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This paper presents an active safety system for passenger vehicles designed to mitigate secondary collisions after an initial impact. The
control objective is to minimize lateral deviation from the known original path while achieving a safe heading angle after the initial
collision. A hierarchical controller architecture is proposed: the higher layer is formulated as a linear time-varying model predictive
controller that defines the virtual control moment input; the lower layer deploys a rule-based controller that realizes the requested
moment. The designed control system is tested and validated on a high-fidelity vehicle dynamics simulator.
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INTRODUCTION

In 2016, there have been more than 34000 fatal crashes recorded
on the roads of the USA alone [1]. An analysis by Yang et al. [2],
[3] shows that approximately 30% of road accidents are so called
multiple event accidents (MEAs), where the vehicle is subject to
more than one harmful event. It is also shown that 50% of the
MEAs leave occupants with serious injuries. Moreover, a crash
analysis report by the National Highway Traffic Safety Administration [6] investigating the vehicle heading angle distribution
in MEAs concludes that, in 85% of MEAs resulting in serious
injuries, the vehicle reaches more than 90 degrees heading angle
rotation. In these scenarios, the vehicle becomes highly prone
to harmful side impacts [7], also called broadsiding or T-boning.
Furthermore, in [2] it is shown that excessive lateral deviation
from the original lane plays a key role in the risk of secondary
collisions. Even though previous works [4], [5] have proposed
solutions to minimize yaw motion and lateral deviation from the
original path after an impact, vulnerable heading angle in consecutive collisions is still a serious threat [2] leading to injuries.
In this paper we propose an active safety system that takes the
heading angle directly into account.
With the latest advances in vehicular environment perception
and automation, the problem of mitigating MEAs has become of
increased interest in recent years. To mitigate MEAs the authors in
[2] propose a controller formulated as a nonlinear optimal control
problem with the objective to reduce the vehicle’s kinetic energy
and minimize the vehicle’s lateral deviation from the original path.
Actuation is applied through a combination of active steering and
differential braking. In [8], a similar optimization based stability
control system is developed, which predicts the final heading
angle after a collision and controls vehicle spin to reach a safe
heading angle, defined as multiples of 180 degrees, while minimizing lateral deviation. The authors argue that significant yaw
rate reduction can be achieved when the heading angle crosses
180 and 360 degrees as well as reducing yaw rate as quickly as
possible might not be the safest secondary collision mitigation
approach, due to sensitivity to side impacts, hence considering
safe heading angles is crucial. Recently, model predictive control
(MPC) is becoming an increasingly popular method, applied to
solving vehicle dynamics and motion control problems thanks to
its attractive features and the availability of fast embedded platforms. MPC is a model based online constrained finite horizon
optimization method, capable of handling nonlinear time-varying

models and constraints systematically [13], optimizing future
plant behaviour. Despite its considerably heavy computational
burden [14], nonlinear MPC is an attractive control technique in
applications where the process is required to work in wide operating regions and close to the boundary of admissible states and
inputs [11]. To ease its computational burden, MPC formulation
based on successive online linearization of the nonlinear plant
model is commonly used, leading to a linear time-varying model
predictive control (LTV-MPC) formulation. By linearizing the
prediction model before each MPC optimization step the nonlinear MPC problem is transformed into a LTV-MPC problem,
yielding simpler optimization problems in real-time [12].
Addressing secondary collision mitigation, in [9] a hierarchical
controller is developed where the higher layer deploys an LTVMPC controller, formulated based on a three degrees of freedom
prediction model taking tire saturation constraints of the Pacejka
tire model [10] into consideration. The calculated virtual control
inputs are mapped onto individual wheel break forces, acting as
the lower layer, formulated as an optimal allocation problem. The
control system is validated by simulating two crashing vehicles
on a straight road under several impact conditions. In the first use
case, imposing an initial yaw rate of 150 degrees per second and
an initial heading angle of 17 degrees, the target vehicle settles
with a heading of 180 degrees and maximum lateral deviation
of 6.8 meters. Increasing the initial yaw rate to 200 degrees per
second and heading to 23 degrees, the target vehicle settles with
a heading of 360 degrees and deviates laterally a maximum of 6.7
meters, returning to the original lane in both cases.
The main contribution of this paper is a control architecture
aiming to mitigate secondary collisions. The higher layer is based
on LTV-MPC that minimizes a cost function similar to the one
proposed in [9], i.e., minimizing lateral deviation from the known
original path while achieving a safe heading angle after the initial
collision. The lower layer deploys actuation by torque vectoring,
assuming that the vehicle is equipped with four individually controllable, electric in-wheel motors. The proposed controller has
been tested in a well thought out use case based on statistical data,
using high-fidelity simulation.
The remainder of the paper is structures as follows. Section 2
presents the control architecture. Section 3 describes the prediction model. Section 4 elaborates on the synthesis of the LTV-MPC
controller. In Section 5 the main use case is defined and the sequence of experiments is described. Last, Section 6 contains the
conclusions and details possible further extensions.

