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A Physics-Based
Musculoskeletal Driver
Model to Study Steering Tasks

Realistic driver models can play an important role in developing new driver assistance
technologies. A realistic driver model can reduce the time-consuming trial-and-error
process of designing and testing products, and thereby reduce the vehicle’s development
time and cost. A realistic model should provide both driver path planning and arm
motions that are physiologically possible. The interaction forces between a driver’s hand
and steering wheel can influence control performance and steering feel. The aim of this
work is to develop a comprehensive yet practical model of the driver and vehicle. Conse-
quently, a neuromuscular driver model in conjunction with a high-fidelity vehicle model
is developed to learn and understand more about the driver’s performance and preferen-
ces, and their effect on vehicle control and stability. This driver model can provide
insights into task performance and energy consumption of the driver, including fatigue
and cocontraction dynamics of a steering task. In addition, this driver model in conjunc-
tion with a high-fidelity steering model can be used to develop new steering technologies

such as electric power steering. [DOI: 10.1115/1.4027333]

1 Introduction

The steering system is the major part of a vehicle with which
the driver interacts. For better comfort and stability, many assis-
tive systems (e.g., electric power steering, (EPS)) have been
developed. These technologies aim to aid the driver in performing
driving tasks, and to improve the steering feel.

To better design a steering system, the driver’s characteristics
(including strength and response time) must be considered; devel-
oping driver-based technologies requires proper understanding of
the driver. Unfortunately, our understanding of a driver’s behavior
is still insufficient, especially in interaction with the steering sys-
tem. The goal of this paper is to present a physics-based simula-
tion framework for further study of driver/vehicle interactions—a
tool that can expedite the development process of steering systems
by eliminating the need for trial-and-error iterations.

So far, the majority of research on human steering systems has
considered a path-following driver model [1-4]. In such models,
the physiological characteristics and limitations of the driver are
usually neglected. A minority of research papers have followed a
different approach and focused on the human neuromuscular sys-
tem, which gives insight into task performance, disturbance rejec-
tion, and energy consumption [5-9]. For example, Pick and Cole
in a series of papers [9-12] introduced a neuromuscular system
model of the driver with a linear representation of arm dynamics,
and studied the effect of steering torque feedback as well as mus-
cle cocontraction on intrinsic muscle stiffness.

In this research, a physiological three-dimensional musculo-
skeletal arm model is developed to simulate the driver’s arm
rotating the steering wheel. The use of such a high-fidelity neuro-
musculoskeletal model of driver is an advancement in the field of
predictive steering systems analysis. This physiological model can
include the effects of cocontraction, fatigue, or metabolic energy
consumption of a real muscle, and therefore provide more realistic
results.

A model predictive controller (MPC) is coupled to this model,
which is used as the path-following controller (to represent the
vision-based decision making of the brain) [4,13]. The output of
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the MPC, the prediction of the desired steering wheel angle, is
then used to find the corresponding joint torques in the driver’s
arm, and later to identify the muscle forces required for the ma-
neuver. Furthermore, neural feedback, e.g., the stretch reflex, is
included in the driver model for each muscle to enhance our
understanding of disturbance rejection and precision control in
human limbs. Even though individual parts of this control hierar-
chy have been introduced in the literature, an integration had not
been done in the context of automobile driver modeling.

Using this musculoskeletal framework, we can predict muscle
loads, which can be used to quantify objective criteria such as fa-
tigue and muscle cocontraction for drivers of different age, gen-
der, and physical ability, thereby supporting the development of
new steering technologies such as EPS and lane-keeping.

2 Dynamical Modeling

To obtain reliable results, both the driver and the vehicle should
be accurately modeled. Modeling error in each part will affect the
behavior of the other, and interpretation of the data will be
obscured. In the following sections, the driver and the vehicle
models are presented.

2.1 3D Arm Model. Even though the simplified neuromuscu-
lar models used in previous works [9,14] can provide useful
insight into dynamical behavior of a muscle activated arm, the
range of motion is essentially limited. Therefore, for higher fidel-
ity, and to study broader ranges of steering wheel rotation, we
have employed a three-dimensional arm model that opens a new
window to the steering task analysis.

