual equilibrium point as a manual driver is relatively
hard, due to many influences on the vehicle such as road surface, and further dynamics not captured
with the model definition (3). Real road surfaces are considered non-homogenous where a 5 — 10%
variation in the friction coefficient is measured for the respective proving ground, which a driver needs
to compensate through changing the steering angle or throttle commands causing the steering angle
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and applied drive torque never really being constant. The slightly tilted position of the vehicle due to the
conical shape of the surface also remains uncaptured in the bicycle model definition, causing variations
in the vertical axle loads. In addition, it should be taken into account that the driver both has to stabilize
the desired drifting state, while stabilizing on a desired path. This implies that the experimental data
is not considered to be in an equilibrium for all time instants, however, the comparison does show
reasonable similarities in the order of magnitude.
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Figure 4.10: Experimental/Theoretical drifting control inputs comparison

The comparison between experimental and theorethical drifting states has shown that around an actual
drift equilibria, many variations of drifting equilibria exist. Where physical constraints such as steering
angle limits 4,,,, does not significantly influence the high sideslip state, as small deviations in the
front lateral slip angle a» would still converge to an equilibrium drifting state. In similar fashion, slight
variations in the drive torque, thus wheelspeed show that equilibria exist for multiple wheelspeeds.
As indicated by figure 4.2, the optimization algorithm converges to the maximum allowable value of

steering angle ¢, while the experimental data shows smaller steering angles with intervention needed
reach a desired path.



Control system design

5.1. Controller structure

The proposed control system to both stabilize the vehicle into a high sideslip state and to maintain a
desired state in space is summarized in Figure (5.1). Where a nonlinear model predictive controller
(NMPC)(5.1.1) functions as the foundation of the proposed control system, which is able to compute
required control inputs to reach any feasible reference state of the vehicle. This implies that the NMPC
solver can be deployed to both optimize for control inputs in the high sideslip state, but also for conven-
tional driving thus enabling an initializing drive towards a drifting motion.

Dynamic referencing allows to influence the direction of the vehicle, where the offline computed equi-
libria as proposed in chapter 4 can be selected dynamically by means of using positional data of the
vehicle SU¢" to alter the path curvature such that the lateral error e, of a desired path is decreased. The
combination dynamic referencing and the vehicle state controller enables to bring a vehicle in both into
a desired high sideslip state, while converging towards a desired trajectory.

Vehicle state control
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NMPC Plant
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Figure 5.1: Proposed control system strategy

5.1.1. Nonlinear Model Predictive Control

Model predictive control (MPC) is one of the most popular control techniques deployed, as several vari-
ants enable a model based control strategy for both linear as well as nonlinear systems. Model-based
control implies that knowledge of mathematical dynamical model is used to predict the future behavior
of the system, which allows to optimize the process control over a prediction horizon. This method of
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control is based on the receding horizon principle, the general purpose of which involves iterative solv-
ing of an (un-)constrained optimization problem, using predictions of future states, disturbances, and
constraints over a moving time horizon to choose the optimal control action. Since constraints can be
taken into account, MPC constitutes a control approach with significant increase in both performance
as well as applicability with respect to other control methods. Figure 5.2 shows a schematic overview
of the model predictive control strategy, to get a grasp of the functioning of MPC. At time instant & the
measured state of the dynamical system is measured and compared to a desired reference state. For
a defined prediction horizon, the control strategy predicts the behavior of the plant, which enables to
solve an optimal control problem (OCP) at each sampling instant. The OCP tries applies optimization
to find the most optimal control input that will bring the respective plant into a desired state. Once the
OCP is solved, the control input at instant k£ functions as the required control input for that particular
time instant k&, whereas the future control inputs are discarded. At the next timestep T's, the process is
repeated, until.
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Figure 5.2: Model Predictive Control Scheme [19]

In general, the minimization of a cost function (Equation 5.2) determines the optimal control input that
minimizes the error of the vehicle states with respect to a desired reference state z,.;. Depending on
the purpose of the drifting controller, a potential reference for a steady-state drifting controller could for
example be the steady-state sideslip angle or yaw rate of the vehicle, as determined by the equilibrium
analysis. Similarly, a drifting pose can be expressed without explicitly referencing on the sideslip angle,
as a revision on the mathematical expression of the sideslip angle (1.1) shows us that a drifting state
can also be expressed by longitudinal- and lateral velocity components, as proposed [35].

N-1
(0((k) = wreg, u(k) = tres)) + Vi(@(N) = Tpep) (5.1)
k=0
The cost function describes the model dynamics x(k) = ¢(k; o, ), while £(x(k), u(k)) and Vi (z(N))
are the stage cost and terminal cost, respectively. The stage cost and terminal cost are considered
quadratic cost functions, with tunable positive-definite weight matrices Q, R and M, for the states x and
input v alike (see Equation 5.2), while V; is the terminal cost which is used to guarantee the steady-state
is reached.

VN(II;Oa d7 yTEfﬂN ) =

L(x(k),u(k)) = (k)T Qx(k) + u(k)T Ru(k) + 2z(k)T Mu(k)
Vi(e(N)) = 5a(N)" Pa(N) (5.2)
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The MPC optimization problem can be summarised as follows (5.3), where a minimisation of the cost
function is subject to the system dynamics and constraints. The inequality constraints are represented
in form where the matrices G and H contain information on the application of constraints, for both the
states x as input u, respectively. When it comes to a steady-state drifting controller, physical constraints
such as the steering angle, but also for constraints that contribute to stability by means of constraining
velocities, tire forces, or the sideslip angle.

min Vn(zo,d, Yres,nN )

N

st zt = Az + Bu+ Bgd (5.3)
G+ Hu <
z(N) € (d,yres)

]P)N (‘/L.07 da y'r‘ef) €

5.2. Vehicle state controller

For the sideslip stabilization, the vehicle state controller can be defined differential states (5.4) that
describe the differential states of the set of differential equations 3.1, 3.2 are directly measured, or
converted from the four wheel vehicle state signals in order to correspond with the single-track model.

Xpse =V B 1 wr wgr 5]T (5.4)

As can be indicated, the steering angle ¢ is also defined as a differential state, as the control input on
the steering angle is described by required steering angle difference 4. This enables to constrain the
gradient of the steering angle, which allows to mimic human steering behavior, as well as being able
to capture physical steering constraints such as maximum applicable steering rate. The respective
control inputs for the vehicle can therefore be described by equation 5.5.

Uyse = [5 Tl]T (55)

An auto-generated solver [25] is applied, which creates an OCP of the vehicle description, enabling
to compute the optimal control input that will lead to reaching a desired state x,.,. Additional to the
differential states, the longitudinal acceleration a, is also measured and injected into the solver as
online data. Using the longitudinal acceleration allows to estimate the longitudinal load transfer, which
estimates vertical load estimation as proposed 3.14. As mentioned, the single-track model will not
capture load transfer exactly, however, using knowledge of the longitudinal load transfer positively
contributes to the OCP.

5.3. Path-following controller

As briefly touched upon, converging the high sidelip vehicle state towards a desired trajectory takes
place through dynamically determining desired references. This is established through compensating
the desired path curvature in relation with the lateral error, through a proportional- integral- derivative
gain (PID) controller that determines a compensating factor on the path curvature A K, which is defined
by equation 5.6. The compensating factor is used to modify the desired path curvature is updated K, as
described by equation 5.7 . With relatively small controller gains K, K; K, the desired path curvature
is altered such that the vehicle state converges towards the desired trajectory.

0
AK = Kpe, + K; / ey + Kqé, (5.6)
t

K=K-AK (5.7)

The altered path curvature functions as an input for a lookup table that contains a complete set of
equilibria, which therefore picks the optimal equilibrium that functions as a reference for the controller.
By means of interpolation intermediate values can be found, but however creating a large enough
dataset is more computationally efficient.



Simulation validation

The proposed control system (5) has been evaluated both numerically through an extensive 17 degrees
of freedom (DoF) simulation tool developed by BMW (6.1) as well as through an experimental setup
using a serially produced sports sedan (7). Given that the test bench, the M3 competition (G80) is a
vehicle of the subsidiary of BMW, M GmbH, there is no simulator available for the model. That is why
the most sporty model in the same build row has been used for the numerical simulation of the controller,
namely the BMW 340i (G20), where a corresponding powertrain layout has been applied to the test
bench, i.e. rear wheel driven and a limited slip differential which allows to modify the locking rate. Tires
of the same make were also used in the simulation and during the experiment, with differences mainly
in the stiffness of the suspension and chassis. Since the G80 is even more designed for sporty driving
than the G20, this will benefit the experiment, as less longitudinal and lateral load transfer takes place
as compared to the simulator.
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Figure 6.1: Vehicle position in XY plane, comparison between true and desired position

6.1. Combined sideslip stabilization and path-following

At first, a simulated response on an ideal world simulation for the combined path-following and sideslip
stabilization is proposed, where a predefined path (6) is used as an input for the control system, as
well as a desired sideslip angle  for the vehicle pose. The scenario consists of a straight drive, which
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changes into a constant curvature for two laps, until the curvature spirals outwards. The travelled
distance S, is used to find the corresponding path curvature K,.;, which enables the control structure
to determine the belonging drift equilibrium to the position in space. The lateral path deviation as
obtained in figure 6.1 functions as an input for the PID control structure to compensate for the motion
deviating from the desired path. As can be obtained from the vehicle states 6.1, a maximum lateral
error of approximately 1 meter is obtained, where also notable deviation is seen in the sideslip angle
tracking. Reason for this is the distribution of tuning weights for MPC solver, where the aim is to be
in a high sideslip state, while, more importantly, remain within reasonable limits of a desired path. Th
relation 3.16 shows that main focus for sustaining a desired path curvature should be on the vehicles
yaw rate r and absolute velocity V', where focus on the tracking the exact sideslip angle is decreased
such that a high sideslip state is still reached.
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Figure 6.2: Vehicle states of a path following scenario while sustaining a stabilized drift movement
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Figure 6.3: Control inputs of a path following scenario while sustaining a stabilized drift movement

6.2. Alternating drift scenario

At BMW, number of simulation tools is used to verify control systems and various dynamic properties
with the purpose of indicating true driving response. A self-developed, widely applicable tool is the
simulator called ISAR, which offers a very extensive description of a complete vehicle model based on a
Simulink model, whereby a large scale of simulations can be performed based on laws of physics as well
as obtained data regarding respective race tracks and environmental factors. Other than the vehicle
description for the controller, ISAR is a two-track model, which incorporates all thinkable dynamics
existing in a four-wheeled vehicle.

