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Coordinated Control Architecture for Motion
Management in ADAS Systems

Tzu-Chi Lin, Siyuan Ji, Member, IEEE, Charles E. Dickerson, Senior Member, IEEE, and David Battersby

Abstract—Advanced driver assistance systems (ADAS) seek to
provide drivers and passengers of automotive vehicles increased
safety and comfort. Original equipment manufacturers are inte-
grating and developing systems for distance keeping, lane keeping
and changing and other functionalities. The modern automobile is
a complex system of systems. How the functionalities of advanced
driver assistance are implemented and coordinated across the
systems of the vehicle is generally not made available to the wider
research community by the developers and manufactures. This
paper seeks to begin filling this gap by assembling open source
physics models of the vehicle dynamics and ADAS command
models. Additionally, in order to facilitate ADAS development
and testing without having access to the details of ADAS, a
coordinated control architecture for motion management is also
proposed for distributing ADAS motion control commands over
vehicle systems. The architecture is demonstrated in a case
study where motion is coordinated between the steering and
the braking systems, which are typically used only for a single
functionality. The integrated vehicle and system dynamics using
the coordinated control architecture are simulated for various
driving tasks. It is seen that improved trajectory following can be
achieved by the proposed coordinated control architecture. The
models, simulations and control architecture are made available
for open access.

Index Terms—Coordinated system, feed-forward and feedback
control, integration control, modeling and simulation, tire mod-
eling, vehicle modeling, vehicle dynamics control.

I. INTRODUCTION

AUTOMOTIVE vehicle dynamics have been a subject of
research for decades. Engineers seek to understand the

dynamic behavior of vehicles under different driving condi-
tions, such as moderate daily driving as well as emergency
situations [1]−[3]. One of the major causes of accidents is
the driver’s lack of ability to remain in the correct lane due
to inattention or fatigue. In order to prevent these types of
accidents, advanced driver assistance systems (ADAS), such as
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land departure warning (LDW), lane keeping assistance (LKA)
and lane changing assistance (LCA) have been developed.
ADAS is one of the fastest growing areas in the automotive
industry and has become an integral part of modern vehicle
safety and driving comfort [4]−[8]. Some of the most common
ADAS systems used today include adaptive cruise control,
collision warning and lane changing assistance.

ADAS systems can provide the driver with essential infor-
mation or automate difficult tasks. Some systems are critical to
the safety while others provide added convenience to increase
comfort or efficiency. Each of the various types of ADAS
systems in service today generally provide a unique feature
for the user that is implemented through additional control of
one of the vehicle’s systems, e.g. braking or steering. ADAS
systems must not be regarded as a substitute for drivers but
rather as a co-driver, even if direct involvement in some of the
driving tasks is not required [9].

The lane changing maneuver is one of the critical actions
that a driver performs while travelling. It can occur, for
example, when merges take place during the transition from
urban to highway driving, during which a temporary merge
lane exists for the vehicles to rapidly enter. Drivers also change
lanes to follow a preferred route to reach their destination, or
to improve their driving experience or level of service. Current
lane changing assistance systems usually provide two levels of
warning. The first level is reserved for cautionary warnings,
when the likelihood of a collision is relatively low. The second
level is instead an imminent type of warning, when dangerous
situations are more likely to occur [10].

In addition to control of the vehicle position, driving quality
and vehicle handling stability are also important to both safety
and comfort. New technologies, such as coordinated motion
control, i.e., a control mechanism that coordinates controllers
to achieve a desired motion for the vehicle [11]−[14], are
being investigated to improve vehicle operation. The handling
quality of the vehicle can be enhanced by the use of control
strategies [14] and a combination of vehicle dynamics and
electronics, such as steering systems and braking systems.
In [15], a steering and braking control architecture is imple-
mented by a nested proportional-integral-derivative (PID) con-
troller with two independent control loops for lane keeping and
disturbance rejection for improved driving safety. Coordination
of steering and individual braking control for yaw stability
control was proposed in [16]. Using physics based models; a
control architecture was investigated that improved the vehicle
stability by achieving faster convergence and reducing the
impact on the longitudinal and lateral dynamics. Another ex-
ample of the benefits of joining vehicle dynamics with motion
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coordination is in controllable objects, such as those using
independent controllers and actuators [17]. A more advanced
concept is currently under research and development by [18].
This will enable the vehicle to drive without commands from
the driver.

Active front steering (AFS) control systems provide an
example of ADAS that has been widely utilized in automotive
vehicles. Extensive academic research has been published over
the past 15 years, for example [16], [19]−[21]. AFS has
an ability to improve the steering response and enhance the
unstable handling situation. Due to the lateral tire force and
tire slip angle, AFS is effective within the linear region when
the lateral tire force is proportional to the corresponding slip
angle. However, when the vehicle meets the handling limit
and the lateral tire force is close to saturation point, AFS
becomes less effective. Therefore, in order to maintain vehicle
stability, coordinated dynamic stability control which uses
the two independently developed controllers to produce the
required corrective yaw moment and sideslip angle has also
been developed [22]−[26]. These can effectively minimize
the interaction between the two systems, such as steering and
braking systems. The advantage is to extend the functionalities
for each individual system.