2

CONTROL ARCHITECTURE

In this section, the proposed control architecture is presented,
describing the main focus of the work.
To most feasibly mitigate post-crash injury risk, the proposed
control objective is to minimize lateral deviation from the original
path while settling the vehicle at a safe final heading angle, defined as multiples of 180 degrees. In order to address the system’s
fast, nonlinear dynamics in an accident and the nonzero heading
angle reference, the hierarchical control architecture illustrated
on Figure 1 is proposed.

Figure 2: Two track model of a vehicle in the inertial coordinate
system.
are expressed using Newton’s second law in the vehicle-fixed
coordinate frame (xyz) as:
Figure 1: The proposed hierarchical control architecture.
The enable/disable block activates the controller. As proposed
in [17], the enabling command is given after three sampling intervals. Once activated, the higher layer, formulated as a linear
time-varying model predictive controller, takes the reference heading angle as an input and computes a desired, stabilizing counter
moment around the yaw axis of the vehicle, referred to as virtual
control moment input, optimizing future vehicle motion fulfilling
the control objective. The tracked final heading angle depends
on the impact magnitude and is predetermined by simulation.
The lower layer deploys a rule-based controller that calculates
individual tire forces utilizing the available momentary traction,
realizing the requested moment by applying individual wheel
torques, both propulsive and regenerative braking torques.
Furthermore, in this work the primary focus is to control the
vehicle’s lateral dynamics, and thus longitudinal dynamics control
is only indirectly considered. It is also assumed that the driver
does not apply any steering action when the proposed post-crash
control system is activated, keeping the steering wheel angle zero
at all times. Moreover, vehicle states,for example heading angle,
are assumed to be available at all times, either through direct
measurement or filtering. An impact detection scheme is also
assumed to be in place. In the following sections, the higher and
lower control layers are explored in detail.
3

VEHICLE MODEL AND TORQUE ALLOCATION

This section introduces the vehicle model, constructed to predicting future vehicle motion and gives detailed description of the
lower layer’s torque allocation strategy.
An extended bicycle model is derived to model the dynamics
of the vehicle, yielding an elaborate motion prediction model
used for the MPC formulation. Considering a two track model is
necessary to be able to express the wheel longitudinal forces as
a function of the normal forces and the virtual control moment
input Mz . Figure 2 illustrates the vehicle model along with the
reference frames.
3.1

Motion Prediction Model

A road-fixed, inertial coordinate system is defined, fixed to the
road, where X and Y denote the global longitudinal and lateral
directions. Similarly, we define a vehicle-fixed coordinate system,
fixed to the vehicle’s center of gravity where the the x coordinate vector denotes the longitudinal and the y coordinate vector
denotes the lateral directions. Consequently, the yaw angle ψ
denotes the vehicle’s heading angle, coinciding in the two frames.
The equations of motion of the three degrees of freedom two
track model [11], assuming zero steering wheel angle δ = 0,

mẍ = mẏ ψ̇ + Fxf l + Fxf r + Fxrl + Fxrr ,

(1a)

mÿ = −mẋψ̇ + Fyf l + Fyf r + Fyrl + Fyrr ,

(1b)

Iz ψ̈ = l1 (Fyf l + Fyf r ) − l2 (Fyrl + Fyrr ) + Mz ,

(1c)

where ẋ and ẏ are the lateral and longitudinal velocities in the
vehicle-fixed frame, and ψ̇ is the yaw rate. Mz represents the
controller action, a virtual moment, constants m and Iz denote
the vehicle’s mass and moment of inertia around the z axis, the
front and rear axles’ distance to the center of gravity are denoted
by l1 and l2 respectively. Furthermore, Fx?• and Fy?• denote the
longitudinal and lateral tire forces, where ? ∈ {f, r} denotes the
front and rear axles and • ∈ {l, r} marks the left and right side of
the vehicle. Note that the aerodynamic forces are neglected.
The equations of motion in the inertial coordinate system are:
Ẋ = ẋ cos ψ − ẏ sin ψ,

Ẏ = ẋ sin ψ + ẏ cos ψ.