As the ACADO generator has the ability to generate an S-function for Simulink, a smooth integration of
the proposed controller is implemented relatively easily. In case of the ISAR simulation, an alternating
drifting scenario is applied on a high friction surface, which is initialized by a high yaw rate state within
the limits of friction. As seen in figure , the simulated vehicle is able to track the initial left-hand drifting
maneuver once initialized, while a nearly instant transition into a right-hand drift is achieved with corre-
sponding tracking performance. In this case, we can obtain the response of the 30% LS D, as the left-
and right wheelspeeds become similar, thus implying a locked state. In similar fashion, we obtain that
the single-track model is able to capture a large amount of the vehicle dynamics for the drifting state,
as the desired equilibrium is based upon that description.

As mentioned, the ISAR simulation tool capture much more dynamics as compared to the single-track
model, where up to 17 DoFs are considered for describing vehicle dynamics. However, the dynamics
are still considered to be an ’ideal’ case, where both systematic- and measurement noise are ignored,
as well as a constant friction coefficient exists for the complete simulation. Therefore, measurement
noise and friction coefficient variation is included into the simulation, in order to prove robustness for
a realistic case. Friction coefficient variation is based on surface measurements of the BMW proving
grounds of Aschheim, which have shown that seemingly homogeneous surfaces tend to have friction
coefficients variations of approximately 0.05. Amplitude and frequency of simulated measurement
noise is based on obtained vehicle measurements from the test bench vehicle.
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Figure 6.4: ISAR state response while sustaining an alternating drift scenario on a high friction surface

Due to the introduction of these noises, we obtain quite a noisy response from the desired control
rear drive torque as seen in figure 6.2. Constant weighting for the complete simulation shows some
erratic behavior in the linear driving range, yet the solver remained stable under these circumstances.
There an optimization takes place on the steering angle rate 4, the desired steering angle remains more
smooth, as the steering angle rate is constrained in the optimization.

Response of the the simulator shows that engine dynamics and systematic delays are seen, as the
bicycle model calculation of the left- and right wheel drive torque is not of equal peak magnitude. This
implies that rapid increase of desired drive torque is not tracked instantly, however since the drifting
states are reached with optimal tracking, these model uncertainties can be covered with the proposed
sideslip stabilization strategy.
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Figure 6.5: Control inputs for ISAR simulation while sustaining an alternating drift scenario on a high friction surface

6.3. Forward-looking approach to the reference

As in most automated driving applications, a scenario is proposed where actual 'looking ahead’ is taking
place for improving behavioral responses of the control strategy. Since many perception techniques are
already applied in automated vehicles, the forward-looking factor can make a favorable contribution to
improving, for example, an automatic evasive manoeuvre. As a comparison, we can see the results of
a time-dependent reference setting, of which simulative results are shown in figures 6.6 and 6.7. These
results show that looking ahead also has the ability to reach the desired drifting state, yet the response
is more smooth, as at each time instant the solver can incorporate future desired state, thus choose
its control inputs accordingly. We can see this mainly in the smoothness at which the sideslip angle is
reached, but especially as we compare the yaw rate peak during the transitional drift. As we compare
the static reference yaw rate (6.2) with the (6.6), we see that the magnitude of the yaw rate peak is
lower as well as more evenly distributed. In practice, this means that the vehicle is more stable, where
aggressive change in yaw rate may cause complete slip through. As indicated by the control inputs
(6.7), the less aggressive response is consequence of smaller peak drive torques. As the updated
control strategy has the ability to know the future state before reaching it, the desired transition takes
place more towards the time instant the desired drifting state is initialized.
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Figure 6.6: ISAR state response while sustaining an alternating drift scenario on a high friction surface, while future reference
is considered
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Experimental validation

An experimental verification has been performed using a rear-wheel driven BMW M3 Competition
(G80) [A.1], which is a high performance mid-size sports sedan which allows both daily driving as well as
well performing on the racing track. This is established by an variety of engineered sport features such
as a stiffened chassis as compared to the basic BMW 3 — series (G20) [A.3], and many modification
that improve vehicle dynamics for performance purposes such as stiffened suspension, wider tires
and optionally ceramic brakes and carbon fiber parts. The vehicle is serially equipped with an active
differential, where an electric engine has the ability to actively apply pre-tension to the differential, to
influence locking capabilities.

The implementation the proposed controller has been enabled through physically decoupling the driving
assistance systems interface (FAS) of the testbench and replace control signals with the desired control
signals from the proposed control system. The auto-generated real-time ACADO c-code has been
implemented on a DSpace Autoboxr DS1007 platform, which enables an interface for desired Flexray-
and CAN bus communication protocols in order to send- and receive information from from the vehicle
and desired external devices such as DGPS or IMU. The controller is implemented using the measured-
and estimated state signals at 10 ms found on the Flexray BUS of the vehicle, as integrated control
units of the vehicle the often apply Kalman filtering on the signals, having more numerically stable state
signals as compared to measured states from a used IMU.
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Figure 7.1: Proposed control system strategy for the experiment

7.1. Control system adjustments

As the generated NMPC code requires a significant amount of computational performance, the com-
plexity and settings of the controller had to be reduced significantly, in order to run for the real-time
application while remaining sufficient numerical stability. To start with, the path following properties
have been neglected, which therefore the sideslip stabilization is experimentally verified as proposed
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by the schematics (7.1). As the usage of signals that capture certain degree of measurement noise,
the numerical stability of the solver is highly influenced by the choice of integrator. Where in case of
the Flexray signals, at least the fourth order Runge-Kutta-Legendre method is desired as the integrator
type for the solver. A timestep of 20 ms enables sufficient time to solve the optimization for a prediction
horizon of 25 steps. As a result of this decrease increase in timestep, the NMPC Tuning parameters
have a different order of magnitude as compared to the ISAR Simulations, which was simulating using
a timestep of maximum 10e — 4s. Due to the larger timestep used on the DSpace platform, larger differ-
ences in vehicle states are obtained for each timestep, which therefore decreases the weight towards
a drifting equilibrium. However, as seen in the Table 7.1, distribution of the weights is somewhat cor-
responding. As the largest weight is always on the sideslip angle, in order to focus the controller on
bringing the vehicle towards that state. Similarly, yaw rate desires a relatively large weight contribution,
in order to generate sufficient yaw moment to reach the high sideslip state. While in order to ensure
smooth steering, the weight on the steering rate is determined such that there is no erratic steering
behavior is obtained, but still is quick enough to mimic a drifting maneuver. The weights on the wheel-
speed and velocity work contributing to eachother when it comes to conventional driving. However, for
the drifting maneuver, focus on the wheelspeed is of much higher importance due to the desired slip
required at the rear wheels. Other parameters have been kept significantly low, as no reference drive
torque nor steering angle where applied. Additionally, the simplified Magic Formula (3.7) is used to
compute the front axle tire forces, as a drifting state assumes the front tires to have relatively lateral
tire slip angles, thus having responses in the linear range of friction forces.

Table 7.1: Applied NMPC Tuning parameters used during the experiment

Parameter | ISAR | Experiment
Wy, 1e-16 10e-4
W3 10e4 350
W, 10e3 250
Weor 50 1.8
Wor 50 1.8
Ws 1e-16 10e-4
Wrr 1e-16 1e-16
W 200 2

7.2. Production vehicle adjustments

As driving assistance systems such as automated lane keeping have the tendency to not be fully self-
driving, applied steering torques and angles through the FAS interface are limited in magnitude for
safety purposes. Where applied steering torque for the driving assistance systems is applied by means
of the torque actuator in the electronic power-steering unit (EPS), a fallback safety feature ensures that
the magnitudes of the respective units do not exceed certain margins. As these limits are implemented
through standardized software for the serial vehicle, a custom software stage is uploaded to the EPS
that maximizes the applicable steering angle and control torque.