The coordinated control architecture for motion manage-
ment in ADAS proposed this paper will go beyond the
integration approach for the AFS by: 1) including braking
as one of the systems used in steering; and 2) distributing
control over the different systems of the vehicle rather than
integrating further control into the systems. The resultant
motion management system may eventually permit vehicle
constituent systems to be developed and operated indepen-
dently as a design feature. This has considerable advantage
to automotive original equipment manufacturers (OEMs) as
it reduces the risk of design dependencies between the con-
stituent systems of the vehicle. Coordinated motion control
in vehicles is closely related to current advances in robotic
controls [27]−[29]. Due to the continuous advancement in
ADAS, an advanced architecture adopting coordinated and
distributive control mechanisms can facilitate integration of
complex motion controls that may not be achievable by motion
control systems in traditional vehicle control architectures.

To test the coordinated control architecture and the motion
management system designed, three tests will be performed. In
particular, vehicle steer-ability at low to mid-range lateral ac-
celerations [30], will be assessed by evaluating an elementary
lane changing maneuver, e.g. following a turning trajectory or
automated lane change [31], [32].

The main contribution of this paper is a coordinated control
architecture for vehicle motion management and simulation
environment to facilitate ADAS development and testing,
especially when details of the ADAS are not accessible.
The physics models and control architecture are implemented
in MATLAB/Simulink. These are openly available to the
community for further research and development [33]. The
architecture is anticipated to be not susceptible to detail
changes in the vehicle dynamics model. This is demonstrated
by changing the vehicle model from a 3-DoF model to a higher
fidelity 8-DoF model.

The paper is structured as follows: the introduction and
works related to ADAS systems and coordinated vehicle dy-
namics control are discussed in Section I. Section II focuses on
the mathematical equations of a physics based vehicle model
and tire model. This is followed by the motion management
system for vehicle dynamics control in Section III. Section
IV discusses the analysis of vehicle dynamics as well as the
evaluations of trajectory-following performance. The overall
conclusions are given in Section V.

II. VEHICLE DYNAMICS MODELING

In general, a vehicle is a nonlinear multivariate system in
the presence of strong coupled and uncertain properties. This
section will focus on a physics based vehicle model and tire
model. This is the first step in process, before proceeding to
design a motion management system in ADAS systems. The
description of the modeling concepts will be introduced in the
following sections.

A. Vehicle Dynamics Model
In order to analyze the performance of vehicle dynamic

behavior, the modeling is derived under the following assump-
tions: 1) neglect roll and pitch motions; 2) approximate the
steering and braking dynamics as linear first-order systems; 3)
neglect the effect of the suspension on the tire; 4) neglect the
effect of the longitudinal rolling resistance force [34]. Based
on these assumptions, a physics based vehicle model with three
degrees of freedom is considered in this paper as shown in
Fig. 1.

Fig. 1. Vehicle model.

It includes the three popular motions, such as longitudinal,
lateral and yaw rate, which are derived as

m(
·

Vx−rVy) = (Fxfl + Fxfr) cos δ

− (Fyfl + Fyfr) sin δ + Fxrl + Fxrr

(1)
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m(
·

Vy +rVx) = (Fxfl + Fxfr) sin δ

+ (Fyfl + Fyfr) cos δ + Fyrl + Fyrr (2)

Iz
·
r = [(Fxfl + Fxfr) sin δ + (Fyfl + Fyfr) cos δ]a

+ [(Fxfr − Fxfl) cos δ + (Fyfl − Fyfr) sin δ]
tw1

2

+ (Fxrr − Fxrl)
tw2

2
− (Fyrl + Fyrr) b (3)

where δ is the front wheel steering angle. Vx and Vy are
the longitudinal velocity and lateral velocity of the vehicle,
respectively. r is the vehicle yaw rate. Fxi and Fyi are the
longitudinal and lateral tire forces. i is referred to as the wheel
in the vehicle coordinates, front left (fl), front right (fr), rear
left (rl) and rear right (rr). m is the mass of the vehicle. a
and b are the distance between vehicle center of gravity (CoG)
location and the front, rear axles. tw1 and tw2 are the wheel
track width of front and rear axles. Iz is the yaw moment of
inertia.

