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Abstract: This paper presents an integrated controller for an autonomous articulated electric vehicle
(AAEV) for path tracking and rollover prevention. The AAEV is vulnerable to rollover due to the
characteristics of the articulated frame steering (AFS) mechanism, which shows improved maneuver-
ability and agility but not front wheel steering. In addition, the ratio between height and track width
is high, so the AAEV is prone to rolling over. Therefore, the proposed controller was designed to
achieve the two goals, following the reference path and managing the velocity to improve the safety
of the AAEV. Vehicle behavior was modeled by a kinematic model with actuation delay. A local
linearization was used to improve the accuracy of the vehicle model and reduce the computational
load. Reference states of the position and heading were determined to follow the reference path and
prevent the rollover. A model predictive control (MPC)-based reference state tracker was designed to
optimize the articulation angle rate and longitudinal acceleration commands. The simulation study
was conducted to evaluate the proposed algorithm with a comparison of the base algorithms. The
reference path for the simulation was an S-shaped path with discontinuous curvature. Simulation
results showed that the proposed algorithm reduces the path tracking error and load-transfer ratio.

Keywords: autonomous articulated electric vehicle; path-tracking control; velocity control; rollover
prevention; model predictive control

1. Introduction

The articulated frame steering (AFS) mechanism has been widely used in various
fields which require high maneuverability and a small turning radius. Since the early 20th
century, heavy equipment for use in large-scale construction began to develop rapidly [1].
Currently, more than 80 kinds of heavy equipment have been developed and used around
the world. Among them, heavy equipment with articulated structures began to appear
in the 1950s [2]. Particularly, AFS has been adopted to develop vehicles for construction,
forestry [3], and mining [4]. The representative examples are buses, trucks, trams, wheel
loaders, and tractors. Recently, the small articulated vehicle has emerged for special
purposes in indoors and narrow spaces. To use the articulated vehicle in indoors, the
powertrain has been changed from internal combustion engines to electric motors [5]. In
addition, the electrification of vehicles has drawn attention as a solution to improve the
sustainability of transportation [6]. Particularly, the electrification of commercial vehicles
is the key issue to reducing the pollutants from road transportation [7]. This is because
commercial vehicles have a longer operating time than passenger cars. As a result, the
proportion of pollution caused by commercial vehicles is greater than that of passenger
cars [8]. An example of an indoor application with electrification is the electric road sweeper
to clean factories [9–12]. The history of the cleaning robot and road sweeper is provided
in [9,10], respectively. To use the road sweeper in indoors, the sweeping range was analyzed
by the kinematic model [11]. Particularly, the curbside sweeping case was considered to
extend the cleaning coverage [12]. When the road sweeper is operated on a public road, a
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diesel engine is the most common powertrain. However, an electric motor with a battery
replaces the diesel engine to reduce carbon emissions when used indoors.

The typical structure of the articulated vehicle is shown in Figure 1. As shown in
Figure 1, the articulated vehicle is composed of two bodies, which are connected by a
pivot joint. A heading difference of two bodies is used to define an articulation angle, γ.
Depending on the purpose and operational design domain (ODD) of the vehicle, the pivot
joint is permanent or semi-permanent. In this study, the joint is the permanent articulation
and named an articulation joint to emphasize its role. In the case of steering, the wheels
can be steerable or non-steerable with articulation. In this study, the non-steerable wheels
are used to provide the driving and braking torque. Thus, the steering is accomplished by
AFS by articulating the front and rear bodies with respect to each other. For the actuation
of the articulation joint, a hydraulic cylinder is used to control the articulation angle. For
longitudinal motion, a driving motor is attached to the front axle and a pneumatic brake
with electronic stability control (ESC) is used to provide the brake-by-wire function. The
articulated vehicle can be operated by the autonomous driving system and is named an
autonomous articulated electric vehicle (AAEV).
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Figure 1. Structure of the articulated vehicle.

The characteristics of the AAEV can be summarized in three aspects. First, the AAEV
shows improved maneuverability and agility to generate a larger lateral motion than
front wheel steering (FWS) vehicles [13]. Particularly, oversteer and jack-knife motion
were analyzed to provide the performance limit of the articulated vehicles [14]. From the
analysis of the articulated vehicle, the AAEV has a smaller minimum radius of turning
than a vehicle with FWS [15]. If the same articulation angle is applied with the front wheel
steering angle, a larger yaw rate and lateral acceleration are generated by the AAEV than
the FWS vehicle. The second aspect is that the operating velocity of the AAEV is limited to
under 20 km/h. Therefore, the behavior of the AAEV can be represented by a kinematic
model. The third aspect is that the height of the mass center is relatively higher than
passenger cars’, which means that the AAEV is prone to rollover. Therefore, the controller
for the lateral and longitudinal motion to follow the reference path and prevent rollover
is required.

Initially, the studies for the articulated vehicle focused on lateral stability. Similar to the
analysis for FWS vehicles, the phase plane analysis was conducted by using CarSim to analyze
the lateral stability of car-trailer combinations, which is one of the articulated vehicles [16]. The
Hurwitz criterion was introduced to determine the approximation of the stability boundaries
with a linear vehicle model [17]. Thus, the stability analysis can be made without nonlinear
simulation software. A linear dynamic model with six degrees of freedom was also used to
analyze the lateral stability [18]. Linear matrix inequalities were used to consider time-varying
delay when analyzing the lateral stability [19]. In addition, the off-road condition was considered
for stability analysis [20]. Based on the stability analysis, various controllers for lateral stability
were proposed. For an articulated vehicle with FWS and with a passive articulation joint,
such as a tractor and trailer, model predictive control (MPC) was used to determine the front
steering input [21–23]. Active steering of the trailer was introduced to improve the stability of
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the vehicle [21]. The additional lower-level controller was used to track the desired force and
moment to stabilize the vehicle [22] and validated via experiment [23]. Various combinations of
the actuators, such as differential braking [22], active steering of the trailer [21], or four-wheel
independent driving [24], were considered to improve stability. Similarly, active rear-wheel
steering of the tractor was introduced for lateral stability management using fuzzy logic and
MPC [25]. Sliding mode control (SMC) was used to configure the robust controller for lateral
stability [26–28]. Snaking stability was considered to prevent the oscillation of the high-speed
driving condition [26]. An adaptive SMC [27] was utilized to improve the performance of the
SMC. To deal with the nonlinear vehicle model, feedback linearization was used with dynamic
SMC [28]. For an articulated vehicle with non-steerable wheels, snacking stability was analyzed
to investigate the effect of the suspension [29].