A similar approach is used for the applied drive torque to the wheels, where integrated accelerometers
on the rear axle constantly measure the state of the vehicle and process its magnitude in the digital
motor electronics (DME) unit. Where in similar fashion to the EPS, a serially produced vehicle has safety
limits on the relation between the applied drive torque and measured acceleration. Where in case the
applied drive torque from the FAS interface exceeds 4m/s?, the vehicle runs into an emergency state.
As a steady-state drifting motion commonly has centripetal accelerations beyond the integrated safety
limit, the complete DME is replaced with an applicable DME, which as the name implies, enable to apply
desired values such as extending safety limits. In case of the drifting control testbench, the complete
functional safety system (FuSi) is switched off on the DME.
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7.3. Parametric uncertainties and imperfections

7.3.1. Tire modelling

The proposed dynamical system described by the single track model (3) is considered very stiff as
compared to the testbench, as well as for the simulator (6.1), where however the experimental test
becomes more complex when it comes to parametric uncertainty, where most significant deviations
are obtained when it comes to the road-tire surface. Where most significant influence is obtained
by the state of the road surface, but also the tire- state, pressure and temperature have significant
influence of the driving behavior. Even for road-tire interactions that seem of a relatively homogeneous
nature, often friction coefficient deviations of approximately 5% are obtained through measurements.
In an experimental setup for a dry surface test, the tire properties change rapidly after repeated testing,
where the rubber compound of the tires visibly changes, where also tire properties can be indicated.

However the use of experimentally fitted tire measurement data can be compared to determined mea-
surements of a manual drift. Experimentally fitted tire data is retrieved from a test bench setup, which
verifies the respective loads under an extensive range of tire states. As a result, the MF parametriza-
tion can be obtained for a desired vertical load of which the data can be found in a tire property file
for a respective tire. By using a tire that has underwent the tire fitting procedure, a relatively proper
estimation can be done for the force-slip relation for that particular tire. Tuning parameters within the
tire property files can be modified in order to correspond to tire behavior to a desired friction coefficient.
By performing a manual drift towards an equilibrium state on the desired surface, state data is used

cover in for the respective equilibrium states as proposed in the equilibrium analysis. In this case, the
MATLAB function Isqgnonlin is applied using the measured equilibrium state, in order to estimate the
respective tire longitudinal and lateral tire forces F2 ... In similar fashion, the data allows to approxi-
mate the respective tire slip coefficients, which can be used to modify the tire property files, such that
the the the estimated tire forces from the measurement F¢4 __ correspond to the computed tire forces

meas

F}}l. For a more dry, high friction surfaces, estimation for tuning parameters of the tire property files

is more convenient. As with in the larger range of friction coefficients, the peak friction force, as well
as the saturated tire state is tuned according to the scale of the friction coefficient. In case of a very
low friction surface, such as ice, snow or the constantly water skid pad of the BMW proving grounds of
Aschheim, tire responses are not only changing in an evenly distributed scale. In this case, we often
obtain tire responses, where the peak friction force is decreased more significant, up until the point
where the tire forces only increase along with an increased slip. Estimating the amount of reduction on
the peak friction force with the proposed approximation would require a trial and error to find the most
accurate tire force approximation.

7.3.2. Actuator delay

Once both computed desired drive torque and steering angle are sent to the vehicle, delays and devia-
tions occur due to the use a petrol engine vehicle and actuation delays towards desired control inputs.
The actuation delay Actuation delay on the steering applied steering angle

The maximum deliverable drive torque of a petrol engine is not instantly available, which causes a
mismatch on the desired and true applied drive torque. Especially at large increases of torque, the
rate of change in drive torque is lacking the ability to track the MPC drive torque. As timing is key
to performing a proper drift, drive torque and steering angle should be applied at the same time the
predetermined MPC control input desires. Therefore a variation between references approximates
the delay between drive torque and steering angle, namely through applying a step input to the rear
wheelspeed, while a brief ramp is applied to all other references. This enables the vehicle to build up
a desired torque, before starting to steer towards a drifting state.

7.4. Standard production vehicle limits

A reasonably large amount of test were executed in not the best period of the year to perform automated
drifting tests, namely during winter time. As a consequence of the season, temperatures around and
below zero degrees caused changing of regular changing of proving grounds, which implied that the
above parameter estimation had to be performed in case a new proving ground is used.
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Figure 7.2: Experimental vehicle while sustaining a high sideslip state

The NMPC control approach in combination with the testbench has showed that fully automated drifts
are non-reproducible, as a full lap drift only occurred a single time. Whereas the best measured and
recorded drift existed for about half a circle with a path radius of 25 meters, as seen by the vehicle in
high sideslip state in figure 7.2. Corresponding vehicle state measurements are shown in figure 7.3,
which shows the initial velocity of the circular driving reference might be relatively high, which is caused
by having the velocity of the desired drifting close to the initializing driving velocity to ensure smooth
transition between driving and drifting.

Vehicle states

Bicycle
@15 s | Right Wheel
E Left Wheel
> Reference
10 1 1 1 1 1 ]
3 4 5 6 7 8 9
0
=20 F \
- -40
-60 | | ! | 1\1
3 4 5 6 7 8 9
2
=Rl
o
= 0 1 1 1 1 1 |
3 4 5 6 7 8 9
g 40 L /
© T
= 20
4 \
3 ok L L | | 1 ]
3 4 5 6 7 8 9
'g‘ 60
@ 50
x40t
%] L | | 1 ]
3 4 5 6 7 8 9

time [s]

Figure 7.3: Measured vehicle states during full automation

Signal analysis shows a deviation between the desired and measured steering angle (7.4) for nearly
all cases, where the front axle aligns with the direction of travel rather than compensate for the vehicle
state. Two thinkable assumptions to consider that may cause this issue can be found in the steering
conversion within the vehicle. At first, a lack of applicable torque from the standard EPS that could not
be able to apply sufficient amount of torque to overcome the self-aligning moment occurring at the front
tires. A statement that can be supported considering the used EPS motor only produces about 30 Nm
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and is designed to function for several relatively low torque desiring ADAS systems such as automatic
lane change.
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Figure 7.4: Desired MPC control inputs and the measured control inputs during automated drifting deployment

A second assumption is the conversion in the integrated control systems of the vehicle, where an input
path curvature signal should be converted to a desired steering angle. However, it could be the case
that these control systems assume conventional driving, thus computation of the right steering angle
is not happening correctly while the vehicle is in a high sideslip state.

As a consequence of the incorrect conversion, the steering angle cannot be decreased as desired by
the NMPC. As a result, the true steering angle remains on its limit, which causes a spin through of
the vehicle, as the front axle is not performing the desired compensation for the deviations in absolute
velocity and sideslip angle. In case the steering angle is applied as proposed by the controller, we
would see a decrease in yaw rate and sideslip angle, which would aim for stabilizing the drifting state
around the desired equilibrium.

A comparison between the desired MPC drive torque and the true measured drive torque shows the
deviating response in case of instant increase of torque (7.4), as explained and seen before in ISAR
simulations. We obtain from the plot, that a peak rear drive torque is applied, in order to overcome the
peak longitudinal- and lateral tire forces in order to reach full tire saturation.

7.5. Semi-automated experimental validation

As we can now assume issues on the steering conversion or the EPS is not being capable of applying
a reasonable amount of torque to the front axle in order to bring the steering angle into the desired
state, we can assume that only hardware modifications can solve the non-corresponding steering angle
conversion. However, a semi-automatic drifting maneuver shows the response of the vehicle and the
desired control inputs from the solver.

Therefore, a proposed experiment runs the NMPC solver through the experimental setup, where in this
case only the desired drive torque is forwarded to the vehicle, while steering is performed by a human
driver. By performing the experiment in this setting, we can obtain a result with respect to the applied
drive torque, as well as a comparison between the measured and desired steering input of the NMPC.
This approach has shown that the applied drive torque shows corresponding behavior to a manually
initiated drift, under the condition that the tire response is estimated within reasonable limits.

Measurements show that the vehicle can be brought into the desired drifting state as seen in figure
7.5, where the experiment is performed on both a dry high friction surface and a watered skid pad, with
high and low friction coefficients, respectively. The high sideslip state is stabilized for multiple rounds,
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Figure 7.5: Measured vehicle states during a manual steering scenario, torque commands forwarded from the NMPC solver

where theoretically the drifting state could be continued for a significant time. From these results we
can obtain that the applied drive torque is sufficient and solved optimally for bringing the vehicle into
the drifting state, and remaining its steady-state drifting position.

In correspondence to the fully automated setting, the tracking performance of the velocity and front
wheelspeed is less accurate as compared to the sideslip angle, yaw rate and rear wheelspeed. Reason
for this is the applied tuning weights on for the controller, as the main focus is bringing the vehicle into
high sideslip state, which is established with high yaw rate and rear wheelspeed tracking. While the
front axle aligns with the direction of travel, the front wheelspeed, and the the absolute velocity are
related with eachother.
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Figure 7.6: Desired MPC control inputs and the measured control inputs during semi-automated controller deployment
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Due to the steering conversion issue in the fully automated setting, we can see the comparison between
the desired MPC steering angle and the manually performed drift (7.6) has more significant added value.
From the comparison, we can obtain that the steering angle from the human driver is corresponding
in its response with the desired steering angle computed by the NMPC solver. Only magnitude varies
with maximum peaks of approximately 5°, which shows us that in case steering conversion within the
vehicle happened accordingly, sustaining a stabilized drift for at least a couple of rounds would be very

much possible.