For a steering vehicle, δ is the steering angle of a given
wheel with the first subscript representing either front or rear,
and the second subscript for right or left. It is assumed that the
vehicle has four wheel independent torque control and two or
four wheel-steering systems. Then, for a front steering vehicle,
the following relationships are given:

δ = δfl = δfr, δrl = δrr = 0. (4)

In terms of the vehicle stability performance [35], there will
be significant effects when the tire normal force is influenced
by the load transfers due to the longitudinal and lateral
accelerations.The effect of the tire normal force are derived
as

Fz fl =
(mgb) cos (β)− hCoGm

·
Vx−mghCoG sin (β)

a + b

Fz fr =
(mgb) cos (β)− hCoGm

·
Vx−mghCoG sin (β)

a + b

Fz rl =
(mga) cos (β) + hCoGm

·
Vx +mghCoG sin (β)

a + b

Fz rr =
(mga) cos (β) + hCoGm

·
Vx +mghCoG sin (β)

a + b
(5)

where m is the mass of the vehicle, β presents as the sideslip
angle, g is the gravitational force, hCOG is the height of CoG.

B. Tire Model

The tire model needs to describe the dependencies of the
tire force on the slip angle and ratio, friction coefficient as
well as the interaction between longitudinal and lateral forces.

The slip angle for each wheel are defined as

αfl = δ − arctan
(

Vy + ar

Vx + tw1
2 r

)

αfr = δ − arctan
(

Vy + ar

Vx − tw1
2 r

)

αrl = arctan
( −Vy + br

Vx + tw2
2 r

)

αrr = arctan
( −Vy + br

Vx − tw2
2 r

)
(6)

The difference between longitudinal velocity and the equiv-
alent rotational velocity of wheel is called the longitudinal
slip. The longitudinal slip ratios for each wheel for braking is
given as

σi =
ωireff − Vx

Vx
, i = fl, fr, rl, rr (7)

where ωi is the wheel angular velocity. reff is the radius of
the tire.

Since the tire model for the vehicle model needs to ex-
press the interaction between longitudinal and lateral forces,
the Dugoff’s tire model [36] is employed in this paper. It
uses combined longitudinal and lateral forces for the vehicle
dynamics simulation, and also allows the use of independent
values for the tire cornering stiffness and longitudinal stiffness.

A function λ is used in Dugoff’s tire model and calculated
in a separate sub-block. With all these sub-blocks together, the
longitudinal and lateral tire forces can be obtained. The details
of the calculation are given as below:

Fxwi = Cσ
σ

1 + σ
f (λ) , i = fl, fr, rl, rr

Fywi = Cα
tanα

1 + σ
f (λ) , i = fl, fr, rl, rr (8)

where

λ =
µFz (1 + σ)

2
{

(Cσσ)2 + (Cσtanα)2
} 1

2

f (λ) =
{

1, λ ≥ 1
(2− λ) λ, λ < 1

where Cσ and Cα are the longitudinal and cornering stiffness
of the tire, respectively, λ presents as the function variable.

Note that the tire slip angle and ratio of each corresponding
wheel must be used in the calculation of longitudinal and
lateral forces.

Then, the relationship between the mechanical torque and
the wheel rotation can be derived as

Jw · ·ωi = Tdi − Tbi − reff · Fxi, i = fl, fr, rl, rr (9)

where Jw is the wheel inertia, ω̇i is the angular acceleration,
Td is the drive torque of the wheel, Tb is the brake torque of
the wheel, Fx is the wheel longitudinal force and reff is the
effective radius of wheel.

Wheel angular velocity or wheel rotational dynamics is
related to mechanical driving and braking torque. Hence, the
corrective yaw moment is only from brake torque regardless of
the driveline without affecting the validation of the proposed
coordination control scheme. Based on (9), it can be rewritten
as

ωi =
∫

1
Jw

(Tdi − Tbi − reff · Fxi) , i = fl, fr, rl, rr (10)



LIN et al.: COORDINATED CONTROL ARCHITECTURE FOR MOTION MANAGEMENT IN ADAS SYSTEMS 435

The relationship between braking torque and braking pres-
sure is derived as

Tbi = KbPbi, i = fl, fr, rl, rr (11)

where Kb is the brake gain, Pbi is the brake pressure of the
wheel.

III. MOTION MANAGEMENT SYSTEM FOR VEHICLE
DYNAMICS CONTROL

This section describes the design of a coordinated control
architecture for the motion management as shown in Fig. 2.
The architecture consists of four levels: at the top, an ADAS
level that generates ideal trajectory as commands, a motion co-
ordinator at upper-level (task manager), coordinated dynamic
controllers at lower-level, and a vehicle dynamics model at the
bottom.

Fig. 2. Control Architecture for motion management.

The flows in the control architecture are explained as
follows: Upon receiving an ideal trajectory from the ADAS
command, the task manager at the upper-level is based on
the coordination management laws to assign different tasks
to the two independent controllers. Each of the controllers
will identify their own input signal to achieve the independent
control scheme at the lower-level for the controlled objects,
such as the steering system actuator and the brake system
actuator. Then, these two system actuators will give the active
steering angle to the two front wheels, and the corrective yaw
moment to the brake system for the braking torque distribution
to the physics based vehicle model. After the completion of the
control process, the interaction between steering system and
braking system can therefore be investigated and evaluated.
The details of the control architectures will be introduced in
the following subsections.