The increased demand for the AFS-based vehicle leads to the automation of the driving
task. Since an articulated vehicle requires different driving skills from that of a passenger
vehicle, a lot of effort and time is required to train drivers. In addition, the articulated
vehicle is commonly used for commercial purposes and has a considerable operating time.
Therefore, research is being conducted by various researchers and companies to automate
the driving task of the articulated vehicle. Since the AAEV has a different structure from a
conventional vehicle, the autonomous driving system should be modified to optimize its
performance. The key functions of autonomous driving are perception, localization, motion
planning, and control [30]. As mentioned before, the ODD of the AAEV is restricted to the
low-speed condition. Thus, the perception and localization can apply to the AAEV with
minimal change to the algorithm. However, the different structures and dynamic behavior
of the AAEV require a new design for motion planning and vehicle control. Generally, the
AAEV is operated in a specific environment. In other words, the motion planner of the
AAEV can be more simplified than that of the road vehicle. The key issue of the AAEV is to
design a vehicle controller which is suitable for the AFS structure. Thus, this study focused
on a control algorithm for the characteristics of the AAEV.

Based on the stability analysis and controller for lateral stability, various approaches
have been proposed to design a path-tracking controller for articulated vehicles. For the
articulated vehicle with a steerable wheel, similar approaches with the path tracking al-
gorithm for FWS vehicles were proposed. The focus preview controller was proposed to
follow the reference path by determining the steering angle of the tractor’s front wheel. To
enhance path tracking, the active steering controller for the trailer’s wheel was designed
based on a single-point preview model [31]. The combined controller of the kinematic
model-based feed-forward controller and PID feedback controller was proposed to consider
the low- and high-speed driving conditions [32]. Since the vehicle model for the articulated
vehicle is nonlinear, backstepping was used to design a controller for an all-wheel-steered
articulated vehicle [33]. The MPC was used to design a path tracker for the articulated
vehicle. For highway conditions, the controller based on MPC was proposed to provide
adaptive cruise control and trajectory tracking by modeling the electric tractor and trailer.
The model for trajectory tracking was designed based on the preview control of the trac-
tor [34]. The combined approach of the MPC-based path tracking and PID-based speed
control was proposed to reduce the complexity of the vehicle model [35]. The lookup
table and interpolation were introduced to improve the accuracy of the simple model by
changing the parameters [36].

For articulated vehicles with non-steerable wheels, the path tracker is designed to
determine the articulation angle to follow the path. A preview controller for the FWS
vehicle is modified for the articulated vehicle [37]. A pure pursuit controller with a feedback
controller was proposed. Since the geometric-based controller has the disadvantage of
being vulnerable to position and heading errors, the heading predictor was used together
with it to reduce the effect of the sensor noise [38]. The weighted PID controller was used
to determine the articulation angle by using the weighted parameter, which is defined
as a function of lateral and heading errors [39]. H-∞ control was used to determine the
control gain systemically [40]. Since the vehicle model of the articulated vehicle is nonlinear,
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backstepping [41] and feedback linearization [42] were utilized to design the path tracker.
The MPC was used to improve the tracking performance. Multiple error dynamic models
were used for MPC with a model switching rule to consider the slip angle under various
driving conditions [43]. This study was extended to use full error dynamics [44]. Similarly,
the MPC controller based on several fixed velocities was used to select the appropriate
controller with respect to the driving velocity [45]. Nonlinear MPC (NMPC) was utilized to
improve the path tracking performance in an environment where the accuracy of the linear
model is degraded, such as low-speed driving [46].

Many approaches have been proposed to configure the path tracking controller for the
articulated vehicle. Among the various types of articulated vehicles, the tractor-trailer was
frequently considered a target platform [31–36]. Since the tractor has a steerable front wheel,
the basic structure of the path tracker is similar to the FWS vehicle. Thus, the key issue of
path tracking is to reflect the constraints arising from the trailer. The studies considering
the articulated vehicle with non-steerable wheels focused on the design of the path tracker,
which reflects the characteristics of the actuation of the articulation joint. Various linear and
nonlinear models are derived to model the behavior of the articulated vehicle [41–46]. To
consider the different behavior of the articulated vehicle, MPC has been used to configure
the path tracker [43–46]. NMPC can directly consider the nonlinear vehicle model, but the
computational burden increases significantly. Thus, the linear MPC-based approach is a
method that can achieve real-time performance while comprehensively considering vehicle
models, constraints, and actuator characteristics. For the AAEV, the rollover should be
considered to secure safety when following the arbitrary path. However, many studies
assumed the velocity of the vehicle is constant. If the target speed is set to high speed,
the possibility of the rollover increases due to the separate architecture for the lateral and
longitudinal control. Based on the lateral stability analysis of the articulated vehicle, the
rollover should be considered when designing the controller. Therefore, it is necessary to
design an integrated control algorithm for the AAEV to achieve path tracking and prevent
rollover by controlling the articulation angle and longitudinal acceleration simultaneously.

The contributions of this paper are summarized as follows:

1. The proposed algorithm determines the control inputs for lateral and longitudinal
motion simultaneously. Thus, the control moment for the AFS mechanism and front-
wheel torque are determined to follow the reference path and improve the roll stability.

2. The proposed controller is designed to track the reference states, which can be cal-
culated regardless of the road geometry. Therefore, the proposed approach can be
applied to various kinds of roads.

3. The desired acceleration is derived to prevent the rollover by considering the lateral
acceleration of the front and rear bodies of the AAEV. With the lateral acceleration
threshold, an MPC-based controller determines the desired longitudinal acceleration
for rollover prevention while considering the actuation delay.