In case of the applied drive torque (7.6), we obtain corresponding response with both experimental

torque application.



Conclusion

Drifting can be described as intentionally bringing a vehicle to a state of high sideslip and the rear wheels
are saturated due to high proportions of longitudinal- and lateral slip, while the front wheels align with the
direction of travel. As the tire behavior for high quantities of slip reaches a nonlinear behavior, drifting
can be described as vehicle motion beyond the limits. As the vehicle states beyond the tire friction limits
extends the possible motion primitives, future automated safety systems are likely to be deployed with
applications that enable safe control while in high sidelip state. This can be in the form of an integrated
vehicle system, with the aim of promoting the safety of the driver or the environment, but also as an eye-
catcher with regard to attracting customers for high performance vehicles with automated or auxiliary
drifting capabilities.

The key component to successful automated drifting lies with the reference drifting state that finds its
origin in an equilibrium analysis. Equilibrium locations of of a set of differential equations that describe
the dynamical system of a drifting vehicle, show that the drifting state of a vehicle equals an unstable
equilibrium, that can be stabilized using control inputs. As experimentally verified, equilibrium locations
of a single-track model show great correspondence with an experimental setup, which therefore proves
that equilibrium locations can be used as references for the proposed control strategy.

In this research, a control strategy is proposed that uses a nonlinear model predictive controller to
stabilize the vehicle into a high sideslip state, while dynamic referencing is used to to adjust references
such that path curvature becomes variable. As solely reading the path curvature would not ensure
conversion towards a desired path, an additional PID controller is applied to adjust the path curvature
by means of the lateral path deviation.

Simulation performance of the proposed control strategy can be indicated by the ability of the controller
to track a desired reference drifting state, while converging towards a desired path. Experimental
verification has shown that the use of a standard production vehicle without significant hardware and-
or software modifications is not able to convert desired control inputs into the applied control inputs,
due to unsuccessful processing of the desired steering angle. Degradation of the EPS, or a power
output that is generally too low to overcome the induced self-aligning moment on the front axle is the
first assumption made that causes the steering issue, which could be solved with a more powerful and
robust electric motor. A second assumption is based on the software that lies on the integrated braking
(IB) controller, which converts the desired steering angle from the NMPC controller into the applied
steering angle. As the FAS interface to the vehicle is designed for relatively small driving tasks and
interventions, an assumption of being in a normal driving state. This can be noticed from the instant
where desired and measured steering angle start to deviate significantly, namely once the vehicle has
entered the high sideslip state. However, a semi-automatic verification of the controller has proven
that the determined NMPC sideslip stabilization control inputs are very likely to stabilize the drifting
motion, as the proposed steering input is corresponding in behavior of a manual driver. Therefore, the
controller can be assumed to be layed out for automated drifting, however, modifications to the vehicle
are desired to decrease the control input error between controller and vehicle.

The approached control strategy shows that in case parametric knowledge is known, or at least approx-
imated within certain limits, the model based NMPC is able to bring the vehicle into a desired high-slip
state. However, this implies that if the control approach would be proposed for safety purposes, knowl-
edge of that particular situation should be estimated before being used in the controller. In a simulation
environment, this is relatively easy to be deployed, however a real road situation could become quite
critical. The latency that would exist due to filtering, estimation and data transfer could be too significant
to account for a critical evasive maneuver, not to mention the computational performance the NMPC
desires. In similar fashion, real knowledge of model parameters could be highly differing between vari-
ations of wheels, considering u-split situations, where one wheel is on high friction tarmac, where the
other is on ice. Allowing adjustment to a multi-purpose controller would imply a significant amount of
logic that would enable use of such system in a large spectrum of vehicle conditions.
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Model and controller parameters

A.1. Experimental vehicle parameters

Table A.1: BMW M3 Competition Parameters

Variable Definition Value | Unit
m Vehicle mass 1800 kg
g Gravity Coefficient 9.81 | m/s?
I Yaw Inertia 2800 | kg/m?
a Front axle distance to CoG | 1.503 m
b Rear axle distance to CoG | 2.852 m
Trnax Maximum Wheel Torque 650 Nm
Omaz Maximum Steering Angle 33.6 deg
A.2. Simulation vehicle parameters
Table A.2: BMW M340iX Parameters
Variable Definition Value Unit
m Vehicle mass 1939 kg
g Gravity coefficient 9.81 m/s?
I, Yaw inertia 322522 | kg/m?
a Front axle distance to CoG 1.437 m
b Rear axle distance to CoG | 2.8501 m
Trmaz Maximum drive torque 500 Nm
Omaz Maximum steering angle 34 deg
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A.3. Tire parameters

A.3. Tire parameters

Table A.3: Magic Formula parameters based single-wheel load for simulation vehicle

Tire Dimensions B; C; D; E; S;

Michelin Pilot Supersport* | 275 35R19 9.20 | 1.96 | 1.55 | -0.04 0
11.35 | 1.88 | 1.29 | 0.69 | 17.37

Pirelli Pzero ALP 285 30R20 1584 | 1.66 | 1.25 | -0.11 0
9.37 | 210 | 1.36 | 0.59 | 19.39

A.4. NMPC Tuning Parameters

Table A.4: Applied tuning parameters for ISAR Simulator

Parameter | ISAR | Experiment
Wy 1e-16 10e-4
W3 10e4 350
W, 10e3 250

Wor 50 1.8

Wor 50 1.8
Ws 1e-16 10e-4

Wrr 0 0
W 0 0

A.5. NMPC Tuning Parameters: Terminal control

Table A.5: Applied tuning parameters for ISAR Simulator

Parameter

ISAR

Experiment

W Ny

0

0

WNg

W N,

WNwF

WNu,Rr

W N5

0
0
0
0
0

0
0
0
0
0

A.6. Path following PID path following

Table A.6: Applied tuning parameters for ISAR Simulator

Ky

Ki

Kq

10e-2

50e-7

10e-4




Controller structures

B.1. Combined path-following sideslip stabilisation

|Vehicle state control|

/ Kesti \

Plant

| Path error

e
dp,g) = /(@ ) + (@ —2) BMW
I ) GROUP

Figure B.1: Proposed control system strategy
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Informative

C.1. ISAR Information schedule

ISAR - INTEGRIERTE SIMULATIONSUMGEBUNG FUR
FAHRDYNAMIK MIT REGELSYSTEMEN
B4R,

Software, Modelle,
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Aufbau
Reifen —
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Figure C.1: Schematic overview of capabilities of the ISAR simulator
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Experimental verification of an NMPC approach for
automated drifting

Stan Meijer

Abstract—This paper proposes a Nonlinear Model Predictive
Control (NMPC) application for automated drifting, with exper-
imental verification on a standard production vehicle, without
hardware modifications. The controller stabilizes the vehicle on
a high sideslip angle, which implies an equilibrium condition
beyond tyre friction limits. The proposed control strategy shows
feasible results that succesfully brings the vehicle towards a high
sideslip state, for a variety of drifting scenarios. Simulations show
that the control structure is able to sustain an automated drift
along a desired path, with maximal lateral path deviation of 1
meter. An experimental implementation on a production vehicle
testbench without hardware modifications has shown feasible
control of bringing the vehicle into a high sideslip state, for both
low- and high p situations.

I. INTRODUCTION

The angled drifting pose of the vehicle as seen in Fig.
can be described by an angle commonly known as the
vehicle sideslip angle 3, which describes the angle between
the longitudinal axis of the vehicle and the direction of the
absolute velocity vector V', measured at the vehicles centre
of gravity CoG. The sideslip angle is computed through the
mathematical relation expressed in equation |I|, where V, and
V, denote the lateral- and longitudinal velocity components of
the vehicle velocity, respectively. The front wheels are counter-
steering, where the wheel center aligns with the direction of
travel.

[ = arctan % (D)

xT

Assuming no steering at the rear axle, rear wheels align with
the vehicle from a top view perspective, which implies that
during conventional driving only minor rear lateral tyres slip
angles v, are obtained. Similarly, while drifting, the lateral
tyre slip angles are significantly large and can be found in
the same order of magnitude as the vehicle sideslip angle.
As the front tyres usually align with the direction of travel,
front lateral tyre slip angles oy are commonly minor. The
lateral tyre slip angles are in fact mathematically similar to
the vehicle sideslip angle, as the angle describes the angle
between the longitudinal- and lateral velocity components tyre
frame velocity components [1]]. As for the longitudinal slip
component x of the tires, the same relation holds when it
comes to distribution of slip magnitudes. As for a RWD
vehicle, front wheels are aligned with the direction of the
drift in rolling motion, as no drive torque is applied to the
front axle. Large quantities of longitudinal slip can be found
at the rear axle, resulting in a large absolute slip.

The sport of drifting shows that driving at large angles of
sideslip does not necessarily imply terminal loss of control.

Fig. 1.
mated drift

BMW M3 Competition Testbench, performing experimental auto-

Drifting challenges skilled drivers to travel along a track
while sustaining a large sideslip angle by exploiting coupled
nonlinearities in the tyre force response [2]]. While sustaining
a drift, the rear tyres are considered saturated [3].