A. ADAS Command Model

ADAS, as described in [9], can be considered as a co-driver.
Although the scope of this paper is not to design any ADAS

functionality, it is important to appropriately design ADAS
command for the design and implementation of the proposed
coordinated control architecture.

For any driving task ahead, it is assumed that there will
be a driver command that reflects driver’s intension and a
potential corresponding correction by the ADAS. To see an
example, it considers the following scenario where a driver
is cruising on a straight road with adaptive cruise control
(ACC) function activated [37]. The driver sees a vehicle ahead
that is decelerating, and hence pressed the brake pedal to
avoid collision. However, the ACC, as part of the ADAS,
using information retrieved from sensors, may decide that an
additional brake torque is needed for absolute safety. As a
result, instead of sending the driver’s command to the brake
controller, the ADAS will send its determined value.

In developing the ADAS command for this paper, the ADAS
command is referred to as the ideal trajectory. From the
perspective of the task manager and controllers, it is therefore,
not necessary to distinguish between the original intension
from the driver and the ideal trajectory determined by the
ADAS. The only thing of concern to the control is the actual
reference signal. For the sake of simplicity and demonstration
of the concept of distribute control, it is assumed that the
ADAS command is in use at all time, so that the vehicle will
try to follow the ideal trajectory instead of driver’s intension.
Hence, this resembles the situation of autonomous driving.

For the three driving scenarios described in Section IV,
the ideal trajectory is build based on steering inputs as these
scenarios primarily concern with turning. The steering wheel
system is a control system in the vehicle that electrically
amplifies the steering torque commanded by the driver. This
will be input to the vehicle motion coordinator. In order to
model the dynamic behavior of steering wheel system [38],
the equation is simply given as

Td −Kt (δsw − δsc)−Bswδsw1 = Jswδsw2 (12)

where

Kt = kp + ki
1
s

+ kds (13)

where Td is the input torque on the steering wheel from the
driver, Kt is a PID controller, Jsw and Bsw are the inertia
and the damping constants of the steering wheel, δsw and δsc

are the steering wheel angle and the steering column angle
respectively.

Fig. 3 shows the overall structure of steering wheel control
scheme. The ideal trajectory provides the steering angle as
an input signal to the steering wheel system that produces
the desired output signal. Then, subtracting the desired output
from the ADAS input signal, the error is therefore obtained.
The purpose of the control system is to monitor a signal control
process. It can accurately control the process by comparing
the actual signal with the desired signal as to reduce the error
in order to achieve a good signal-tracking performance. Note
that if the controlled system is in under-steer condition, the
correction angle is positive. If the controlled system is in over-
steer condition, the correction angle will be negative.
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Fig. 3. Overall structure of ADAS command model.

For instant, Fig. 4 shows variable curves of a sine wave
input signal for lane changing manoeuver on a dry road with
the road friction coefficient of 0.85 for Scenario I. Sinusoidal
waveform is often used as the steering angle, and input to
imitate the vehicle lane change in the test of vehicle dynamics.
From steering angle vs. time curve, it can be seen that the
steering wheel angle is subjected from zero to step peak value
almost 0.35 rad in a very short time and maintained for about
1 s.

Fig. 4. ADAS command for single lane changing maneuver−Scenario I.

B. Design of Motion Coordinator

In the control of vehicle dynamics, the stability of steering
system and brake system are usually achieved through the
control of yaw rate and side-slip angle, respectively. For
this purpose, the coordination management laws are designed
based on a simple kinematic model, with a small angle and
constant speed assumptions [39]. The motion coordinator is
shown in Fig. 5.

Fig. 5. Upper-level−motion coordinator.

Using the coordinate transformation matrix, the velocity of
point “g” is transformed in the body-fixed x− y frame to the
inertial or terrain X−Y frame. Hence, the motion management

laws for the model are derived as

vXY
g =

[
Vx · cos (δm) − sin

(
δm · (L

2

))

Vx · sin (δm) cos
(
δm · (L

2

))
]

(14)

Then, integrate the terrain-frame velocities to achieve po-
sition in X − Y as a function of body-fixed steering input,
which is given as




·
Xg =

dXg

dt
= vX

g

·
Yg =

dYg

dt
= vY

g

(15)

δ̇m =
dδm

dt
= δr (16)

δr = Vx ·
(

1
L

)
· δ (17)

βr =

(
atan

(
vY

g

vX
g

))
− δr (18)

where x and y are the terrain coordinate frame of vehicle’s X
and Y velocity. Vx is the vehicle body forward speed. δm is the
angle formed between the longitudinal axis and the x axis that
can also explain as the response of corrective yaw rate. L is
the vehicle length. δ is the angle from ADAS command model.
βr and δr are the task signals to the coordinated controller.