The remains of this paper are organized as follows: Section 2 describes the overall
architecture of the proposed algorithm. The vehicle model and state equation for the AAEV
are derived in Section 3. The integrated controller for path tracking and velocity control
is designed in Section 4. Section 4 consists of three subsections: reference state decision,
MPC-based reference state tracker, and low-level controller. In Section 5, the simulation
results are described to show the effectiveness of the proposed algorithm. The last section
provides the conclusion and future works of this study.

2. Overall Architecture

The proposed algorithm is composed of three submodules with one external module.
Figure 2 shows the overall architecture of the proposed controller for the AAEV. Vehicle
sensors are used to measure the vehicle states, such as velocity, acceleration, and position.
The external module, the reference path module, generates the global desired path for
AAEV to reach the pre-defined destination. The path and vehicle information are used to
determine the desired input for articulation and driving/braking actuators. The proposed
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algorithm is designed based on the MPC to consider the future motion of the vehicle and
constraints. First, a reference state decision module decides the reference position and
heading angle of the AAEV. In addition, the maximum velocity to prevent the rollover of
the AAEV is also determined when deciding the reference states. An MPC-based reference
state tracker is designed to track the reference states while satisfying the constraints for
state and input variables. The inputs are composed of the desired articulation angle rate
and longitudinal acceleration of the front body. A low-level controller is used to generate
the actuator inputs to follow the outputs of the MPC-based reference state tracker. In this
study, the actuator inputs are the driving torque of the front axle, the total braking torque
of the front and rear axles, and hydraulic cylinder pressure to control the articulation angle.
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3. Articulated Vehicle Model

The articulated vehicle can be classified into two categories, vehicles with steerable
wheels and vehicles with non-steerable wheels. As shown in Figure 1, the target platform
of this study only has the AFS mechanism between the front and rear bodies to generate
the yaw motion [41–46]. In other words, the AAEV has non-steerable wheels only. Thus,
the articulation angle between the front and rear bodies due to the AFS mechanism can be
considered the same as the steering angle of a typical front-wheel steering vehicle. Further-
more, under the assumption that the ODD is limited to a low-speed driving condition, the
behavior of the AAEV can be represented by a kinematic bicycle model with an articulated
frame [31,37–39,41–46]. In addition, the bicycle model effectively models the behavior of
the AAEV from the validation results with the actual articulated vehicle data, which are
given in [47]. The kinematic model for the AAEV is depicted in the global coordinate
system as shown in Figure 3. Since the articulated vehicle has two relatively movable
bodies, Pf(xf, yf) and Pr(xr, yr) are defined to represent the position of the center of the front
and rear axles. To fully define the pose of each body, θf and θr are defined to represent the
heading angle of the front and rear bodies with respect to the global coordinate system.
Since the tire slip is negligible due to the low-speed driving [48], vf and vr are used to
represent the velocities of each body. γ is the articulation angle between the front and rear
bodies. Lf and Lr mean the distance from the articulation joint to the center of each axle.

The no-slip condition for each wheel is used to derive the kinematic model for the
AAEV. As shown in Figure 3, the lateral velocity at each wheel is zero. In other words, the
change rate of the Pf(xf, yf) and Pr(xr, yr) is the longitudinal velocity of each body. Therefore,
the equation for the position of the front and rear body is defined as follows:

.
x f sin θ f −

.
y f cos θ f = 0

.
xr sin θr −

.
yr cos θr = 0

(1)

Under low-speed driving conditions, the dynamic characteristics of the tire, friction,
load, and braking forces are negligible. In addition, a large force is required to change the
articulation angle. A hydraulic actuator is frequently used to provide sufficient force to
control the articulation joint. This means that the actuator for articulation operates at a
low speed. Generally, a digital controller has a sampling time of 10 to 100 ms. Therefore,
it can be assumed that the articulation angle is considered constant during the sampling
time of the controller under small displacements. Since the tire slip is negligible under low-
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speed conditions, the changes of Pf(xf, yf) and Pr(xr, yr) are represented by the geometric
relationships given in Figure 3. { .

x f = v f cos θ f.
y f = v f sin θ f{ .
xr = vr cos θr.
yr = vr sin θr

(2)
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Figure 3. Kinematic model for the AAEV.

The front and rear bodies are connected by the rigid articulation joint. Therefore, the
change rate of vf and vr is identical. vf and vr can be represented by other variables such
as (3) and (4). In addition, the yaw rate of each body and articulation angle rate have the
relationship seen in (5)

v f = vr cos γ +
.
θrLr sin γ (3)

vr =
.
θ f L f sin−1 γ +

.
θrLr tan−1 γ (4)

.
θr =

.
θ f −

.
γ (5)

As given in (4), vr can be obtained from the yaw rate of each body and articulation
angle. To derive the yaw rate of the front body, (4) and (5) are substituted to (3) [48].

.
θ f =

v f sin γ + Lr
.
γ

L f cos γ + Lr
(6)

The actuation delay is considered to improve the accuracy of the vehicle model. The
first-order delay model is introduced for the lateral and longitudinal actuators as given in
(7). τγ and τa are the time delay for articulation and longitudinal actuator.

..
γ = − 1

τγ

.
γ + 1

τγ

.
γdes

.
a f = − 1

τa
a f +

1
τa

a f ,des
(7)

The state and input vectors are defined as (8) and (9), respectively. The state vector is
composed of seven states: position, heading, velocity and acceleration of the front body,



Actuators 2023, 12, 41 7 of 27

articulation angle, and rate. The input vector consists of af,des and
.
γdes. af,des and

.
γdes are

the desired acceleration of the front body and the desired articulation angle rate.

x =
[
x f y f θ f v f a f γ

.
γ
]T (8)

u =
[
a f ,des

.
γdes

]T (9)

The state equation of the kinematic model for AAEV is defined as (10) with state and
input vectors. The behavior of the front body is defined by using (10). Since the front and
rear bodies are connected by the rigid articulation joint, the position and heading angle of
the rear body are calculated as (11).