Research on drifting performance in low friction surfaces
[4], 5], [6] show that for several high dynamic cases, the
objective of a maximum exit velocities and cornering time
are optimal in a drifting state. Thus, higher velocities can be
reached compared to vehicles turning conventionally.

In general, controlling the vehicle in a stable drift requires
a significant amount of skill, where most average drivers
would not be able to perform such maneuver without practice.
However, a driver always has the possibility to find itself in
a high sideslip state due to poor weather and road surface
conditions. As near-future vehicles are most likely to be
automated, control beyond the tyre friction limit is highly
profitable for passenger safety, in case of high dynamical
evasive maneuvers [7].

Proposed sliding-mode control for both steady-state drifting
31, [8], as well as a path-following sliding-mode control
[9], [1O], [11] show real-time experimental drifting control.
However, the experimental platform had powertrain properties
that you would not see on common road vehicles, i.e. fully
locked differential. This research therefore distincts itself as
a production vehicle without hardware modifications is used
for experiments, proving feasibility for powertrain layouts in
production vehicles for automated drifting. This contributes to
the study of drifting for evasive maneuvers in a real traffic
situation, given a production vehicle can be in this condition.

Conducting experiments with a full-sized vehicle for this
research on drifting also differs from current state-of-art on
non-linear model predictive control NMPC for path following
drift approaches proposed [12], [[13]. This research proves
feasibility of a real-time NMPC drifting approach, therefore
contributing to the state-of-art.



II. VEHICLE DYNAMICS

A. Single-track model

The single-track model is characterized by simplifying the
vehicle kinematics and dynamics of a four-wheel vehicle
model by lumping the tyres on the left- and right side together
in the center-line of the vehicle. This decreases complexity
through reduction of parameters, as well as degrees of free-
dom. Since the Ackermann steering geometry will in practice
have slight deviation [14], the lumped steering angle § of
the single-track model is considered a good approximation
for many applications. In similar fashion, force- and moment
leverage points are decreased from four to two lumped wheels
by vector addition of left and right quantities. Rotational
velocities as of the wheels are averaged between the left- and
right wheels, whereas vertical loads are added, indicating that
lateral load transfer between left- and right is not captured
using the single-track model. The dynamic single-track model
is graphically shown in Fig. [I-A, where you can find the
centered single-track model fitted over the actual vehicle. The
system of equations [2| where time derivatives of the states
sideslip angle 3, the yaw rate r, and the absolute vehicle
velocity V' represent the single-track model dynamics. The
absolute velocity describes the true velocity the vehicle in
space, combining both the lateral- and longitudinal velocities
with respect to the vehicle frame. The sideslip angle is the
angle between the vehicle x-axis and the absolute velocity,
which is therefore the main indication for a vehicle being
in drift at large sideslip angles. The yaw rate describes the
rotation around the z-axis of the vehicle. In many vehicle
motion algorithms [[15]], [[16]], the single-track model is usually
not expressed in with the time derivative of the sideslip angle
£, but as information of the sideslip angle characterizes the
state of a drift, it is rather convenient to directly have that
value at hand, for both reading of state, as well as defining
a reference for NMPC. Using the absolute velocity V/, a path
following property is established, as path curvature xpq, can
be expressed as a function of absolute velocity divided by the
yaw rate r.

Fig. 2. A schematic representation of the single-track model [17]
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B. Tire-Road interaction

To enable a control strategy to drift automatically, the
interaction between the vehicle and the road surface is of
most significant importance on the drifting motion. As can be
intuitively derived from the single-track model layout in Fig.
[[I-A, the transition between conventional driving and drifting
requires a relatively large rear lateral force to establish a state
of drift, while similarly being able to maintain an optimal
lateral force to remain in a steady-state drift. This implies that
the knowledge of the tyres should be as accurate as possible,
capturing most characteristics with the least complexity. Once
the drive torque exits the differential of the left and right, the
torque is transmitted to the wheel, which is considered a rigid
body with certain mass. As a result of the applied torque, the
longitudinal component of the contact patch exerts a force in
opposite longitudinal direction of travel. The dynamics of the
rotating wheel are described by (3] where the time derivative of
the rotational velocity of the wheel w is determined by the sum
of moments around the wheel center, divided by the rotational
inertia of the wheel I; .

. T = Fyyry

Wj 7. _]:F,R
wj

3)
The amount movement between two surfaces describes the
phenomenon of slip, where in case of wheels, the amount
of sliding between contact patch between tyres and road
surface. Practical tyre slip quantities [18] are determined, for
both longitudinal slip x; and a lateral slip angle a;, which
are mathematically described by equation ] These practical
tyre slips preserve the view purely in lateral or longitudinal
direction where in correspondence to the high sideslip angle,
significant decomposition of directions occur at the rear tyre
slip during a drifting maneuver.
wiri — Vi

1 Viy .
a =tan ' - i=FR
w;T5 ix

4)

KR; =

The absolute slip occurring at the rear tyres can be mathe-
matically described by means of the theoretical coefficients of
slip, where lateral- and longitudinal theoretical slip quantities
(3) result in a combined slip definition (6) [19]. Opposed to
the practical slip quantities, theoretical slip quantities take into
account the effect on the directional slip component of perpen-
dicular direction. Thus both decomposed theoretical quantities
are reduced with respect to the practical slip quantities, as the
slip in other directions then increase their true velocity at the
contact patch. Le. a practical lateral slip angle is determined
by the longitudinal and lateral velocity component, however
longitudinal slip due to wheel spinning increases the true
longitudinal velocity vector at the contact patch, decreasing
the true slip angle.

Sy = Yr it g~ Yu i_pp o
v w;Tj Y 7
S;=1/S%+82, j=FR 6)

In case of this research, a combination of the standard-
ized magic formula 5.2 as shown in Eq[7] and a simplified



representation as shown in Eq[8] Preliminary results on both
computational capacity and the controller tracking show that
the simplified MF can be applied at the front wheels, while the
standard formula is desired to capture more knowledge on the
rear tire characteristics. As front wheels are considered within
the tyre friction limits during a drift, the simplified model can
capture those characteristics. Where rear tyres are considered
beyond the friction limit, knowledge of tyre characteristics
at that point should be captured as good as possible. Both
equations are described with similar parameters, where B
and C are stiffness- and shape- factors, respectively. Magic
formula parameters D and E describe the slip at peak force
at rated load F,. The amount of parameters allow to fit the
magic formula to almost any type of measured tyre, where
the standardized magic formula is able to capture properties
throughout the complete slip range quite precise. Where the
simplified model lacks force estimation in the larger slip
ranges, thus being a good solution for control applications
within the linear range of tyres. Tyre characteristics can be
desribed by an increase in tyre forces until the peak friction
point is reached. Once slip becomes larger than this point, a
decrease of exerted forces on the contact patch is seen.

Hij = D,’j sin(C’ij arctan Biij — Eij (BZJSJ
—arctan(B;;5;))i = x,y j=FR

)

Hij = D7J SiIl(Cij arctan BUSJ) 1= T,y ] = F, R (8)

Sij . ‘
F; = _?szﬂij i=z,y j=FR )
J

C. Differential

Preliminary simulations of an NMPC approach show feasi-
ble results with varying degrees of locked differentials. As seen
in the experiment proposed [20], a fully locked differential
shows feasible drifting control. This is mainly due to the
corresponding wheelspeed that occur between left and right,
thus also for the single-track estimation of the rear wheelspeed,
the relation holds. In case of the fully locked differential the
wheel torques differ amongst sides, but a resultant drive torque
can still be used as a control input for an NMPC approach.
In similar fashion, LSDs also lock, such that the drive torques
between left and right are not larger than a respective ratio.
Once a LSD locks, the wheelspeed difference also equals
zero, thus the single-track relation holds. Successful controller
simulations as well as experimental measurements using a
driver input shows that a 30% locked differential is feasible in
case a single-track vehicle modelling as confirmed in section

D. Load Transfer

Several proposed drifting control strategies [8]], [10], [13l]
assume a static normal loads on all wheels, assuming there
is no longitudinal load transfer taking place between the
front- and rear axle of a vehicle. This assumption holds

mainly for conventional driving in curves, where the load
transfer mainly exist in lateral direction, due to the centripetal
acceleration a,. causing a load increase on the outer wheels
of the vehicle, which can be neglected due to the single-track
model approach.

Based on preliminary results of the NMPC design, incor-
porating suspension dynamics requires a significant amount
of computational capacity, with real-time infeasible solutions.
Therefore, vertical loads are expressed in a quasi-static way,
where differences in force can be estimated through the rela-
tion described in equation [T0] resulting in the load estimation

in equation [I]

mh
AFz :amf (10)
FZF:FzFO_AFZ (ll)

F.r=F,ro+ Ap,

III. EQUILIBRIUM ANALYSIS

As proposed mathematical analysis of vehicle states focused
on drifting, shows that determining steady state equilibria
as well as a phase portrait analysis can tell us a lot about
desired steady state drift locations poses [3l], [21], [22]. This
chapter proposes a strategy of obtaining the locations of these
equilibrium points (II-A), where also a comparison with
experimentally obtained data is performed(III-B].