As mentioned before, the stability of steering system and
brake system are normally achieved through control of yaw
rate and side-slip angle. The yaw moment and sideslip angle
are regarded as the output of the motion coordinator. The
desired yaw moment to the steering system controller is
regarded as the input of the integrated steering control system.
Similarly, the desired sideslip angle to the four brake system
controllers are regarded as the input of the integrated braking
control system.

C. Design of Dynamic Coordinated Controller
According to the control theory [40], the error of the system

can be reduced by increasing the gain in the open-loop system
or using higher order systems. However, the system stability
and dynamic performance are also influenced by the large gain
of the open-loop system or if the order of the system is too
high.

Hence, the feedback closed-loop control method is utilized.
The disturbance signal or transient error may deteriorate the
performance at dynamic state. This, however, can be improved
by a feed-forward control method. Therefore, based on the
advantages of these two methods, the feedback closed-loop
control strategy is combined with the feed-forward control
method [41]−[43]. This integrated control scheme is proposed
as the dynamic coordinated motion controller. It will enhance
the accuracy of steering control and the vehicle trajectory-
following performance. Fig. 6 shows the overall structure of
the integrated feed-forward and feedback control scheme.

According to Fig. 6, Gfw(s) is the feed-forward transfer
function, Gb(s) is the feedback transfer function, Gbr(s) is
the transfer function of brake system actuator and Gst(s) is
the transfer function of the steering system actuator.
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Fig. 6. Lower-level-integrated feed-forward and feedback controllers for
steering and brake system.

The control object of the coordinated control is the steering
system and brake system of the vehicle. The transfer function
of the steering system is obtained by yaw moment. Similarly,
the transfer function of the brake system is a first-order lag
system that can be obtain by the sideslip angle as the output
of the motion coordinator.

The transfer function of steering system actuator is a first-
order system, which can be expressed as

Gst (s) =
kst

τsts + 1
(19)

where s is described as the Laplace operator, τst is the time
constant of the steering system actuator, kst is constant value
of the steering system actuator.

The sideslip angle is considered as input to the brake system
controller. A first-order transfer function is also used for the
brake system actuator which can be derived as

Gbr (s) =
kbr

τbrs + 1
(20)

where τbr is the time constant of brake system actuator, kbr

is the constant value of the brake system actuator.
In comparison, the steering system dynamics is less com-

plicate than the braking system dynamics due to the four
brake system actuators for each tire: left front brake, left rear
brake, right front brake, and right rear brake, while the steering
system only has one actuator.

For the steering system controller shown in Fig. 6 (a), the
transfer function of the PID controller is given as

Gb st (s) = kp +
ki

s
+ kds (21)

where kp and ki are the proportional and integral coefficient
gain, and kd is the differential coefficient gain.

After determining the Gst(s), Gbr(s), Gb(s), the trans-
fer function of feed-forward control loop Gfw(s) can be
calculated and explained as below. Firstly, the input of the
steering coordinated control δr is assumed to be zero. Then,
the following equations can be obtained according to the Fig. 6
(a):

δ∆st = (E + βr ·Gfw st (s)) ·Gb st (s) ·Gst (s) (22)

δa = δ∆st + β∆br (23)

E = δr − δa (24)

where δ∆st is the output of actuation variable of steering
system actuator, βr is the reference variable (sideslip angle)
generated by the motion coordinator, β∆br is the output of
actuation variable of brake system actuator, δr is the reference
variable (yaw moment) generated by the motion coordinator,
δa is the output variable generated by the integrated feedfor-
ward and feedback steering control system.

Based on (22)−(24), the equations (23) and (24) can be
re-written as

δa =
Gbr (s) + Gb st (s) ·Gst (s) ·Gfw st (s)

1 + Gb st (s) ·Gst (s)
β∆br (25)

E = −δa (26)

The control target is set as E = 0. Therefore, the condition
should meet the target while the input of the control system
is zero.

According to (25) and (26), the transfer function of the feed-
forward control loop can be obtained as

Gfw st (s) = − Gbr (s)
Gb st (s) ·Gst (s)

(27)

Similarly, for the brake system controller shown in Fig. 6
(b), the transfer function of PID controller is also employed
that is given as

Gb br (s) = kp +
ki

s
+ kds (28)

where kp and ki are the proportional and integral coefficient
gain, and kd is the differential coefficient gain.

Then, the following equations can be obtained according to
Fig. 6 (b):

β∆br = (E + δr ·Gfw br (s)) ·Gb br (s) ·Gbr (s) (29)

βa = β∆br + δ∆st (30)

E = βr − βa (31)

where βa is the output variable generated by integrated feed-
forward and feedback braking control system.