(2)

The slip angles of the front and rear wheels, at zero steering
wheel angle, can be expressed as:
ẏ − l2 ψ̇
ẏ + l1 ψ̇
,
αr =
.
(3)
ẋ
ẋ
Since we aim to control vehicle motion in emergency situations,
its essential to model the tires nonlinear characteristics. Hence
an extended version of the simplified semi-empirical Pacejka tire
model [10] is used:
q
Fy?• = (µFz?• )2 − Fx2?• · sin(C arctan(B sin(α? ))),
(4)
αf =

where B and C are the stiffness factor and shape factor, respectively, and µ is the coefficient of friction. This tire model captures
the saturating lateral force even at extremely large slip angles of
around 90 degrees, which appear when the vehicle is spinning.
The vertical load on each tire is assumed to be static, hence not
accounting for the effects of roll and pitch. Rather, the vertical
loads are calculated as a split between the front and rear axle,
proportional to the axles’ distances to the center of gravity [11]:
Fzf • =

l2
mg
·
,
l1 + l2 2

Fzr• =

l1
mg
·
,
l1 + l2 2

(5)

where Fz?• denote the normal force of the tires and g is the
gravitational constant.
3.2

Torque Allocation Strategy

Expressing the longitudinal tire forces yields the lower control
layer’s, rule-based torque allocation strategy, as in [18]. The
virtual control input is first split between the front and rear axle:
Mz = Mzf + Mzr ,

(6)

where Mzf and Mzr denote the virtual control moment’s split on
the front and rear axles and,
Mz f

2Fzf
=
Mz ,
Fztotal

Mzr

c
dct,0 (t) = ξ0 (t + 1) − Act,0 ξ0 (t) − Bt,0
u0 .

2Fzr
=
Mz ,
Fztotal

(7)

where Fztotal is the sum of the normal forces on the tires.
On each axle, the requested torque is divided onto the left
and right wheels, thus the longitudinal forces can be calculated,
assuming Fzf l = Fzf r = 12 Fzf , as:
Fxf l = −2

Mzf
Fzf l
Mz
·
=− f,
w Fzf l + Fzf r
w

(8)

where w denotes the vehicle’s track width.
The remaining longitudinal forces can similarly be expressed,
yielding:
Fx f r =

Mzf
,
w

Fxrl = −

Mz r
,
w

Fxrr =

and dct,0 (t) ∈ R6×1 as:

Mzr
.
w

Note that the superscript c refers to representation in continuous
time and the second subscript 0 refers to the first iteration.
Following that, the differential equations are discretized using
forward Euler method as:
ξ(k + 1) − ξ(k)
˙
≈ ξ(k).
∆t

η(t) = Hξ(t),

(10b)

(15)

Expressing ξ(k + 1) and using equation (12) yields the LTV
model of the vehicle dynamics on which a linear MPC is built:
˙
ξ(k + 1) = ξ(k) + ∆tξ(k)

= ξ(k) + ∆tξ0 (k + 1) + ∆tAc∆tk,0 ξ(k) − ξ0 (k)

c
+ ∆tB∆tk,0
u(k) − u0 ,
(16)

(9)

With the above expressions, the lateral forces Fyf l , Fyf r , Fyrl
and Fyrr can be expressed from equation (4). Using the equations
(1) - (9), the nonlinear vehicle dynamics can be summarized by
the following compact equations [11]:

˙ = f ξ(t), u(t) ,
ξ(t)
(10a)