A. Steady-state equilibrium locations

The model described in section () and its set of nonlinear
differential equations 2}[3] capture most important dynamics of
the vehicle states considering the single-track model. Steady
state implies that the time derivatives of the system of equa-
tions is equal to zero, meaning that the state does not change
with time, i.e. V= [3 = r = (. Based on this condition, the
set differential equations can therefore be rewritten and solved
using a nonlinear least-squares (MATLAB: [sqnonlin), which
allows the incorporation constraints on respective states. An
initial guess often allows the solver to converge to a desired
state, e.g. a high sideslip drifting equilibrium, but the use of
constraints on desired velocities, wheelspeeds and/or wheelslip
make finding equilibria significantly faster. However, as can
be mathematically derived, the proposed model contains more
variables than equations, which means that certain equilibrium
values therefore have to be chosen by a value that could de-
scribe a drifting motion. Therefore, the system of equations is
solved using a set of desired sidelip angles 5¢¢ in combination
with a set of experimentally confirmed feasible path radii R®?
for drifting motion. This implies that all other system states
are considered free variables, that the least squares problem
solves for. As a result, the optimization variables are described
by x¢q , which allows to compute all respective tyre force
components.

x4 =V B et il Wil 5 T (12)

Results of the equilibrium points are considered non-unique,
as a drifting equilibrium is controlled through a balancing
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relation between the front- and rear force magnitudes. This
implies that variations in rear drive torques, and its resultant
slip coefficient may vary, as the front axle is subject to different
poses, thus varying forces. The equilibrium analysis shows
that the velocity of vehicle state equilibria as shown in Fig. 0]
increases as the desired path radius at constant sideslip angle,
whereas a constant radius causes a decrease in sideslip angle
as a result of the force balance required between the front and
rear axle. As a result, the yaw rate of the vehicle increases with
the path radius through the relation as described by equation

13
T 1 14

VR r= r (13

In correspondence to the magic formula definition (II-B)
figures 34] show that that the lateral tyre forces are at its
highest at relatively small sideslip angles, thus small tyre slip
angles. This implies that towards these peaks, the vehicle
is considered conventional driving in the linear range of
tyres, which can also be indicated by the near corresponding
wheelspeeds (8) and positive steering angles (5). At a further
increasing sideslip angle, clear indications show that the front-
and rear wheelspeeds start to deviate in magnitude, indicating
that the vehicle state is entering a drifting state where the
steering angle approaches zero, while the rear longitudinal
force has not reached its peak force (6). This means that the
applied rear torque results in a reasonable amount of slip such
that the rear tyres become saturated in lateral direction with a
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reasonable sidelip state. However, since the peak friction force
in longitudinal direction is not reached, we consider the the
state towards this point a transient state, i.e. there is a slight
drift, however tyres are not fully saturated nor counter steer is
taking place. All equilibria plots have the locations of the peak
drive torques e, rear lateral peak forces e and the front lateral
peak forces marked e, in order to support information.Once
the the peak longitudinal slip is reached, thus the amount of
wheelspeed becomes significantly larger than the rear axle
longitudinal velocity, we consider the tyres saturated in both
lateral- and longitudinal direction, where a direct change in
steering angle is obtained (5) in order to balance the front
and rear forces. Larger sideslip are considered fully drifting
equilibria, where we see proportional behavior in the steering
angle, and further deviation in the wheelspeeds (8) which are
are a result of larger required rear slip, and decreasing front
wheelspeed due to decreasing yaw rate.

B. Experimental verification

An experimental verification has been conducted in order
to determine the correspondence between practical and the-
oretical equilibria, which can be deployed as a confirmation
of the identified model parameters. Fig. [I0] shows a compar-
ison of theoretical equilibria with measured vehicle states, of
which the latter are measured by means of the vehicle state
estimation signals, which are found on the CAN bus of most
production vehicles. The measured sideslip angle functions as
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a fixed parameter for the [sgnonlin function optimizing for
the equilibrium vehicle state equilibria. The measured vehicle
state functions as an initial guess for the equilibrium analysis,
in order to bring the equilibria as close as possible. The
results show that remaining an actual equilibrium point as a
manual driver is relatively hard, due to many disturbances on
the vehicle such as road surface, and uncaptured dynamics.
True road surfaces are considered non-homogeneous where
a 5 — 10% variation in the friction coefficient is measured
for the respective proving ground, which a driver needs to
compensate through changing the steering angle or throttle
commands causing the steering angle and applied drive torque

never really being constant. The slightly tilted position of the
vehicle due to the conical shape of the surface also remains
uncaptured in the bicycle model definition, causing variations
in the vertical axle loads. In addition, it should be taken into
account that the driver both has to stabilize the desired drifting
state, while stabilizing on a desired path. This implies that the
experimental data is not considered to be in an equilibrium
for all time instants, however, the comparison does show
reasonable similarities in the order of magnitude.
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Control inputs

Fig. 11. Experimental/Theoretical drifting control inputs comparison

The comparison between experimental and theoretical drift-
ing states has shown that around an actual drift equilibria,
many variations of drifting equilibria exist. Where physical
constraints such as steering angle limits d,,,, does not sig-
nificantly influence the high sideslip state, as small deviations
in the front lateral slip angle ar would still converge to an
equilibrium drifting state. In similar fashion, slight variations
in the drive torque, thus wheelspeed show that equilibria exist
for multiple wheelspeeds. As indicated by Fig. [T1] the opti-
mization algorithm converges to the maximum allowable value
of steering angle J, while the experimental data shows smaller
steering angles with intervention needed reach a desired path.

IV. CONTROLLER STRUCTURE

The proposed control system that has the ability to both
stabilize the vehicle into a high sideslip state, while maintain-
ing a desired state in space is summarized in the schematics
in Fig. However, for the length of this report, this paper



focuses solely on the NMPC sideslip stabilization, i.e. vehicle
state control. Where a nonlinear model predictive controller
(NMPC) functions as the foundation of the proposed control
system, which is able to compute required control inputs
to reach any feasible reference state of the vehicle. This
implies that the NMPC solver can be deployed to both
optimize for control inputs in the high sideslip state, but also
for conventional driving thus enabling an initializing drive
towards a drifting motion. Hence the definition of vehicle state
control as described in Fig. Dynamic referencing allows
to influence the direction of the vehicle, where the offline
computed equilibria as proposed in chapter |[1If can be selected
dynamically by means of using positional data of the vehicle
Sveh to alter the path curvature such that the lateral error
ey of a desired path is decreased. The combination dynamic
referencing and the vehicle state controller enables to bring
a vehicle in both into a desired high sideslip state, while
converging towards a desired trajectory.

Vehicle state control

Fig. 12.

Proposed control system strategy [23]

In general, the minimization of a cost function (Equation
[I3) determines the optimal control input that minimizes the
error of the vehicle states with respect to a desired reference
state 2. . Depending on the purpose of the drifting controller,
a potential reference for a steady-state drifting controller could
for example be the steady-state sideslip angle or yaw rate
of the vehicle, as determined by the equilibrium analysis.
Similarly, a drifting pose can be expressed without explicitly
referencing on the sideslip angle, as a revision on the math-
ematical expression of the sideslip angle (I) shows us that a
drifting state can also be expressed by longitudinal- and lateral
velocity components, as proposed [13]].

N-1

> (k) = @rep, ulk) = ures))

k=0

N |

VN(anyrefyuN) =

+Vi(@(N) = @ref)
(14)
The cost function describes the model dynamics x(k) =
& (k; o, ur), while £(x(k), u(k)) and Vy(2(N)) are the stage
cost and terminal cost, respectively. The stage cost and termi-
nal cost are considered quadratic cost functions, with tunable
positive-definite weight matrices Q, R and M, for the states x
and input v alike (see Equation , while V; is the terminal
cost which is used to guarantee the steady-state is reached.

(BT Qx(k) + u(k)T Ru(k) + 2x(k)” Mu(k)
z(N)T Px(N)

(x(k), u(k))

Vi(z(N)) (15)

=z

1
2

The MPC optimization problem can be summarised as
follows , where a minimisation of the cost function is
subject to the system dynamics and constraints. The inequality
constraints are represented in form where the matrices G and
H contain information on the application of constraints, for
both the states x as input u, respectively. When it comes to
a steady-state drifting controller, you can think of physical
constraints such as the steering angle, but also for constraints
that contribute to stability by means of constraining velocities,
tyre forces, or the sideslip angle.

min Vn(zo,d, Yres, un)
uN
st. zt = Az + Bu+ Bud

PN(ZOada yref) € (16)

Gr+ Hu <4
{E(N) S Xf(d, yref)

A. Vehicle state controller

For the sideslip stabilization, the vehicle state controller can
be defined differential states that describe the differential
states of the set of differential equations are directly
measured, or converted from the four wheel vehicle state
signals in order to correspond with the single-track model.