.
x =



v f cos θ f
v f sin θ f

v f sin γ

L f cos γ+Lr

a f
− 1

τa
a f.

γ

− 1
τγ

.
γ


+



0 0
0 0
0 Lr

L f cos γ+Lr

0 0
1
τa

0
0 0
0 1

τγ


u = f (x, u) (10)


xr = x f − L f cos θ f − Lr cos θr
yr = y f − L f sin θ f − Lr sin θr
θr = θ f − γ

(11)

4. Integrated Controller for Articulated Vehicle

The proposed controller for AAEV consists of three modules: reference state decision,
MPC-based reference state tracker, and low-level controller. Since the proposed algorithm
is designed to determine the lateral and longitudinal motion simultaneously, the reference
state decision includes not only the reference states but also the constraints to prevent the
rollover of the AAEV. The MPC approach is used to track the reference state while satisfying
the constraints and considering the actuation delay. The MPC-based tracker determines the
desired articulation angle rate and acceleration of the front body. The low-level controller
is used to determine the actuator inputs to follow the desired values from the MPC-based
tracker. The details of the proposed integrated controller for the AAEV are described in the
following subsections.

4.1. Reference State Decision

Conventional approaches have used the position error with respect to the reference
path to determine the control input. Pure pursuit and Stanley methods are representative
examples of path tracking using position errors. However, it is difficult to design the
integrated controller for lateral and longitudinal motion by using an error-based approach.
This is because there are difficulties in the gain tuning of feedback controllers for lateral and
longitudinal errors. If a model-based controller is used, the model complexity increases
excessively to consider the lateral and longitudinal motion simultaneously. In addition,
considering the constraints and actuator dynamics increase the complexity of the controller.
Furthermore, an error dynamics-based approach uses the time derivative of the errors.
To define the time derivative of the error, the reference path should be designed as a
differentiable form. In this study, the path tracking and velocity controller was separated
into two independent modules, reference state decision and reference state tracker to
overcome the limitations of the previous approaches. Thus, the decision of the reference
state can be determined independently by the controller.

The reference states for the AAEV are determined to follow the reference path and
prevent the rollover of both bodies. The reference state decision module utilizes the
geometric relationships between the AAEV and reference path [47,49]. The first step of the
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reference state decision is defining the desired path. Figure 4 shows a graphical description
of the desired path decision. To avoid the singularity of the curve fitting, the waypoints of
the reference path are converted to the local coordinate system of the AAEV. The origin of
the local coordinate system is located in the articulation joint and the x-axis heads from
the rear axle center to the articulation joint. Since the length of the vehicle is short and
the articulation angle has a constraint on the maximum angle, the local coordinate system
on the articulation joint can prevent the singularity of the curve fitting. The nearest point
from the articulation joint is searched on the reference path as shown in Figure 4. The point
ahead by the preview distance from the nearest point along the reference path is set as
the preview point, which is marked as a yellow circle. The preview distance is calculated
as proportional to the vehicle speed. The proportional gain K is set as constant because
the driving condition of the AAEV is limited to low-speed situations. Then, the preview
points for front and near bodies are selected in front Lf and behind Lr of the preview point
of the articulation joint. In previous studies, a geometric relationship with the road was
derived based on one side of the articulated vehicle, even though the vehicle body can
be articulated. To consider the stability of the articulated vehicle, this study derived the
desired path for both bodies. The preview points for each body are represented as red and
blue circles, respectively.
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The desired path is defined to connect the axle centers of each body and the preview
points. The desired path is designed as a second-order polynomial as given in (12) in the
local coordinate system of the AAEV. Since the purpose of the desired path is to provide the
reference state for MPC, which optimizes the states and inputs, second-order polynomial is
appropriate to guide the vehicle toward the reference path.

yi(x) = ai,2xi
2 + ai,1xi + ai,0, i = f , r (12)

Three constraints are required to fully define the desired path. The position of the axle
centers and the preview points are used to define the two constraints. Since the body slip is
assumed to be zero, the heading of the desired path at the axle centers should be aligned
with the heading of each body. Thus, the coefficient of (12) is calculated from the position
constraints on P(xi, yi) and P(xi,p, yi,p), and heading constraints on P(xi, yi).ai,2

ai,1
ai,0

 =

 xi
2 xi 1

xi,p
2 xi,p 1

2xi 1 0

 yi
yi,p

y′i(xi)

, i = f , r (13)
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After the desired path is determined, a curvature κref at P(xi, yi) is calculated to derive
the reference motion and articulation angle rate. The κref is calculated as follows:

κi,des =
y′′i (xi)√(

1 + y′i(xi)
2
)3

, i = f , r (14)

The reference yaw rate of each body is derived from the κref and velocity as (15). The
reference velocity of each body should be determined to prevent the rollover of the AAEV
and follow the reference path simultaneously. The reference velocity is determined so that
the AAEV does not exceed the lateral acceleration threshold, ay,th [50,51]. Since the AAEV
should follow the reference path while maintaining the path deviation within a reasonable
level, the reference velocity should be reduced as given in (16).

.
θi,re f = ki,re f · vi, i = f , r (15)

vi,re f = min

vset,
√

ay,th
.
θi,re f

, i = f , r (16)

The vi,ref will be used as a velocity constraint of the MPC-based reference state tracker.
If the yaw rate of the AAEV is matched to the reference one as given in (15), the AAEV
drives toward the reference path and follows it. Thus, the reference articulation angle rate
.
γre f can be calculated by using (6) in Section 3.

.
γre f =

1
Lr

{ .
θ f ,re f

(
L f cos γ + Lr

)
− v f sin γ

}
(17)

Based on the vi,ref and
.
γre f , the reference states are determined by integrating the

vehicle model for the AAEV. The purpose of the reference state decision is to provide the
optimal reference motion for path tracking. Therefore, the actuator delay is not considered.
The equation for the integration of the vi,ref and

.
γre f is derived as (18). In Section 3, the state

vector of the vehicle model is composed of seven elements. In the previous studies which
use the MPC, the reference state has the same number of the element as the plant model.
However, this study only defines the reference state for the position and heading of the
front body to increase the degree of freedom in the process of optimizing control inputs.
If the reference for γ or

.
γ is defined, the MPC controller only finds the actuator inputs

derived from the vehicle model because the vehicle model already includes the equation
for γ. This undermines the advantages of the MPC. Thus, the vf, af, γ, and

.
γ are excluded

from the reference state decision. The derivative of the position and heading angle of the
front body from (18) is integrated as (19) with a discrete-time index k and ∆T, the sampling
time of the MPC.