Figure 1 shows the schematic of the developed arm. The num-
ber of degrees of freedom in this model is smaller than the actual
degrees of freedom in a human arm. Unlike the human arm, this
model does not allow supination/pronation of the forearm, nor
does it allow the internal/external rotation of the shoulder. How-
ever, the wrist can rotate about the forearm axis. These degrees of
freedom have negligible effect on the kinematics of the steering
act for the range of steering angle (=40deg) considered here;
moreover, the associated muscles (supinator, pronator teres, and
subscapularis) have negligible activation during steering [15].
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Schematic view of the 3D arm

Fig. 1

Such simplifications reduce the complexity of the model, while
maintaining the versatility of the model.

In this 3D arm model, the shoulder and the elbow joints are
modeled, respectively, as a universal joint and a revolute joint.
The wrist joint is modeled as a spherical joint, and the hand is
assumed to be fixed to the steering wheel.

As can be seen in Fig. 1, the arm model consists of four links:
the torso, the upper arm (humerus), the forearm (ulna and radius),
and the hand. The universal joint connects the humerus to the
torso, while the revolute joint attaches the ulna and radius to the
humerus. Since the supination or pronation is neglected in this
model, the twisting of ulna and radius is not modeled. As a result,
the two bones form a rigid structure. The unactuated spherical
joint at the wrist connects the hand to ulna/radius. Finally, the
hand is firmly attached to the steering wheel, to reduce the com-
plexity. The arm/steering wheel model is, therefore, a one-degree-
of-freedom (DoF) mechanism, and the steering wheel angle will
fully define all the joint angles.

In total, 14 muscles are used in this model to move the arm (see
Fig. 2). The rest of the muscles that are removed are either negli-
gible in effect, or related to the removed degrees of freedom (e.g.,
supination). Moreover, in spite of significant activity of some
wrist actuator muscles during steering [15], the wrist joint is left
unactuated because the elbow and shoulder muscles are of the
most interest in the steering tasks. Additionally, considering the
wrist muscles increases the dimension of the control space, and
consequently increases the required computational time to find the
optimal muscle forces. Therefore, to speed up the optimization
processes, and to run the simulations in a manageable time, the
wrist muscles are neglected. The muscle parameters used in this
work are taken from Refs. [15,16], and are summarized in Table
1. The muscle origin/insertion coordinates in Table 1 are given
with respect to the proximal joint of the related bone. The dimen-
sions and mass and inertia properties of the arm segments are also
adopted from Ref. [15], and are summarized in Table 2.

It should be noted that only the right arm is considered in this
model. In steering with two hands, drivers tend to steer by pulling
the steering wheel downward switching to left and right hands
according to the steering direction, while in steering with one
hand, both pushing and pulling strategies are employed. Although
the two-arm steering is a more realistic condition, we have only
modeled one arm for the sake of comparability to other studies
[17,18].

The model is prepared in MapleSim, which allows extensive
analytical manipulation of equations of motion. Such analytical
processing results in highly optimized simulation code.

2.2 Vehicle Dynamics. The vehicle is equally important as
the driver, and should be modeled accurately to ensure realistic
results. The vehicle model is developed in MapleSim, Fig. 3, and
employs a double-wishbone suspension in the front and semitrail-
ing arm in the rear. A rack-and-pinion mechanism is used for the
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Fig. 2 The muscle-actuated arm model with 14 muscles in
MapleSim

steering, and lastly, a Fiala tire model is used to simulate the road/
tire interaction. Full details of the vehicle model are provided in
Ref. [19].

3 Driver Model

The driver model in this work is presented as a framework for
musculoskeletal analysis of human/vehicle interactions. In
humans, the arm motion is controlled by complex commands
coming from the central nervous system (CNS). The motor con-
trol of humans, and in general that of vertebrates, occurs in a dis-
tributed network—all parts of the CNS, including the brain
cortex, the cerebellum, and the neural circuits of the spinal cord
take part in modulating the motor commands. To study the inter-
actions of the musculoskeletal driver model with the vehicle, the
complexity of the motor control network has to be considered.
The schematic of a representative motor control hierarchy is
shown in Fig. 4. In this model, the control structure consists of
two different layers.

The first layer, the supervisory part, is in the form of a feed-for-
ward/feed-back control scheme. This part estimates the required
muscle forces based on the states of the system and a prediction of
the future path of the vehicle, and is represented as an MPC. The
MPC decides on the optimal steering wheel angle based on the
current state of the system, vehicle dynamics, and a short-horizon
prediction of the future vehicle path. The cost function that the
controller tries to minimize is according to the equation below:

n,

0% (k) = arg min{z a((i) = yaes (1)) + Z r((fsw(z‘))z} (1)

In the above equation, 7, and n. are the number of prediction
and control horizon intervals, respectively; 0, is the steering
wheel angle; and y and yq., are the vehicle’s lateral position and
its desired value, respectively. Lastly, ¢ and r are weighting fac-
tors in the cost function.