(14)

yielding:
ξ(k + 1) = Ak,0 ξ(k) + Bk,0 u(k) + dk,0 (k),

(17)

where,
c
Ak,0 = 1 + ∆tAc∆tk,0 ,
Bk,0 = ∆tB∆tk,0
,


c
dk,0 (k) = ∆t ξ0 (k + 1) − Ac∆tk,0 ξ0 (k) − B∆tk,0
u0 ,

(18a)
(18b)

T

where the state vector and input are ξ(t) = [ẋ, ẏ, ψ, ψ̇, Y, X] and
u(t) = Mz ∈ R respectively, the matrix H denotes the output
map. The function f : R6 × R → R6 is the update function and
the origin of the state space is an equilibrium point.
4

ξ(k + 1) = Ak,t ξ(k) + Bk,t u(k) + dk,t (k),

CONTROL SYNTHESIS

This section presents the detailed derivation of the higher layer’s
predictive, torque optimization control algorithm.

To decrease the computational effort without neglecting the nonlinearities of the vehicle model, the system’s LTV model approximation is derived. The dynamic equations are linearized around a
nominal state trajectory ξ0 , which are non-equilibrium points, obtained by applying an initial input sequence u(k) = u0 for k ≥ 0,
where k ∈ N is an arbitrary discrete point in time, to system (10b)
with ξ(0) = ξ0 [11], that is:

ξ0 (t + 1) = f ξ0 (t), u(t) ,
u(t) = u0 ,

u(t) ∈ U,

(20)

where X ∈ R6 and U ∈ R are polytopes [13].
4.2

Cost Function

Consider the quadratic cost function [11] defined as:
N
 X
VN ξ(t), U (t), Ξref (t) =

ηt+i,t − ηreft+i,t



2
Q

i=1

(11)
+

ξ0 (0) = ξ0 .

(19)

for a time horizon k = t, ..., t + N , replacing the fixed index 0
by t in (17). System (19) is subject to state and input constraints,
expressed as:
ξ(t) ∈ X ,

LTV Model Approximation

4.1

using the notation ∆tk = t.
At each time t, the general LTV model approximation of system (10b) is represented by:

N
−1
X

ut+i,t



2
R

(21)

i=0

Thus the first order Taylor series expansion gives:


˙ ≈ ξ0 (t + 1) + Ac ξ(t) − ξ0 (t) + B c u(t) − u0
ξ(t)
t,0
t,0
c
= Act,0 ξ(t) + Bt,0
u(t) + dct,0 (t),

+


∂f ξ(t), u(t)
=
∂ξ

,
ξ0 (t),u0

c
Bt,0


∂f ξ(t), u(t)
=
∂u

∆ut+i,t



2
,
S

i=0

(12)

c
∈ R6×1 as:
defining Act,0 ∈ R6×6 and Bt,0

Act,0

N
−1
X

,
ξ0 (t),u0

(13)

where
U (t) = [ut,t , ..., ut+N −1,t ]
and
Ξref (t) =
[ξreft+1 , ..., ξreft+N ] are the optimization vector and reference state trajectory at time t, respectively, and ηt+i,t denotes
the output vector prediction at time t + i. N denotes both the
prediction horizon and control horizon and Q, R and S are
weight scalars and matrices of appropriate dimensions. The first
summand in equation (21) reflects the desired performance on
reference tracking; the second and third summands are a measure
of virtual counter moment effort penalizing both the control input
and control input rate to avoid actuator saturation.

4.3

Model Constraints

5

Considering the average deceleration of a passenger vehicle while
emergency braking, denoted by adec , applying Newton’s second
law, the total braking force yields:
Fbraking = m · adec ,

(22)

where adec is bounded by,
−g ≤ adec ≤ g.

(23)

Thus an average braking force of 14 Fbraking is considered at each
wheel.
Furthermore, considering full braking torque on one side of the
vehicle (e.g. both front and rear right wheels) and full propulsive
torque on the other side (assuming that approximately similar
propulsive longitudinal forces can be generated), the generated
moment around the vehicle’s center of gravity gives the constraint:
|uk | = 4 ·

Fbraking w
≤ umax .
·
4
2

(24)

The constraint on the rate of control input change, i.e. the slew
rate constraint has been chosen to reflect actuator constraints,
expressed as:
|ut+1 − ut |∞ ≤ slew .