Based on (29)−(31), the equations (32) and (33) can be
re-written as

βa =
Gst (s) + Gb br (s) ·Gbr (s) ·Gfw br (s)

1 + Gb br (s) ·Gbr (s)
δ∆st (32)
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TABLE I
PARAMETERS OF VEHICLE MODEL

Parameter name Value Parameter name Value

Mass of vehicle m = 1750 Effective radius of tire reff = 0.380

Gravitational acceleration g = 9.81 Wheel inertia Jw = 2.166

Yaw moment of inertia Iz = 2480 Distance of front axle from CoG a = 1.180

Distance between left and right wheels track length Lw = 1.880 Distance of rear axle from CoG b = 1.770

Height of CoG hCoG = 0.700 Height of aerodynamic resistance haero = 0.750

Tire road friction coefficient µ = 0.85 wheel moment J = 1

E = −βa (33)

The same as the steering system controller, the following
condition should be met while the input of the control system
is zero as mentioned before.

According to (32) and (33), the transfer function of the feed-
forward control loop can be obtained as

Gfw br (s) = − Gst (s)
Gb br (s) ·Gbr (s)

(34)

IV. SIMULATION ANALYSIS AND
CAPABILITY EVALUATION

In this section, the modeling and simulation are carried
out to evaluate the proposed coordinated control architecture,
a series of computer simulations are performed with the
MATLAB/Simulink environment for performance evaluation
of vehicle dynamics control. Three strategies are investigated
in the following simulation tests: 1) coordinated control of
two independent PID controllers (both steering and braking);
2) control of steering system only (i.e. without brake system
control); 3) control of brake system only (i.e. without steering
system control). These three-simulation test will be demon-
strated in various driving scenarios, such as signal lane change
(Scenario I), double lane change (Scenario II), and single turn
(Scenario III).

A physics-based vehicle model with Dugoff’s tire model is
utilized for this purpose [16]. An ADAS command model is
used to simulate the driver’s behavior. In the three tests, the
vehicle is assumed to move with an initial velocity of 10 km/h
on a dry road with the coefficient of friction 0.85. The overall
structure of coordination of two independent controllers for
integrated vehicle dynamics control for simulation is depicted
in Fig. 7. The values of vehicle parameter are listed in
Table I. For instance, one of the test trajectories for Scenario
I is drawn in Fig. 8, and due to the limit of the page length,
the figures for Scenario II and Scenario III are not shown.

Then, the interaction between steering system and brake
system can be analyzed as well as the influence on the lane
changing performance. More details about the analysis will be
discussed in the following sub-sections.

A. Analysis of Coordinated Control and Trajectory
Following Performances

Figs. 10 (Scenario I), 14 (Scenario II) and 17 (Scenario III)
show the three yaw rate responses generated by simulation

of three tests against to the task signal-yaw rate (reference
signal). As it can be seen from the results, the uncontrolled
steering system of vehicle, the amplitude of the desired yaw
rate becomes larger against the reference signal. On the other
hand, in the case of coordinated control, the desired yaw rate
response tracks well to the task signal-yaw rate. Also, a slight
influence on the signal-tracking is observed when the brake
system is uncontrolled, but the output of yaw rate is nearly
converging to the reference signal. Similar phenomenon is
also confirmed by Fig. 9, the amplitude becomes larger when
control braking only. On the other hand, a small error is
produced when control steering only.

Similarly, the comparisons of sideslip angle tracking be-
havior are drawn in Figs. 11 (Scenario I), 15 (Scenario II) and
18 (Scenario III). The vehicle with coordination of steering
and braking for integrated vehicle dynamics control achieves
a good signal-tracking performance in comparison to the
task signal-sideslip angle (reference signal). The amplitude of
desired output signal still becomes larger when the steering
system is uncontrolled, and will slightly influence the sig-
nal tracking when control braking only. In comparison, the
proposed coordinated control system can improve the vehicle
signal-tracking performance.

Fig. 7. Detailed control scheme with control and feedback signals.

Fig. 8. Test trajectory−Scenario I.
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Fig. 9. Yaw rate versus steering angle-controlled and uncontrolled−
Scenario I.

Fig. 10. Responses of yaw rate versus task signal−Scenario I.

Fig. 11. Responses of sideslip angle versus task signal−Scenario I.

Fig. 12. Trajectory following comparison−Scenario I.

Fig. 13. Comparison of tire rotational speeds−Scenario I.

In order to investigate the capability of trajectory follow-
ing, the trajectory-tracking performances are demonstrated for
three different scenarios which are drawn in Figs. 12 (Scenario
I), 16 (Scenario II) and 19 (Scenario III). The same conditions
are applied, and the desired trajectories generated by the three-
simulation tests are compared to the ideal trajectory which
is provided by ADAS. It clearly shows that the coordinated
control of the steering system and the brake system (test 1:
coordinated control of two independent PID controllers) can
track the ideal trajectory well and reaches a better trajectory-
tracking performance than the other two tests (test 2: control

of steering system only, and test 3: control of brake system
only). To sum up, the control of steering system without brake
system control has a small undershoot, whilst the control of
brake system without steering system control has a significant
overshoot.