.
x f (k) = vre f (k) cos θ f (k).
y f (k) = vre f (k) sin θ f (k)
.
θ f (k) =

sin γ(k)
L f cos γ(k)+Lr

vre f (k) +
Lr

L f cos γ(k)+Lr

.
γre f (k)

(18)

x f (k)
y f (k)
θ f (k)

 =

x f (k− 1)
y f (k− 1)
θ f (k− 1)

+


.
x f (k).
y f (k).
θ f (k)

∆T (19)

4.2. MPC-Based Reference State Tracker

The MPC problem is composed of a cost function and constraints. To define the cost
function, the type of MPC should be determined first. In Section 3, the vehicle model is
derived as a nonlinear system as given in (10). Thus, a solver for an NMPC should be
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introduced to optimize the control input while considering the nonlinear plant model,
constraints, and cost function. However, the NMPC requires a larger computational load
than a linear MPC to determine the control inputs. Even if the solution from NMPC is
more accurate than linear MPC, the increased sampling time of the controller degrades
the control performance. Therefore, this study uses the linear MPC to design the reference
state tracker. The cost function is defined as a linear quadratic form to follow the reference
state and minimize the control efforts.

J =
Tp/∆T

∑
k=1

[
x̃re f (k)TQx̃re f (k) + u(k)TRu(k)

]
+ ρε (20)

where x̃re f is the reference state tracking error, which is defined as follows:

x̃(k)(k) = x(k)− xre f (k)

=

 x f (k)
y f (k)
θ f (k)

−
 x f ,re f (k)

y f ,re f (k)
θ f ,re f (k)

 (21)

Tp and ∆T are the prediction horizon and sampling time of the MPC. Thus, the
maximum prediction step is defined by dividing Tp by ∆T. The slack variable ε is used in
the cost function to improve the convergence of the optimization. If the slack variable is not
used in MPC formulation, the MPC has a possibility of failure to find the optimal solution.
In this case, another backup controller is required to avoid this risky situation. However,
the multiple controllers increase the complexity of the algorithm. Since the purpose of the
proposed controller is path tracking and rollover prevention, longitudinal acceleration has
a lower priority than other issues. For this reason, the ε is introduced to the cost function
and the constraint for the acceleration inputs [52]. If the MPC could not find the optimal
solution satisfying the constraints, the ε releases the constraint for the acceleration input to
find the suboptimal solution with the minimum violation. The details of the constraints
will be presented at the end of this subsection. The weight factor ρ is used to control the
effect of ε. Q and R, which are defined as (22), are the weight matrices for the reference
tracking and control input effort, respectively.

Q =

Qx
Qy

Qθ

, R =

[
Ra

Rγ

]
(22)

Qx, Qy, and Qθ are the weights for the tracking error of xf, yf, and θf, respectively. Ra
and Rγ are the weights for the acceleration and articulation angle rate inputs.

The constraints of the proposed algorithm can be classified into two categories: equal-
ity and inequality constraints. The equality constraints are composed of the initial and
dynamic constraints. Since the proposed algorithm is designed in the local coordinate
system, the initial condition x(1) is all zeros. The vehicle model is used as a dynamic
constraint. This study introduces local linearization to linearize the vehicle model at the
current state of the AAEV. Since the driving condition of the AAEV is in the low-speed
range, the prediction horizon covers the limited region from the current states. Thus, a
time-varying linearized model can represent the behavior of the AAEV. The vehicle model
given in (10) is linearized as (23) with the x(t) and u(t − 1).

.
x(t) = A(t)x(t) + B(t)u(t)

=

(
∂ f (x,u)

∂x

∣∣∣
x(t),u(t−1)

)
x(t) +

(
∂ f (x,u)

∂u

∣∣∣
x(t),u(t−1)

)
u(t)

(23)
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A(t) and B(t) are defined as follows:

A(t) =



0 0 a13 a14 0 0 0
0 0 a23 a24 0 0 0
0 0 0 a34 0 a36 a37
0 0 0 0 a45 0 0
0 0 0 0 a55 0 0
0 0 0 0 0 0 a67
0 0 0 0 0 0 a77


a13 = −v f sin(θ f ), a23 = v f cos(θ f )

a14 = cos(θ f ), a24 = sin(θ f ), a34 = sin(γ)
L f cos(γ)+Lr

a45 = 1, a55 = − 1
τa

a36 =
v f cos(γ)

L f cos(γ)+Lr
+

L f sin(γ)·(Lr
.
γ+v f sin(γ))

(L f cos(γ)+Lr)
2

a37 = Lr
L f cos(γ)+Lr

, a67 = 1, a77 = − 1
τγ

(24)

B(t) =



0 0
0 0
0 0
0 0
1
τa

0
0 0
0 1

τγ


(25)

To apply the linearized state equation to discrete-time MPC, Equation (23) is discretized
as (26) by using the first-order difference.

x(k + 1) = Ad(k)x(k) + Bd(k)u(k)
where Ad(k) = I + A(t)∆T

Bd(k) = B(t)∆T
(26)

The discretized linear time-varying model in (26) is used to define the dynamic
constraints as follows:

x(2) = Ad(1)x(1) + Bd(1)u(1)
...

x
(

Np
)
= Ad

(
Np − 1

)
x
(

Np − 1
)
+ Bd

(
Np − 1

)
u
(

Np − 1
) (27)

The inequality constraints are defined for the state and input vectors to regulate the
vehicle motion within the design boundaries. For the state vector, the constraints for the
velocity and acceleration are defined as follows:

vmin < vi(k) < vi,re f (k), i = f , r (28)

ax,min < a f (k) < ax,max (29)