(25)

The optimization is also subject to the state dynamics constraint, ensuring appropriate state evolution according to equation
(19). Note that no state constraints have been used in the optimization.
4.4

MPC Formulation

We consider the following problem:
minimize

VN (ξt , Ut , Ξreft )

subject to ξk+1 = Ak,t ξk,t + Bk,t uk,t + dk,t
|ξk | ≤ ξmax , k = t + 1, ..., t + N

(26)

|uk | ≤ umax , k = t + 1, ..., t + N − 1
|ut+1 − ut |∞ ≤ slew .
The computed solution yields the optimal input sequence
Ut∗ = [u∗t,t , ..., u∗t+N −1,t ] and the sequence of states ε∗t =
∗
∗
[ξt,t
, ..., ξt+N,t
] over the prediction horizon predicted at time t.
The first element of Ut∗ :

u t, ξ(t) = u∗t,t ,
(27)
is then applied to system (10b).
At the first step t = 1, system (10b) is linearized around an
initial, nominal state trajectory ξ0 described by (11), obtained
by off-line open-loop simulation of the vehicle motion subject
to the corresponding impulse magnitude in a crash. From the
second step on t ≥ 2, the system is linearized around the previous
∗
optimal input sequence Ut−1
and state sequence ε∗t−1 obtained by
the previous optimization, solving the MPC problem in equation
(26) iteratively.
Since VN is a convex quadratic function and both the models
and constraints are linear, every MPC problem can be formulated
as a quadratic program [13] and therefore efficiently solved. Also,
to further reduce the computational complexity of the MPC problem, we assume that matrices Ak,t and Bk,t are constant over the
horizon N throughout one optimization iteration. Even so, the
MPC formulation in (26) - (27) requires N linearization steps of
system (10b). For the stability of the above formulation, readers
are referred to Paolo Falcone et al. [19].

EXPERIMENTS

In this section, we present the controller performance evaluation.
The proposed control system is extensively tested and validated
in a virtual test environment defined in IPG CarMaker [16], a
high-fidelity vehicle dynamics simulator, defining a 14 degrees
of freedom vehicle plant model, based on the Saab 9-3 sedan.
Components such as the chassis, tires, powertrain, suspension,
vehicle aerodynamics are modelled in detail. This model therefore
represents the dynamics of a vehicle accurately, providing results
close to reality. In all simulations, a fixed step size of tstep = 0.01
seconds is used with an ode3 (Bogacki-Shampine) solver.

5.1

Definition of the Main Use Case

A crash is simulated on a straight road, where a bullet vehicle
hits the examined target vehicle. The controller is designed to act
in light impacts which do not cause severe damage to the target
vehicle and its components, i.e. no damage occurs to sensors, actuators or the vehicle periphery [17]. Based on the crash statistics
analysed by Yang et. al. [2], the main use case is defined as a
force-moment pair imposed on the target vehicle by the bullet
vehicle in a crash which lasts for a time duration of ∆t, where
this duration of the crash is defined as ∆t = 0.2 seconds [20].
Furthermore, because the longitudinal dynamics of the vehicle
is not controlled directly by the higher layer controller, the impact
angle is assumed to be perpendicular to the vehicle’s longitudinal
axes, i.e. 90 degrees. This will induce a moment of near maximum
amplitude on the car and an initial force in the lateral direction
only. The location of the side impact is assumed to be at the front
or rear axles, from either left or right direction, thus yielding four
sub-cases. Hence the impacts are introduced as a force-moment
pair, where the moment Mimpact acts on the center of gravity and
the force Fy,impact acts in the lateral direction.
The impact magnitude of the main use case is based on data
from the German In-Depth Accident Study database [15], analysed in [20], according to which the impulse magnitude range
of 0 - 8 kNs represent 61 % of all accidents considered. This is
shown on Figure 3. Therefore the impulse magnitude of the main
use case is chosen to be 8 kNs, representing a rather large impact.
The initial longitudinal velocity of the target vehicle is chosen
to be 100 km/h, representing 78 % of the cases studied in the
database, corresponding to crash velocities in the range of 0 - 100
km/h. The impact is injected a t = 5 seconds and the controller
is activated at t = 5.03 seconds, exactly three sampling times
after the initial crash as previously referred. In addition to the
activation scheme, a deactivation algorithm is deployed handing
the control back to the driver model if the yaw rate is below a
threshold of 2 degrees per second for 50 iterations.