Xpse =V B 1 wp wr O (17)

As can be indicated, the steering angle J is also defined
as a differential state, as the control input on the steering
angle is described by required steering angle difference §. This
enables to constrain the gradient of the steering angle, which
allows to mimic human steering behavior, as well as being
able to capture physical steering constraints such as maximum
applicable steering rate. The respective control inputs for the
vehicle can therefore be described by equation

Uyse = [5 TZ]T (18)

An auto-generated solver [24] is applied, which creates
an OCP of the vehicle description, enabling to compute the
optimal control input that will lead to reaching a desired
state X4.5. Additional to the differential states, the longitudinal
acceleration a, is also measured and injected into the solver
as online data. Using the longitudinal acceleration allows to
estimate the longitudinal load transfer, which estimates vertical
load estimation as proposed As mentioned, the single-
track model will not capture load transfer exactly, however,
using knowledge of the longitudinal load transfer positively
contributes to the OCP.



V. RESULTS AND DISCUSSION

A. Simulation validation

The proposed control system has been evaluated
through an extensive 17 degrees of freedom (DoF) simulation
tool developed by BMW |B|as well as through an experimental
setup, where in both cases produced RWD sports sedans are
used that have an 30% LSD.

1) Alternating drift scenario: An internally developed sim-
ulation tool named ISAR, offers an extensive description of a
complete vehicle model based on a Simulink model, whereby
a large scale of simulations can be performed based on laws
of physics as well as experimentally obtained data regarding
vehicle dynamics, respective race tracks and environmental
factors. Differing from vehicle description for the controller,
ISAR is a two-track model, which captures a very accurate
description of the vehicle dynamics. As a worst case scenario,
alternating drifting is simulated on a high friction surface,
which is initialized by a high yaw rate state within the limits
of friction, i.e. conventionally turning. As seen in Fig. T3] the
simulated vehicle is able to track the initial left-hand drifting
maneuver once the drifting reference is initialized, while a
nearly instant transition into a right-hand drift is achieved
with corresponding tracking performance. In this case, we can
obtain the response of the 30% LSD, as the left- and right
wheelspeeds become similar, thus implying a locked state. In
similar fashion, we obtain that the single-track model is able
to capture a large amount of the vehicle dynamics for the
drifting state, as the desired equilibrium is based upon that
description. As mentioned, the ISAR simulation tool capture
much more dynamics as compared to the single-track model,
where up to 17 DoFs are considered for describing vehicle
dynamics. However, the dynamics are still considered to be
an ’ideal’ case, where both systematic- and measurement
noise are ignored, as well as a constant friction coefficient
exists for the complete simulation. Therefore, measurement
noise and friction coefficient variation is included into the
simulation, in order to prove robustness for a realistic case.
Friction coefficient variation is based on surface measurements
of the BMW proving grounds of Aschheim, which have shown
that seemingly homogeneous surfaces tend to have friction
coefficients variations of approximately 0.05. Amplitude and
frequency of simulated measurement noise is based on ob-
tained vehicle measurements from the test bench vehicle.
Due to the introduction of these noises, we obtain a noisy
response from the desired control rear drive torque as seen
in Fig. [[4 Constant weighting for the complete simulation
shows some erratic behavior in the linear driving range, yet
the solver remained stable under these circumstances. There
an optimization takes place on the steering angle rate J, the
desired steering angle remains more smooth, as the steering
angle rate is constrained in the optimization. Response of
the the simulator shows that engine dynamics and systematic
delays, as the single-track model calculation of the left- and
right wheel drive torque is not of equal peak magnitude.
This implies that rapid increase of desired drive torque is not
tracked instantly, however since the drifting states are reached,
as the solver computes the equilibrium drive torque. Please see
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Fig. 13. ISAR state response while sustaining an alternating drift scenario

on a high friction surface

the appendix for the applied controller settings.
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B. Experimental validation

An experimental verification has been proposed using an
RWD BMW M3 Competition (G80), which is a more
powerful vehicle compared to the simulation vehicle, with
higher stiffness coefficients found in chassis, suspension and
tyre properties. The vehicle is serially equipped with an active
differential, where an electric engine has the ability to actively
apply pre-tension to the differential, to influence locking
capabilities at an earlier stage indicated by the vehicle-control
system.

The implementation of the proposed controller has been
enabled through physically decoupling the driving assistance
systems interface (FAS) of the testbench and replace control
signals with the desired control signals from the proposed
control system, which allow to apply a path curvature and
drive torque to the vehicle BUS. The auto-generated real-time
ACADO c-code has been implemented on a DSpace Autobox
DS1007 platform, which enables an interface for desired
Flexray- and CAN bus communication protocols in order to



send- and receive information from from the vehicle and
desired external devices such as DGPS or IMU. Measured- and
estimated state signals at 10 ms are found on the Flexray BUS
of the vehicle. As the integrated control units of the vehicle
have all single-track states available, through measurements
and estimation, the vehicle CAN signals are used as states for
the control system.

1) Control system adjustments: As the generated NMPC
code requires a significant amount of computational perfor-
mance, the complexity and settings of the controller had to be
reduced significantly in order to run for the real-time appli-
cation while remaining sufficient numerical stability. To start
with, the path following properties have been neglected, which
therefore the sideslip stabilization is experimentally verified as
proposed by the the vehicle state controller (I2). As the usage
of signals that capture certain degree of measurement noise,
the numerical stability of the solver is highly influenced by
the choice of integrator. Where in case of the Flexray signals,
at least the fourth order Runge-Kutta-Legendre method is
desired as the integrator type for the solver. A timestep of
20 ms enables sufficient time to solve the optimization for
a prediction horizon of 25 steps. Additionally, the simplified
magic formula (8)) is used to compute the front axle tyre forces,
as this can be assumed in the linear force range.

2) Production vehicle adjustments: As ADAS functions
such as automated lane keeping have the tendency to not be
fully self-driving, applied steering torques and angles through
the FAS interface are limited in magnitude for safety pur-
poses. Where applied steering torque for the driving assistance
systems is applied by means of the torque actuator in the
electronic power-steering unit (EPS), a fallback safety feature
ensures that the magnitudes of the respective units do not ex-
ceed certain margins. As these limits are implemented through
standardized software for the serial vehicle, a custom software
stage is uploaded to the EPS that maximizes the applicable
steering angle and control torque. A similar approach is used
for the applied drive torque to the wheels, where integrated
accelerometers on the rear axle constantly measure the state
of the vehicle and process its magnitude in the digital motor
electronics (DME) unit. Where in similar fashion to the EPS,
a serially produced vehicle has safety limits on the relation
between the applied drive torque and measured acceleration.
Where in case the applied drive torque from the FAS interface
exceeds 4m/s?, the vehicle runs into an emergency state.
As a steady state drifting motion commonly has centripetal
accelerations beyond the integrated safety limit, the complete
DME is replaced with an applicable DME, which as the name
implies, enable to apply desired values such as extending
safety limits. In case of the drifting control testbench, the
complete functional safety system (FuSi) is switched off on
the DME.

3) Parametric uncertainties and imperfections: Tire mod-
elling The proposed dynamical system described by the single
track model as described [lI| is considered stiff as compared
to the testbench as well as for the simulator, where the
experimental test becomes more complex when it comes to
parametric uncertainty, most significantly considering road-
tyre surface. A constantly changing state of the road surface,

but also the tyre- state, pressure and temperature have sig-
nificant influence of the driving behavior. Even for road-tyre
interactions that seem of a relatively homogeneous nature,
friction coefficient deviations of approximately 5% are ob-
tained through measurements. In an experimental setup for
a dry surface test, the tyre properties change rapidly after
repeated testing, where the physical compound of the tyres
visibly change, thus also the force properties.

Experimentally fitted tyre data is retrieved from a test bench
setup, which verifies the respective loads under an extensive
range of tyre states. As a result, the MF parametrization
can be obtained for a desired vertical load of which the
data can be found in a tyre property file for a respective
tyre. By using a tyre that has underwent the tyre fitting
procedure, a relatively proper estimation can be done for
the force-slip relation for that particular tyre. By performing
a manual drift on the desired surface, an estimation of the
respective equilibrium states can be computed as proposed in
the equilibrium analysis. In this case, respective longitudinal-
and lateral tyre forces F°L_ . can be estimated. In similar
fashion, the data allows to approximate the respective tyre slip
coefficients, which can be used to modify the tyre property
files, such that the the the estimated tyre forces from the
measurement F27 - correspond to the computed tyre forces
Fel,.

In case of a very low friction surface, such as ice, snow or
the constantly water skid pad of the BMW proving grounds of
Aschheim, tyre responses are not only changing in an evenly
distributed scale. In this case, we often obtain tyre responses,
where the peak friction force is decreased more significant,
up until the point where the tyre forces only increase along
with an increased slip. Estimating the amount of reduction
on the peak friction force with the proposed approximation
is relatively unreliable, as the measurements are constantly
affected by changing conditions.

Actuator delay As seen in the simulations, a maximum
deliverable drive torque of a petrol engine is not instantly
available, which causes a mismatch on the desired and true
applied drive torque as visible in Fig. Therefore a variation
between references approximates the delay between drive
torque and steering angle, namely through applying a step
input to the rear wheelspeed, while a brief ramp is applied
to all other references. This enables the vehicle to build up a
desired torque, before starting to steer towards a drifting state,
in order to reduce control input mismatch.