− γmax < γ(k) < γmax (30)

The constraints of vi(k) are defined to regulate the maximum lateral acceleration under
the threshold. Thus, the reference velocity vi,ref(k), which is calculated to maintain the
lateral acceleration under the threshold, is used to define the upper boundary of vi(k). The
constraint of vr(k) is derived from the state vector and (4). In addition, the front and rear
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bodies are rigidly connected by the articulation joint. Thus, the acceleration constraint is
only defined for the front body. The constraints for the input vector are defined as follows:

ax,min < a f ,des(k) < ax,max
− .

ax,max <
.
a f ,des(k) <

.
ax,max

(31)

− .
γmax <

.
γdes(k) <

.
γmax

− ..
γmax <

..
γdes(k) <

..
γmax

(32)

where ax,mix, and ax,max are the minimum and maximum longitudinal acceleration.
.
ax,max

is the maximum longitudinal jerk.
.
γmax and

..
γmax are the maximum angular rate and

acceleration of the articulation actuator. Thresholds for the input vector are designed
to control the AAEV smoothly. In other words, the thresholds for the actuator for the
longitudinal motion and articulation are set to smaller values than the actuator limits.
Table 1 summarizes the values of the parameters for the AAEV and MPC-based reference
state tracker.

Table 1. Parameters for AAEV and MPC-based reference state tracker.

Parameter Value Parameter Value

L f 0.8 m ∆T 0.1 s
Lr 1.0 m Np 20
Qx 1 Ra 1
Qy 15 vmin 0 m/s
Qθ 20 γmax 30 deg
R .

γ 10
.
γmax 30 deg/s

ax,min −3 m/s2 ..
γmax 30 deg/s2

ax,max 1 m/s2 .
ax,max 10 m/s3

4.3. Low-Level Controller

The MPC-based reference state tracker determines the desired longitudinal acceler-
ation and articulation angle rate to follow the reference path while managing the lateral
acceleration. Given the desired values, the actuator input should be determined for the
AAEV to generate the desired motion. For steering, the actuator inputs for the articula-
tion joint should be determined to generate the steering moment to follow the desired
articulation angle. For longitudinal motion, the driving and braking torque of the wheel
is generated by the electric motor and electromagnetic brake (EMB). Thus, the inputs for
the motor and EMB should be determined to follow the desired longitudinal acceleration.
Therefore, the low-level controller is proposed to follow the desired inputs.

The actuator of the AAEV can be changed based on the vehicle configuration. Thus,
the low-level controller is designed by the PID controller to determine the actuator inputs
from the tracking errors. The articulation actuator input is calculated by the PID controller
using the error between

.
γ and

.
γdes. In this study, the articulation actuator input is assumed

to be hydraulic cylinder pressure. For longitudinal motion, the error between af and af,des is
used to determine the driving/braking torque of the wheels. The low-level controller for
the AAEV is designed as (33). uγ and ua are the control input for the articulation actuator
and torque of the wheels, respectively. If ua is a positive value, the input is used to drive
the front wheel. Meanwhile, if ua is a negative value, the input is distributed to the front
and rear axles by using the proportioning valve. The reference of the low-level controller,
the output of the MPC, is determined by considering the constraints for the vehicle states
and control inputs. Thus, the uγ and ua can be used to control the vehicle without a drastic
change in the behavior of the AAEV.

uγ = Kpseγ + Kis
∫

eγdt + Kds
.
eγ, eγ =

.
γdes −

.
γ

ua = Kpaea + Kia
∫

eadt + Kda
.
ea, ea = a f ,des − a f

(33)
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5. Simulation Results

The simulation study was conducted to evaluate the effectiveness of the proposed
algorithm. Four base algorithms were used to compare the performance with the proposed
algorithm. The details of the base algorithms are described in the following section. MAT-
LAB/Simulink was used to configure the simulation environments. Thus, the reference
decision module and low-level controller were implemented by using MATLAB/Simulink.
The MPC-based reference state tracker was implemented by CVXGEN, which is a solver for
a convex optimization problem. The problem should be a quadratic program representable
to use the CVXGEN [53].

5.1. Vehicle Model for Simulation

The vehicle model is required to conduct the closed-loop simulation for the vehicle
controller. Since the commercial vehicle simulation software does not include the articulated
vehicle, this study uses the nonlinear dynamic bicycle model for the AAEV. The free-body
diagram of the vehicle model for simulation is depicted in Figure 5. The equation of motion
for each body is derived to model the behavior of the AAEV. When deriving the equation
of the motion, the joint is assumed to apply the steering moment of the articulated frame.
The dynamics of the articulation actuator are modeled as a second-order system to consider
the torsional stiffness and damping. The STI (System Technology Inc., Joliet, IL, USA) tire
model is used to calculate the longitudinal and lateral tire force of the front and rear wheels.
The wheel dynamics is used to obtain the longitudinal tire force from the driving/braking
torque of the wheel, which is determined by (33). Thus, the vehicle model for simulation
is more accurate than the kinematic model for the MPC formulation. In other words, a
different vehicle model is used for the MPC-based controller and simulation model to
improve the reliability of the simulation study. The details of the accuracy analysis of the
vehicle model for simulation with vehicle test results are provided in [47].
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5.2. Base Algorithm

Three base algorithms were designed separately for lateral and longitudinal motion.
For lateral motion, the conventional path tracking controller, pure pursuit, and Stanley
methods are used to determine the desired articulation angle. Pure pursuit and Stanley
methods are the representative path tracking controller for FWS vehicles. The articulation
mechanism is considered to be front steering to apply the path tracking controller for the
FWS vehicle to the AAEV. Thus, the position of the rear axle center and the entire wheelbase
by adding Lf and Lr are used to calculate the desired articulation angle. The details of
the pure pursuit and Stanley methods are described in [54,55]. The conventional path
tracking algorithm requires the vehicle model to derive the controller. However, the unique
structure of the AAEV makes it difficult to derive the model-based path tracker. A model-
free approach is introduced to design the path tracker without a vehicle model [49]. The
model-free method is defined by integrating the preview controller and lateral dynamics
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based on the first-order delay model. The simplified lateral dynamics is defined as a
first-order transfer function between steering angle δ and yaw rate

.
θ as (34).