In our implementation of MPC, the time is discretized into
10ms intervals, within which the control inputs (the steering
wheel angle) are assumed to be constant. The MPC solves the
control-oriented model for a number of intervals (called the pre-
diction horizon length) with a certain sequence of control inputs.
A linear bicycle model of the vehicle [4] (details in Appendix B)
is selected as the control-oriented model to capture the significant
dynamics of the vehicle lateral motion. An optimization process
then tries to find a sequence that results in the optimal behavior
of the system. Once such a control input sequence is found,
MPC selects the initial elements of the sequence and applies it to
the real system (called the control horizon length). In our path
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Table 1

List of muscles included in the 3D arm model

Maximum First connection Coordinate (mm) Second connection Coordinates (mm)
Muscle Force (N) (Origin) X y z (Insertion) X y z
Coracobrachialis (CORB) 120 Torso 20 30 35 Humerus 174 20 0
Deltoid (DELT) 240 Torso -30 40 15 Humerus 106 —24 —11
Latissimus dorsi (LAT) 360 Torso -35 90 —125 Humerus 0 0 —13
Pectoralis major (PECM) 210 Torso 45 95 —125 Humerus 17 —13 0
Supraspinatus (SUPSP) 98 Torso -20 90 35 Humerus —14 17 27
Infraspinatus (INFRA) 98 Torso —15 80 —40 Humerus 28 —19 27
Trapezius (TRA) 210 Torso 0 80 10 Humerus 31 0 24
Biceps brachii (BICshort) 100 Torso 0 —15 10 Humerus 252 21 0
Biceps brachii (BIClong) 90 Torso 0 —15 10 Ulna 38 0 10
Triceps brachii (TRIlong) 135 Torso -25 20 —20 Radius 38 27 —20
Triceps brachii (TRImed) 108 Humerus 78 11 —10 Ulna 38 -27 —15
Anconeus (ANC) 40 Humerus 265 5 —19 Ulna 42 —12 -29
Brachialis (BRA) 167 Humerus 176 -8 16 Radius 33 5 10
Brachioradialis (BRD) 45 Humerus 246 —-27 0 Radius 283 —12 0

Table2 The mass and inertia properties of 3D arm segments

Segment Mass (kg) Inertia Uy 1y I22) (g mm?)? Length (mm) CoM from proximal (mm)
Humerus 0.945 [0.189 1.46 1.46] 280 140
Ulna 0.376 [0.03 0.417 0.417] 240 78
Radius 0.244 [0.054 0.312 0.312] 240 159
Hand 0.405 [0.220 0.377 0.377] 30 0

“Around center of mass, the mechanical x-axis is assumed to be along the bone.

Fig. 3 Vehicle and driver model in MapleSim

following MPC, the prediction horizon length is 250 intervals
(2.5s) and the control horizon length is only two intervals
(0.025). The choice of the control and prediction horizons is a
trade-off between the stability, optimality, and computational
time. The influence of control and prediction horizon lengths as
well as cost function on the vehicle actual path is fully investi-
gated in Ref. [4].

Actual path

The output of the MPC controller, the steering wheel angle, is
then used to calculate the elbow and shoulder joint torques, which
leads to calculation of muscle forces. The details of this procedure
will be discussed in Sec. 4.

The second layer of our control hierarchy, the corrective part,
provides better control precision and disturbance rejection by
means of a feedback control scheme. In human anatomy, the y-
motoneuron activity and stretch reflex are thought to be important
mechanisms in improving motion accuracy and attenuating
unwanted motions [20,21]. A disturbance or inaccuracy in the
limb position is translated into a deviation of the muscle fascicle
length from the desired length [22]. The muscle spindle activity, a
nonlinear sum of the muscle length and muscle velocity, changes
in accordance with the change in fascicle length. The increase or
decrease in the afferent signal from the muscle spindle affects the
alpha motoneuron activity, which in turn, increases or decreases
the muscle force.