Moreover, the behavior comparison of the tire rotational
speeds is shown in Fig. 13. Again, the proposed coordination
motion control scheme can maintain the tire rotational speed
at constant speed. On the other hand, the tire rotational speed
is kept reducing when the brake system is uncontrolled
(test 3).



440 IEEE/CAA JOURNAL OF AUTOMATICA SINICA, VOL. 5, NO. 2, MARCH 2018

Fig. 14. Responses of yaw rate versus task signal−Scenario II.

Fig. 15. Responses of sideslip angle versus task signal−Scenario II.

Fig. 16. Trajectory following comparison−Scenario II.

Fig. 17. Responses of yaw rate versus task signal−Scenario III.

Fig. 18. Responses of sideslip angle versus task signal−Scenario III.

Fig. 19. Trajectory following comparison−Scenario III.

B. Discussion

The concept of a motion management system and its coor-
dinated control architecture is designed and demonstrated in
this paper. The concept is verified through a set of simulations
over different input trajectories and control strategies. Given
an ideal trajectory in terms of steering angle, the upper-level
motion coordinator successfully manages the task into a yaw
moment and sideslip angle and distribute them respectively
to the steering controller and brake controller at the lower-
level controllers. The vehicle performance simulated through
a 3-DoF vehicle model was analyzed in the previous section.

The advantage of the coordinated control over traditional

control schemes, e.g., series or independent control, is that it
allows interactions among systems to be investigated while the
design of the individual system can still be done independently.
However, the complexity and difficultly in designing such a
motion management system may grow quickly with increasing
number of systems. This is because that one needs to design
and derive a set of motion management laws in the upper-level
motion coordinator as in Fig. 2 to divide the ADAS commands
and distribute them to individual components under the control
architecture.

One of the key features of the proposed control architecture
for the elementary motion management system is being not
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susceptible to details of model changes. Starting with a simpli-
fied vehicle dynamics model that only considers longitudinal,
lateral and yaw motion, the concept of coordinated control was
demonstrated in this paper. At an industrial level where the
requirement to model fidelity is high, the coordinated control
scheme must be able to adapt to model changes. To validate
that the designed control architecture indeed is non-susceptible
to model changes, the simplified vehicle dynamics model is
extended to a higher fidelity model that also considers roll
motion of the vehicle. Detailed mathematical descriptions
of the model and simulation results are provided in
Appendix I. As observed in the simulation results depicted
in Fig. 20, the performance of the 8-DoF vehicle model in
following the single lane change trajectory (Scenario I) is
reasonably acceptable, but less accurate in comparison to that
of the 3-DoF vehicle model. This discrepancy between the
simulation results is believed to be caused by the addition of
roll-motion in the vehicle model.

V. CONCLUSIONS AND FUTURE WORK

In this paper, a coordinated control architecture for ve-
hicle motion control has been developed. The architecture
is analyzed with integrated open source physics models of
the vehicle dynamics and ADAS command models. Specif-
ically, the steering and braking models were implemented
in MATLAB/Simulink and integrated into a physics based
vehicle model with three degrees of freedom to include a
broadly accepted tire model. The simulation models and the
coordinated control architecture are made available for open
access [33].

The vehicle dynamic responses in the lane changing ma-
neuver simulation tests indicated that the control of steering
system without brake system control has a slight undershoot
of an intended trajectory from an ADAS system; and the
control of brake system without steering system control has
a significant overshoot. On the other hand, the “coordinated
control” strategy successfully damped out the deviation errors,
and gave much greater precision in following the intended
trajectory.

The system of systems (SoS) control architecture and strat-
egy developed are “coordinated control” (as opposed to a
monolithic integration strategy). This, in principle, permits the
constituent systems of the SoS to be developed and operated
independently, which is an important consideration for an au-
tomotive OEM. The design intent of the motion management
system is that it should allow adding new system models, e.g.,
suspension system, and their corresponding controllers in a
distributive manner within the motion management system.
As such, by extending the scope of the motion management
system, the system should provide a means to investigate var-
ious distributed control strategies such as differential braking.
Moreover, how new systems and their corresponding control
strategy will interfere with existing systems, e.g. steering
system, in terms of control performance and stability will be
topics for future research.

APPENDIX

To demonstrate the claim that the proposed coordinated
control architecture is not susceptible to details of model
changes, the three degree of freedom (3-DoF) vehicle dynam-
ics model is extended to the eight degrees of freedom (8-DoF)
with associated changes in the tire model in this Appendix.
Simulation results are also shown and compared with the one
presented in the main body of the paper.