.
θ =

λ

τs + 1
δ (34)

where τ and λ are the yaw rate delay and yaw rate gain, respectively. The preview model
determines the desired yaw rate to follow the reference path. Thus, if λ is automatically
adjusted to match the actual relationship between δ and

.
θ, the steering angle to generate

the desired yaw rate can be obtained by (34). The adaptation law for λ is defined as follows:

λ̂ = −k · δ ·
( .

θdes −
.
θ
)

(35)

where k is adaptation gain. Then, the steering angle, which is used as an articulation angle
input, is determined as (36).

δ =
1
λ̂

( .
θdes + τ ·

..
θdes

)
(36)

The desired yaw rate
.
θdes is obtained by the same method given in Section 4.1. Among

the two
.
θdes, the value from the rear body is used for the model-free method.

To determine the speed of the AAEV, a longitudinal controller is designed for the pure
pursuit, Stanley, and model-free method. As mentioned before, the lateral controller uses
a single reference point to determine the steering angle. This reference point is also used
to determine the desired velocity of the base algorithms. The curvature at the reference
point is used to determine the safe velocity to manage the lateral acceleration of the AAEV.
The same equation of (16) is used to determine the desired velocity. The reference point of
the pure pursuit and model-free methods is a preview point. The Stanley method uses the
closest point as a reference point.

The MPC approach is used to design another base algorithm. The base algorithm
using MPC is the integrated controller to determine the steering input and desired velocity,
simultaneously. The MPC-based base algorithm uses a simplified model of the AAEV,
which only considers the behavior of the front body. The desired velocity is used as a
reference state to manage the lateral acceleration and rollover. Thus, the desired velocity
is utilized as one of the terms of the cost function. The details of the MPC-based base
algorithm are described in [47]. In addition, NMPC based on the AAEV model for the
simulation is configured to provide the reference for the performance comparison. Since
the NMPC uses the same model as the simulation environment, it is possible to show the
optimal performance. Furthermore, the vehicle model in the simulation utilizes a nonlinear
tire model, which is more accurate than the kinematic model to show the behavior of the
severe maneuver. The NMPC is implemented by using the CasADi solver [56].

5.3. Simulation Results

To evaluate the proposed algorithm, the S-shaped path is used as a reference path.
The S-shaped path is designed by connecting the two straight lines and arcs with three
junction points. Thus, the road curvature at the junction points changes discontinuously.
Particularly, the sign of the road curvature is changed at the junction point between two arcs,
so that the curvature change is maximized. A severe change in road curvature not only
causes the discontinuity of the control input, but also increases the possibility of rollover
due to the sudden change of the input. For longitudinal motion, the set speed vset was set
to 4 m/s, which is fast enough to cause the rollover on the S-shaped path. Therefore, if the
appropriate control for longitudinal motion is not provided, the AAEV will roll over during
the path following. From the analysis results of the AAEV, the AAEV will roll over with
an LTR of 1 at about 3.0 m/s with the driving condition under the maximum articulation
angle [56]. In this case, the lateral acceleration is about 3.25 m/s2. To consider the effect of
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the transition of the articulation and safety factor, the lateral acceleration threshold, ay,th, is
set to 1.0 m/s2 for rollover prevention.

To measure the rollover propensity of a vehicle, the load transfer ratio (LTR) is adopted
as an index to express the risk of rollover. The critical angle of the rollover is also one of
the indexes for determining the rollover of the vehicle. However, since the critical changes
depend on the specifications and loadings of the AAEV, the LTR, which is derived from
the vertical tire force of each wheel, was used instead in this study. For a unibody vehicle,
LTR is defined as the ratio of the difference in the load between the left and right wheels to
the entire load on all wheels. However, the AAEV is composed of two bodies, which have
different dynamic behavior and loads. If one of the bodies rolls over, the entire vehicle rolls
over. Therefore, the LTR should be considered for each of the two bodies separately as given
in (37). If one of the LTRs is equal to one, it can be said that the vehicle is under rollover.

LTRi =
|Fzi,L − Fzi,R|
Fzi,L + Fzi,R

, i = f , r (37)

The simulation results for the S-shaped path with a radius of 4 m are depicted in
Figures 6 and 7. The road friction coefficient is set to 0.85 to generate lateral force enough
to cause the vehicle to roll over. Table 2 summarizes the key performance index of the
simulation. The mean, standard deviation (SD), and a maximum of the lateral and heading
errors are summarized in Table 2. In addition, the maximum of the ay and LTR are also
presented in Table 2.

Figure 6 shows the reference path and driving trajectories of the base and proposed
algorithms. The trajectory of the (xf, yf) is represented in Figure 6. Since the velocity control
is applied for all algorithms, the AAEV follows the reference path regardless of the path
tracking controller. However, the trajectory of each algorithm shows different behavior.
The trajectory of the pure pursuit method, which is marked as a green dash-dotted line,
did not follow the reference path and went out to the outside of the corner. This result
means that the pure pursuit method is vulnerable to actuation delay. The Stanley method,
which is presented as a magenta dashed line, shows a better performance than the pure
pursuit method. However, after passing the first arc, the AAEV drove inside the reference
path. This phenomenon is a typical feature of a steering control method using preview
control using a single preview point. In other words, the path tracker based on the single
preview point has a weakness to respond to discontinuous changes in curvature. A similar
phenomenon also occurred for the model-free method and MPC controller, which are
marked as a blue dotted line and a cyan solid line, respectively. Thus, all trajectories of
the base algorithms have a large position and heading error near the inflection point of
the reference path. However, the trajectory of the proposed algorithm and NMPC, which
are depicted as a red dashed line and blue solid line, shows the most similar shape to the
reference path. In other words, the position and heading errors of the proposed algorithm
and NMPC were maintained at the smallest value among the base algorithms in all sections
of the reference path. In particular, the control performance at the inflection point has
been significantly improved compared to the base algorithms. Thus, it can be said that the
proposed algorithm improves the path tracking performance in severe driving conditions
and achieve the almost same performance as NMPC.
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Table 2. Performance comparison between controllers.