In our model, the stretch reflex is modeled as a proportional-
derivative (PD) controller. The input to the PD controller is the
deviation of the muscle length from its desired value, which is
determined by the MPC. Its output represents the afferent signal
of the muscle spindle and is added to the reference muscle force
to form a monosynaptic stretch reflex mechanism (see Fig. 5). The
PD controller parameters are the same for all muscles, and are
found by trial-and-error (see Table 3).

Layer one

Layer two

Muscle

system

Path following| Angle | Musculoskeletal
controller

force Driver/Vehicle

model

Desired muscle length

» Stretch Reflex

Muscle length

Fig. 4 Workflow of the driver/vehicle model
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Desired muscle length

Muscle length
Driver/Vehicle
model

Fig. 5 The PD controller realization of the stretch reflex in the
arm model

' Muscle

force

Force
command

4 Simulation Procedure

The output of the MPC is the steering wheel angle. Since
the driver/steering wheel model is a one-DoF system, the
steering wheel angle is enough to solve for all joint angles.
To find the optimal joint torques, a simplified model of the
vehicle and driver is used. It is argued in Ref. [23] that the
nonlinear dynamics of the vehicle can be learned and stored
as a set of internal linearized models in the cerebellum. Simi-
larly, we have considered a linear internal model in which
the resistive steering torque is modeled by a passive rotational
spring and damper. The stiffness K, and damping coefficient
Csw in Eq. (2) have been chosen in a way that the steering
dynamics are as close as possible to the high-fidelity vehicle
model in the limited speed range of interest.

Tsw = szesw + Cswésw (2)

Knowing the resistive steering wheel torque and the desired
joint motion, the joint torques that generate a similar motion
in a forward dynamic setting can be found. Unfortunately, the
calculation of such joint torques is not a trivial problem. The
system has only one degree of freedom, and three actuators—
joint torques at the shoulder and the elbow. This system is
an indeterminate dynamic system because the number of
actuators is more than the degrees of freedom, which requires
an extra criterion to reach a unique solution. Usually this ac-
tuator redundancy is solved by assuming that a human mini-
mizes a physiological cost to perform the desired motion
[24,25]. Here, an objective function given by Eq. (3) is used
in the minimization.

T (k) = arg min{wl (Osw (k) — 93\35(")>2+W21"2} ©)

where w; and w, are weighting factors in the objective function
92@5 is the desired steering wheel angle from the path-following
controller, and 0, is the actual angle of steering wheel. To find
the joint torques and reaction forces, an index of reducing actuator
effort is used as the physiological cost function (J/;). As an index
of reducing actuator effort, one option is to minimize reaction
forces in the wrist joint.

Jreaclion = (R,\’)2 + (R_v)z + (RZ)2 (4)

Alternatively, the joint torques can be used in the objective
function.

Jtorque = (Telbow)z + (Tshoulder—z)2 + (Tsho\.llder—y)2 (5)

In the above relations, R; is the wrist joint reaction force com-
ponent and T; is the joint torque. The optimization problems stated
above can be solved using the sequential quadratic programming
optimization routines in MATLAB. This gradient-based optimization
method tries to minimize the tracking error between desired and
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actual steering wheel angle, while keeping the objective function,
Egs. (4) or (5), minimized.

The last step in the simulation procedure is the calculation of
optimal muscle forces from the joint torques. This can be done by
balancing the moments (m; and m, in Eq. (6)) at the joints for the
torque- and force-actuated systems. Therefore, the relation
between the three joint torques and the 14 muscle forces can be
found

my(F,0) = my(T,0) or

G(F,T,0)=0 ©

where G (a 3 x 1 set of functions) relates the 14 muscle forces to
the three joint torques at any given limb position, . Therefore the
problem of force sharing in this arm has to be solved with a num-
ber of assumptions, and in an optimal manner. There are different
ways to set up the optimization problem. One of these well-
known hypotheses suggests that the CNS minimizes a physiologi-
cal cost for a given task [26-28]. This cost function can be written

as a polynomial function
14 4
Ji >’
=3 (% )
i=1 (N i

J force
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where f; is the muscle force, p is the polynomial degree, and N; is
a normalization factor or function. Here, p is assumed to be two,
and N, is chosen to be the maximum isometric force that muscle i
can produce.

The cost function is minimized at each time step, using the
static optimization procedure, and is subjected to the following in-
equality constraints:

0<F <P @®)

and equality constraints of Eq. (6) (the values of T and 0 are
known at each time step). F;"®* is the maximum isometric muscle
force given in Table 1.