Figure 3: Frequency distribution of impact magnitude by original
velocity, presented in [20].

A three lane highway section is defined in the simulator, sized
according to the standards of the Swedish Transport Administration (Trafikverket). The direction of the impact is arbitrarily
chosen to be from the right side of the target vehicle, simulating
a possible accident at a highway merging lane, and the impact is
injected on the rear axle.

Table 1: IPG CarMaker simulations of different magnitude impacts. The settling time is defined as settling around the reference
in a band of ± 10 degrees.
Impact [kNs]
magnitude
6 (ψref = 180◦ )

|ψ|max [deg]

Ymax [m]

Ymin [m]

tset [s]

186.42

3.10

-0.52

1.45

8 (ψref = 180 )

265.19

3.66

-3.57

6.91

◦

416.90

5.46

-5.42

14.25

◦

Controller Performance

The control objective is to to minimize the target vehicle’s lateral deviation from its known original path while settling it at a
predefined safe, nonzero heading angle after the initial impact,
mitigating a possible consecutive collision.
In the minimization output map H is specified, defined in
equation (10b), as:


0 0 1 0 0 0
H = 0 0 0 1 0 0
(28)
0 0 0 0 1 0
Minimizing the deviation of yaw angle, yaw rate and global lateral
position from the defined references, respectively.
The following tuning parameters are used for the LTV-MPC
controller:
• sample time and horizon: Ts,MPC = 0.2 s, N = 5;
• output and its rate of change:
umin = −12 kNm, umax = 12 kNm,
∆umin = −200 kNm/s, ∆umax = 200 kNm/s;
• weights on tracking errors: Qψ = 2550, Qψ̇ = 20, QY = 3,
Qi,j = 0 for i 6= j
• weight on the input: R = 0;
• constant references over the horizon:
ψref = 180 deg, ψ̇ref = 0 deg/s, Yref = 0 m.
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The performance of the controller is demonstrated on Figure 4.
It is clearly visible that the heading angle trajectory displays a
considerable overshoot before settling at 180 degrees. This results
in a lateral deviation from the original path in both directions, as
shown on Figure 4d. The vehicle deviates around 3.6 meters in the
direction of the impact and then deviates the same distance in the
opposite direction due to over compensation and the decreased
yaw rate. During the manoeuvre, the vehicle is subject to considerable coasting at high heading angles where controllability
is limited. Additionally, simulation results shows extensive roll
behaviour from one side to the other after exceeding 90 degrees
of slip. This is reflected on the slip curve of the front left wheel,
see Figure 4a, where the roll induces fluctuating normal force on
the tire, yielding an irregular slip behaviour in the negative slip
angle region.
The higher layer’s control command requests maximum positive moment for almost the whole period when it is active, except
for the first 0.2 seconds where the moment request is negative,
probably due to the relatively short horizon. Note that the controller is deactivated at t = 9.1 s after fulfilling the deactivation
criteria and the simulator’s driver model takes over control. Controller performance is summarised in Table 1 alongside simulation
results of 6 and 10 kNs impacts.
It is worth noting the lower control layer’s output. Figure 5a
displays the torque requests on the wheels, and Figure 5b shows
the longitudinal slip ratios λ at each wheel, defined in [21], in the
examined use case. At first sight the requested slips seem to be
rather fluctuating and this apparently results in a similar trend of
the slip ratios. However, since the main use case is an emergency
scenario, overloading the actuators and saturating the tires is not
necessarily a major concern, given that the safety limits are not
exceeded.
To further illustrate what is really happening with the vehicle
post-crash, Figure 6 shows the vehicle’s trajectories subject to a 6
and 8 kNs impact, demonstrating the scenarios with and without
controller action.
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Figure 4: Vehicle states after an 8 kNs impact simulated in IPG
CarMaker with the LTV-MPC deployed.
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Figure 5: Longitudinal slip ratios and torque requests on the
wheels (motors) after an 8 kNs impact simulated in IPG CarMaker
with the LTV-MPC deployed.
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Figure 6: Vehicle trajectories after an impact with the LTV-MPC
deployed, including the open loop trajectories for comparison.
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CONCLUSIONS