A. Vehicle Model

In addition to the longitudinal, lateral and yaw rate, the
dynamics of an 8-DoF vehicle also concerns roll motion. The
consideration of roll motion revises the set of equations of
motions into the following [12]:

m

( ·
Vx−rVy

)
= (Fxfl + Fxfr) cos (δ)

+ Fxrl + Fxrr − (Fyfl + Fyfr) sin (δ) (35)

m

( ·
Vy +rVx

)
+ mshs

··
ϕ = Fyrl + Fyrr

+(Fxfl + Fxfr) sin (δ) + (Fyfl + Fyfr) cos (δ) (36)

Izz
·
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··
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+
tw
2
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tw
2
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+
tw
2

(Fyrl − Fyrr) sin (δ) (37)

Ix

··
ϕ +Ixz

·
r +mayh = mgh1ϕ−Kϕϕ− Cϕ

·
ϕ (38)

where V̇x is the longitudinal acceleration, Vy is the lateral
velocity, m is mass of the vehicle, r is the vehicle yaw rate, δ
is the steering angle generated by steering wheel system, Fxi

is the longitudinal force on the ith wheel and Fyi is the lateral
force on the ith wheel. V̇y is the lateral acceleration, Vx is the
longitudinal velocity. Iz is the yaw moment of inertia, a(b)
is the distance between the centre of gravity (CoG) and the
front (rear) axle tw1(tw2) is the wheel track width of the front
(rear) axles. Ix is the roll motion of inertia, h is distance from
sprung mass centre of gravity to the roll axis, h1 is height of
the aerodynamic resistance, φ is the roll angle, Kφ is the roll
stiffness, Cφ is the roll damping, ay lateral acceleration.

According to the longitudinal and lateral load transfers,
the instantaneous vertical tire load acting on each wheel Fzi

during dynamic maneuvers is the sum of the static tire load
plus load transfer that is due to longitudinal acceleration,
lateral acceleration, and body roll motion respectively [12].
This effect can be described as

Fz fl = mgb
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·
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2l + ay

tw
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where ms is the sprung mass of the vehicle, g is gravity
acceleration, hf and hr are the height of front and rear roll
centre, lfs and lrs are the distance from sprung mass CoG to
front and rear axle, respectively.

B. Tire Model
Similar to 3-DF vehicle, the tire model [32] is utilized in

this report.Then, the slip angles for each wheel are defined as

αfl = δ − arctan(
Vy + ar

Vx − tw1
2 r

)

αfr = δ − arctan(
Vy + ar

Vx + tw1
2 r

)

αrl = −arctan(
Vy − br

Vx − tw2
2 r

)

αrr = −arctan(
Vy − br

Vx + tw2
2 r

) (40)

The speeds at the centre of each wheel are defined as

Vt fl =
(

Vx − tw
2
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2

r

)
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2

r

Vt rr = Vx − tw
2
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Longitudinal slip ratios during braking remains unchanged
as described by (7). The tire model in the full vehicle model
needs to express the interaction between longitudinal and
lateral tire forces that can be derived as follows:

Fxwi = Cx
λi

1− λi
f (S) , i = fl, fr, rl, rr (42)

Fywi = Ci
tanαi

1− λi
f (S) , i = fl, fr, rl, rr (43)

where λ is given by

S =
µFzi

(
1−εrVx

√
λ2

i +tan2αi

)

2
√

C2
i λ2

i + C2
i tan2αi

(1−λi) , i=fl, fr, rl, rr

f (S) =
{

1, if S > 1
S (2− S) , if S < 1

where Cσ and Cα are the longitudinal and cornering stiffness
of the tire, respectively. λ presents as the function variable.

Finally, (9)−(11) remains unchanged in this model to de-
scribe the relationship between the mechanical torque and
the wheel rotation, the relationship between wheel angular
velocity and mechanical driving and braking toque, and the
relationship between braking torque and braking pressure,
respectively.

C. Performance Analysis of Simulation Result

In order to validate the susceptibility of the coordinated
control architecture with changing model fidelity, the 8-DoF
vehicle is implemented in Simulink/MATLAB and used to
substitute the 3-DoF vehicle dynamics block in the built
models provided in [33]. For the single lane change test,
with the same input trajectory, a simulation test is performed.
The result from the 8-DoF (green dash) is depicted in Fig. 20
with comparison to the ideal trajectory (red) and the previous
simulation result with 3-DoF vehicle model (black dot). As
observed, the 3-DoF vehicle model shows a good trajectory-
following performance. However, the 8-DoF vehicle model
attempt at following the ideal trajectory, is less accurate at this
point with as light deviation due to the effect of roll motion.

Fig. 20. Performance comparison of trajectory following by different vehicle
model, 3-DoF and 8-DoF.
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