An optimization algorithm can be used to solve for the optimal
muscle forces. The same optimization routine as the torque distri-
bution optimization has been used to find the optimal muscle
forces. The computed muscle forces are then used in the forward
dynamic simulation of the muscle actuated driver-vehicle system.

The reflex loop is meant to reduce the effect of disturban-
ces in the system. In this simulation, however, no explicit
disturbance is defined. Thus, the stretch reflex loop only
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Fig. 8 Joint torques (left) and wrist reaction forces (right) during the lane change maneuver; ((a) and (b)) with wrist reaction
force minimization criterion; ((¢) and (d)) with joint torque minimization criterion. The wrist reaction forces are shown in axial
(Fx), radial (Fy), and tangential (Fz) directions of the steering wheel.
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Fig.9 Optimal muscle forces for the elbow muscles

accounts for the differences between the high-fidelity and the
driver’s internal models of the arm and vehicle. Additionally,
the stretch reflex mechanism is used to compensate for nu-
merical errors due to forward integration, and ensures that the
system follows the reference motion. However, in future
work, the stretch reflex will be of significance in the study of
human/steering interfaces [29]. Unexpected road/tire interac-
tions, such as road irregularities, exert disturbances on the
system. Moreover, assistive devices such as EPS and lane-
keeping will add torque and angle overlay inputs to the steer-
ing system, which excite the human reflex loops.

5 Simulation Results

All simulations are done in the MATLAB/SIMULINK environment.
The models and optimized simulation code are exported from the
MapleSim environment using the Maple CodeGeneration toolbox
{0 MATLAB.

The simulation results of the model following a step-like lane
change at the speed of 10m/s are shown in Fig. 6(a). The MPC
assigns the steering wheel angle at each time to follow the desired
path as closely as possible. Figure 6(b) shows the desired steering

wheel angle to perform the aforementioned
maneuver.

As the driver/steering model has only one degree of freedom,
the inverse kinematic simulation result of the vehicle doing a step
lane change maneuver provides the angles, angular velocities, and
accelerations of all joints. Joint angles at shoulder and elbow are
shown in Fig. 7. However, due to the redundancy in the system,
the joint torques are not unique for the specified maneuver. With
the two optimization criteria mentioned earlier in solving for the
joint torques, joint torques and wrist forces have been obtained as
shown in Fig. 8. Figures 8(a) and 8(b) correspond to the wrist
reaction force minimization criterion, and Figs. 8(c) and 8(d) cor-
respond to the joint torque minimization criterion.

It can be observed that the wrist reaction forces found using the
first objective function (4) are significantly smaller than those
found by minimizing joint torques. Conversely, the calculated
joint torques is smaller in the latter case.

The optimal muscle forces can be found from the joint torques
with the method presented in Sec. 4. The optimal muscle forces
calculated from the torques associated with the wrist force mini-
mization criteria are shown in Figs. 9 and 10. It can be seen that
there is little agonist/antagonist cocontraction in muscles force,
which indicates that a motion with minimum effort has been
performed.

Infraspinatus and trapezius muscles are inactive or insignifi-
cantly active, which is consistent with the previous assumption of
not considering internal rotation of the shoulder. Deltoid and long
head of triceps brachii play the role of the antagonistic muscle in
shoulder and elbow, respectively. It can be observed that the del-
toid force is smaller than other agonist muscle forces, which can
be the result of gravity pulling the arm down and helping to rotate
the steering wheel.

When the calculated optimal muscle forces are used in the
high-fidelity forward dynamic simulation of the muscle actuated
system, the vehicle follows the path shown in Fig. 6(a).

Finally, the effect of initial position of hand on the steering
wheel is shown in Fig. 11(b) while performing a sinusoidal
steering task (Fig. 11(a)). As expected the initial hand posi-
tion plays an important role in the computation of joint tor-
ques. It can be observed that the grip position has a greater
effect on the shoulder torques than elbow torque, and a part
of the load is transferred from the vertical rotator of the

lane change
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Fig. 10 Optimal muscle forces for the muscles crossing shoulder joint

021012-6 / Vol. 10, MARCH 2015

Transactions of the ASME

Downloaded From: http://computationalnonlinear.asmedigitalcollection.asme.or g/ on 01/20/2015 Terms of Use: http://asme.org/terms



Steering Wheel Angle (degree)

Time (s)
(a)
3 T T ! ; ' I .
| , 7 _800=0 |
. - - < . . - . 590=+10
...... N.shoulder:z |, _ . 80,=10 |

Joint Torques (N.m)

Time (s)

(b)
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on the optimal joint torques. (a) The steering wheel angle. (b)
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shoulder to the horizontal rotator by holding the steering
wheel on a higher location.