4) Standard production vehicle limits: Due to constantly
changing weather conditions during wintertime, the above
parameter estimation had to be performed each time when
the drifting surface changed significantly. The NMPC control
approach in combination with the testbench has showed that
fully automated drifts are non-reproducible, as a full lap drift
only occurred a single time. Whereas the best measured drift
existed for about half a circle with a path radius of 25
meters, as seen by the vehicle in high sideslip state in Fig.
Corresponding vehicle state measurements are shown in
Fig[T5] which shows the initial velocity of the circular driving
reference is relatively high, which is caused by having the
velocity of the desired drifting close to the initializing driving



velocity in order to perform a smooth transition between
driving and drifting.
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Fig. 15. Measured vehicle states during full automation

Signal analysis shows a deviation between the desired and
measured steering angle (I6) for all performed tests reaching
high sideslip, where the front axle aligns with the direction
of travel rather than compensate for the vehicle state. Two
possible assumptions to consider that may cause this issue can
be found in the steering conversion within the vehicle. At first,
we can think of a lack of applicable torque from the standard
EPS that should be able to apply sufficient amount of torque
to overcome the self-aligning moment occurring at the front
tyres. Considering the used EPS motor only produces about
30 Nm and is designed to function for several relatively low
torque desiring ADAS systems such as automatic lane change,
the assumption is possible.
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Fig. 16. Desired MPC control inputs and the measured control inputs during
automated drifting deployment

A second assumption is the conversion in the integrated con-
trol systems of the vehicle, as the FAS interface to the vehicle
takes path curvature as a control input. This implies that the
proposed steering angle is converted to a path curvature on
the internal vehicle control system, which are not possible
to modify. It could be the case that these control systems
assume conventional driving, thus computation of the right
steering angle is not happening correctly while the vehicle is
in a high sideslip state. As a consequence of the incorrect

conversion, the steering angle cannot be decreased as desired
by the NMPC. As a result, the true steering angle remains
on its limit, which causes a spin through of the vehicle, as
the front axle is not performing the desired compensation for
the deviations in absolute velocity and sideslip angle. In case
the steering angle is applied as proposed by the controller, we
would see a decrease in yaw rate and sideslip angle, which
would aim for stabilizing the drifting state around the desired
equilibrium. A comparison between the desired MPC drive
torque and the true measured drive torque shows the deviating
response in case of instant increase of torque (I6)), as explained
and seen before in ISAR simulations. We obtain from the plot,
that a peak rear drive torque is applied, in order to overcome
the peak longitudinal- and lateral tyre forces in order to reach
full tyre saturation.

C. Semi-automated experimental validation

According to the findings on the steering conversion be-
tween controller and vehicle, we can assume that only hard-
ware modifications or internal software can solve the non-
corresponding steering angle conversion. However, a semi-
automatic drifting maneuver can tell us the response of the
vehicle and the desired control inputs from the solver. There-
fore, a proposed experiment runs the NMPC solver through
the experimental setup, where in this case only the desired
drive torque is forwarded to the vehicle, while steering is
performed by a human driver. By performing the experiment in
this setting, we can obtain a result with respect to the applied
drive torque, as well as a comparison between the true and
desired steering input of the NMPC. This approach has shown
that the applied drive torque shows corresponding behavior to
a manually initiated drift, under the condition that the tyre
response is estimated within reasonable limits.
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Fig. 17. Measured vehicle states during a manual steering scenario, torque

commands forwarded from the NMPC solver

Measurements show that the vehicle can be brought into the
desired drifting state as seen in figure 1/} where the experiment
is performed on both a dry high friction surface and a watered
skid pad, with high and low friction coefficients, respectively.
This proves that the proposed control system is suitable for



a variety of tyre-road interactions, under the condition that
the behaviour of the tyres is well defined in the controller.
The high sideslip state is stabilized for multiple rounds,
where theoretically the drifting state could be continued for
a significant time. From these results we can obtain that the
applied drive torque is sufficient and solved optimally for
bringing the vehicle into the drifting state, and remaining its
steady-state drifting position. In correspondence to the fully
automated setting, we see that the tracking performance of
the velocity and front wheelspeed is less accurate as compared
to the sideslip angle, yaw rate and rear wheelspeed. Reason
for this is the applied tuning weights on for the controller, as
the main focus is bringing the vehicle into high sideslip state,
which is established with high yaw rate and rear wheelspeed
tracking. While the front axle aligns with the direction of
travel, the front wheelspeed and the the absolute velocity are
proportional under constant path curvature.
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Due to the steering conversion issue in the fully automated
setting, we can see the comparison between the desired MPC
steering angle and the manually performed drift has more
significant added value. From the comparison, we can obtain
that the steering angle from the human driver is corresponding
in its response with the desired steering angle computed by the
NMPC solver. Only magnitude varies with maximum peaks
of approximately 5, which shows us that in case steering
conversion within the vehicle happened accordingly, sustaining
a stabilized drift for at least a couple of rounds would be very
much possible. In case of the applied drive torque (I8), we
obtain corresponding response with both experimental torque
application.

CONCLUSION AND FUTURE WORK

Experimentally verified equilibrium locations of a single-
track model show great correspondence between setup and
theory, which therefore proves that equilibrium locations can
be used as references for a drifting control strategy. Simulation
performance of the proposed controller shows accurate track-
ing in an alternating drift maneuver under difficult drifting
circumstances .

Experimental verification has shown that the use of a
standard production vehicle without significant hardware and-
or software modifications is not able to convert desired control
inputs into the applied control inputs after the point where the

high sideslip state is reached, due to the low-level controls of
the standard production vehicle.

Degradation of the EPS, or a power output that is generally
too low to overcome the induced self-aligning moment on
the front axle is the first assumption made that causes the
steering issue, which could be solved with a more powerful
and robust steering motor. A second assumption is based on
the software that lies on the integrated braking (IB) controller,
which converts the desired steering angle from the NMPC con-
troller into the applied steering angle. Further research on the
hardware- and software components will determine the source
of failure at low-level control, and potential modifications can
be proposed.

A semi-automatic verification, where manual steering is
applied in parallel to drive torque proposed by the controller,
shows that the NMPC is able to output proper control inputs
for the vehicle. Results show that the controller is likely to
stabilize the drifting motion, as the proposed steering input of
the NMPC is corresponding in behavior of a manual driver.
Therefore, the controller can be assumed to be deployable for
automated drifting, however, modifications to future vehicles
are desired to decrease the control input error between con-
troller and vehicle.

The proposed control strategy shows that in case parametric
knowledge within certain limits, the model based NMPC
is able to bring the vehicle into a desired high-slip state
for a variety of tyre-road characteristics. Further experiments
on snow or gravel should be conducted to prove controller
stability for most road conditions. However, this implies that
if the control approach would be proposed for safety purposes,
knowledge of that particular situation should be instantly
available in real-time. This desires a highly sensitive as well
as frequently updated state estimator of the vehicle dynamics.
Future research on NMPC drifting control should therefore
aim on increasing controller performance, by means of compu-
tational effort and -capacity. An improved modelling approach
that captures unmeasured disturbances could be thought of, as
well as using a platform with increased computational power.
As true road-conditions might vary among the tyre contact
patches, a state estimation at each wheel is therefore desired
in order to generate a most optimal control input.
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APPENDIX

TABLE 1
BMW M3 COMPETITION EXPERIMENTAL VEHICLE PARAMETERS

Variable Definition Value Unit
m Vehicle mass 1800 kg
g Gravity Coefficient 9.81 m/s?
I, Yaw Inertia 2800 kg/m?
a Front axle distance to CoG | 1.503 m
Rear axle distance to CoG | 2.852 m
Trmaz Maximum Wheel Torque 650 Nm
Omaz Maximum Steering Angle 33.6 deg

TABLE 11
BMW M3401X SIMULATION VEHICLE PARAMETERS

MAGIC FORMULA PARAMETERS BASED SINGLE-WHEEL LOAD FOR

Variable Definition Value Unit
m Vehicle mass 1939 kg
g Gravity coefficient 9.81 m/s?
I, Yaw inertia 3225.22 | kg/m?
a Front axle distance to CoG 1.437 m
Rear axle distance to CoG 2.8501 m
Trmaz Maximum drive torque 500 Nm
Omazx Maximum steering angle 34 deg
TABLE III

EXPERIMENTAL VEHICLE
TIRE 1: MICHELIN PILOT SUPERSPORT*
TIRE 2: PIRELLI PZERO ALP

Tire | Dimensions | % B; C; D; E; Si
1 275 35R19 | x | 9.20 1.96 | 1.55 | -0.04 0
y | 11.35 | 1.88 | 1.29 | 0.69 | 17.37
2 285 30R20 15.84 | 1.66 | 1.25 | -0.11 0
y | 937 | 2.10 | 1.36 | 059 | 19.39
APPENDIX A

NMPC TUNING PARAMETERS

TABLE IV
APPLIED TUNING PARAMETERS FOR ISAR SIMULATOR

Parameter | ISAR | Experiment
Wy le-16 10e-4
Wg 10e4 350
Wi 10e3 250

Wor 50 1.8
Wur 50 1.8
Ws le-16 10e-4
Wrr 0 0
Wy 0 0
TABLE V

PATH FOLLOWING PID PATH FOLLOWING

Kp

K;

Ka

10e-2

50e-7

10e-4
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APPENDIX B
ISAR INFORMATION SCHEDULE
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Fig. 19. Schematic overview of capabilities of the ISAR simulator
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