Results show that actuation through propulsive and regenerative
torque, i.e. torque vectoring, and using LTV-MPC in the higher
control layer, is a suitable method to mitigate secondary collisions.
Simulations demonstrate that if a vehicle, travelling in any of the
lanes of a standard three lane highway, is subject to an impact, the
controller is suitable to save it from crashing into the left or right
road barriers. Future works include the analysis of the benefit of
introducing active steering control on the controller performance
and integration of an environmental model for better decision
making, e.g. selecting a lane to merge to or avoiding obstacles.
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Göteborg, Sweden, 2013.
[3] D. Yang, B. Jacobson, and M. Lidberg, Benefit Prediction of
Passenger Car Post Impact Stability Control Based on Accident Statistics and Vehicle Dynamics Simulations, Proceedings of 21st IAVSD Symposium on Dynamics of Vehicles
on Roads and Tracks, 2009.
[4] D. Yang, T. J. Gordon, B. Jacobson, M. Jonasson and M.
Lidberg, Optimized Brake-based Control of Path Lateral Deviation for Mitigation of Secondary Collisions, Proceedings
of the IMechE., Part D: Journal of Automobile Engineering,
vol. 225, no. 12, pp.1587-1604, 2011.
[5] C. Song, F. Xiao, S. Song, S. Li, J. Li, Stability control of
4WD electric vehicle with in-wheel motors based on sliding

[9] B. Kim, Huei Peng, Optimal Vehicle Motion Control to
Mitigate Secondary Crashes After an Initial Impacts, 2014
ASME Dynamic Systems and Control Conference, San Antonio, TX, Oct. 22-24, 2014.
[10] H. B. Pacejka, Tire and Vehicle Dynamics, Second edition,
SAE International, 2015.
[11] P. Falcone, M. Tufo, F. Borelli, J. Asgari, H. E. Tseng, A
Linear Time Varying Model Predictive Controller Approach
to the Integrated Vehicle Dynamics Control Problem in
Autonomous Systems, IEEE, 2007.
[12] P. Falcone, F. Borelli, H. E. Tseng, J. Asgari, D. Hrovat,
Linear time-varying model predictive control and its application to active steering systems: Stability analysis and
experimental validation, International Journal of Robust
Nonlinear Control, 2008., 18:862-875
[13] F. Borelli, A. Bemporad, M. Morari, Predictive Control for
Linear and Hybrid Systems, October 19, 2015.
[14] P. Falcone, F. Borelli, J. Asgari, H. E. Tseng, D. Hrovat,
Predictive active steering control for autonomous vehicle
systems, IEEE Transactions on Control System Technology,
vol. 15, no. 3, May, 2007.
[15] VUFO GmbH, Unfallforschung - GIDAS, [Online]. Available: http://www.vufo.de/forschung-undentwicklung/gidas/, [Accessed: 2017-04-18]
[16] IPG Automotive, CarMaker simulation software, [Online].
Available: https://ipg-automotive.com/, [Accessed: 2017-0706]
[17] J. Zhou, J. Lu, H. Peng, Vehicle Stabilization in Response
to Exogenous Impulsive Disturbances to the Vehicle Body,
2009 American Control Conference, Hyatt Regency Riverfront, St. Louis, MO, USA, June 10-12, 2009.
[18] C. Chatzikomis, A. Sorniotti, P. Gruber, M. Bastin, et al.,
Torque-Vectoring Control for an Autonomous and Driverless Electric Racing Vehicle with Multiple Motors, SAE
Int. J. Veh. Dyn., Stab., and NVH 1(2):338-351, 2017,
doi:10.4271/2017-01-1597.
[19] P. Falcone, F. Borelli, H. E. Tseng, J. Asgari, D. Hrovat,
Linear time-varying model predictive control and its application to active steering systems: Stability analysis and
experimental validation, International Journal of Robust
and Nonlinear Control, Published online 18 July 2007 in
Wiley InterScience (www.interscience.wiley.com). DOI:
10.1002/rnc.1245
[20] J. Beltran and Y. Song, Methods for verification of post
impact control including driver interaction, Master’s Thesis
2011:11, ISSN 1652-8557, Chalmers University of Technology, Göteborg, 2011.
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