6 Conclusions

Over the past half-century, many research studies have focused
on modeling drivers with different degrees of complexity. Much
of the research was focused on predicting the steering wheel angle
to track a desired vehicle path based on control theories. However,
a few research studies included musculoskeletal dynamics of the
driver, which contributes to task performance and disturbance
rejection.

In this research, a high-fidelity 3D driver’s arm model
interacting with a detailed vehicle model is used to give in-
depth insights into the steering task. Beside the high-fidelity
physics-based models, we have also developed a state-of-the-
art driver model by employing a hierarchical structure. In this
control hierarchy, first, a model predictive controller is used
to predict the steering wheel angle for a specific maneuver.
Then, a complex controller solves for the optimal joint tor-
ques and muscle forces by considering the dynamics of the
driver and the vehicle. Finally, a stretch-reflex is added to
each muscle to ensure better control precision and disturbance
rejection of the motor control.

Using such an architecture enables us to study different aspects
of the steering task that could not be investigated otherwise. It is
now possible to quantify objective criteria such as decision mak-
ing (in the MPC), muscle loads, fatigue and cocontraction, as well
as the disturbance rejection properties of driver, in a unified simu-
lation. This can facilitate the analysis and design of new assistive
steering technologies.

7 Future Work

In this paper, a framework for studying driver/steering
interactions was presented. The models, however, were simpli-
fied to expedite the work-flow design process. In the future,
the validity of the assumptions for kinematics of the arm,
including neglected degrees of freedom and muscles, and the
effectiveness of the reflex module will be investigated by
human testing. Experiments will identify the required model-
ing enhancements, if any.

As another future objective, Hill muscle models will be added
to the driver model. As a result, alternative criteria such as muscle
fatigue and metabolic energy consumption can be considered. The
effects of such criteria on muscle cocontraction and steering per-
formance will then be studied.
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Appendix A: Numerical Parameters Values

List of the parameters used in the numerical simulations is
presented in Table 3.

Appendix B: Bicycle Model

A linear bicycle model of the vehicle is confined in the path-
following controller (MPC) of the driver model. This model can
be represented in the following linear state-space representation,

X = Ax + Bu

v Cx (B1)

where x are the state variables and u is the steering wheel angle.
The matrices and vectors in Eq. (B1) are written as

Table 3 List of parameters used in the simulations

Parameters Description Value Unit

Ko, Cow Identified steering stiffness and damping coefficients of the internal model 7.4637, 0.8706 (N/rad), (N/rad s)
K ';r, Ky Proportional and derivative coefficients of stretch reflex 6,1 (mm), (mm/s)
q,r Weighting factors in the MPC cost function 5,1 (—),(—)

wi, Wa Weighting factors in the static optimization cost function 10, 1 (—),(—)
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Table 4 List of identified bicycle model parameters used in the MPC

Parameters Description Value Unit
CrC, Front and rear tire cornering stiffness 12,635, 20,385 (N/rad)
Uy Longitudinal vehicle velocity 10 (m/s)
M Vehicle mass 1106 (kg)
I Vehicle yaw inertia 1990 (kg m?)
Iy I, Distance to the front and rear axles from CG 0.709, 1.142 (m)
G, Steering gear ratio 10.5 (—)

2C; 4 2C, 20:C; —21,C, .
== _(u+==L_—"=") 0 o0
MUO ( * MU()
A 2Cr — 21,C; 2 — 210G, 0
- LU LU
1 0 0 Uy
L 0 1 0 0|
B 2Cf T .
MG, 0
21;Cy 0
B= |76, |C= ) (B2)
0
0
L 0 |

and X =[x; x X3 x4]T, where x3, x; are the vehicle lateral
position and velocity and xy4, x, are the vehicle yaw angle and rate,
respectively. The bicycle model parameters and descriptions are
shown in Table 4. The parameters are identified using an optimi-
zation procedure comparing the lateral response of the high-
fidelity vehicle model with the bicycle model.
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