Criteria Pure Pursuit Stanley Model-Free MPC NMPC Proposed

Mean (SD) of
lateral error [m]

0.2426
(0.2116)

0.0461
(0.0593)

0.0722
(0.0797)

0.0553
(0.0576)

0.0126
(0.0123)

0.0118
(0.0121)

Max of
lateral error [m] 0.6316 0.2096 0.2080 0.2787 0.0440 0.0421

Mean (SD) of
heading error [deg]

6.1436
(5.9071)

1.5757
(2.3618)

1.8167
(3.1763)

2.2813
(3.0603)

1.0446
(1.8025)

1.0055
(1.7717)

Max of
heading error [deg] 19.3495 12.6665 17.2790 14.2206 9.7883 9.5770

Max of ay [m/s2] 1.4818 1.6575 3.5317 1.5958 0.6046 0.7955
Max of LTR 0.3798 0.4734 1.0839 0.5300 0.1628 0.2210

The histories of the simulation results are depicted in Figure 7. Figure 7a,b shows the
histories of the lateral and heading errors. The lateral and heading errors for the proposed
algorithm are maintained below 0.05 m and 10 deg, respectively. Except for the inflection
point at which the heading angle of the road changes in reverse, the heading error remains
within 6 deg. NMPC shows almost the same errors as the proposed algorithm. As can be
seen from Figure 7, the lateral and heading errors of the base algorithms increased by about
two to five times compared to the proposed algorithm. The pure pursuit method showed
the worst performance among the algorithms. The Stanley method shows a similar tracking
performance to the proposed algorithm before passing the inflection point. However,
lateral and heading errors increased at the inflection point and failed to decrease to a
similar level at the first arc. The model-free method showed the largest overshoot of the
heading error at the inflection point compared to other algorithms. This is because the
model-free method models the behavior of the vehicle as a first-order delay model. Thus,
the vehicle is assumed to be a point mass model. This means that the heading is explicitly
considered in the steering angle decision. These characteristics resulted in a greater increase
in heading error than the lateral one. The MPC without actuator delay showed a similar
shape to the proposed algorithm, but the scale is enlarged by two times.

Figure 7c shows the history of the articulation angle. As shown in Figure 7c, the pure
pursuit method generated the delayed control input, which caused a large deviation from
the reference path. This phenomenon also occurred for the MPC algorithm. Meanwhile, the
model-free method showed earlier steering than other methods, which caused the AAEV
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to drive inside of the reference path, as shown in Figure 6. The Stanley method showed the
most similar articulation angle history to the proposed algorithm and NMPC. The speed of
the front and rear bodies are depicted in Figure 7d,e. Only the proposed algorithm and
NMPC properly managed the speed of both bodies. Thus, the speed was reduced below
the vset before entering the arc to compensate for the actuation delay of the articulation
and longitudinal actuator. It is worth noting that in the case of NMPC, the deceleration
decision was made faster than the proposed algorithm due to the accurate vehicle model.
Since the model-free approach selects the preview point to calculate the road curvature, the
speed at the inflection point increases. The other methods reached a similar speed to the
proposed algorithm after entering the arcs. The performance of the speed control affects
the yaw rate and lateral acceleration of the AAEV. The histories of the yaw rate and lateral
acceleration are described in Figure 7f,g and 7h,i, respectively. The lateral acceleration did
not increase to a level at risk of rollover. However, the proposed algorithm and NMPC only
satisfied the lateral acceleration threshold. Since the base algorithms are designed based on
the front body, the increment of the lateral acceleration of the rear body is larger than that
of the front body. In addition, the base algorithms without prediction, such as pure pursuit,
Stanley, and model-free, are vulnerable to the change of the road curvature because the
one waypoint on the reference path is considered to determine the desired inputs. The
same trend is observed from the LTRf and LTRr as shown in Figure 7j,k. Particularly, the
LTRr of the AAEV governed by the model-free method exceeded one, which means that
rollover occurred.

Table 2 summarized the key performance index (KPI) of the simulation study. As
given in Table 2, the mean and SD of lateral error from the proposed algorithm and NMPC
are smaller than 0.05 m. The maximum lateral error from the proposed algorithm is
0.0421 m, which is a negligible level for path tracking. For heading error, the mean and
SD of the proposed algorithm are about 1 deg and the maximum is about 9.5 deg. In
nominal driving conditions, the heading error of 9 deg is quite a large value. However, the
reference path of the simulation study is a severe condition. Thus, the heading error of
9 deg is an acceptable level. Meanwhile, the base algorithms showed a larger mean, SD,
and maximum lateral and heading errors. In addition, the maximum lateral acceleration
exceeds at least 0.5 m/s2 to 2.5 m/s2. Similarly, the maximum LTR of base algorithms is
1.5 to four times larger than the proposed one. Thus, the proposed MPC-based integrated
controller for the AAEV achieved the best performance of path tracking while preventing
rollover by controlling the longitudinal motion. In particular, the proposed algorithm
achieves performance equivalent to that of NMPC. As shown in Table 2, for KPI related to
path tracking, the proposed algorithm and NMPC showed almost the same performance.
However, the lateral acceleration and LTR of the NMPC are smaller than that of the
proposed algorithm. Since the proposed algorithm satisfies all the constraints of MPC
and prevents the rollover, the proposed algorithm is more appropriate in real-vehicle
environments than in NMPC, considering the real-time performance. In particular, the
average calculation times of the proposed algorithm and NMPC are about 40 ms and
200 ms, respectively. The sampling time of the NMPC is difficult to apply in a real-time
environment. Therefore, the proposed algorithm improves path tracking and rollover
prevention while securing real-time performance.

An additional simulation study was conducted to analyze the effect of the real-time
application. Since the proposed algorithm is designed by using the linear MPC, the pro-
posed algorithm has less computational burden than nonlinear MPC. When implemented
with CVXGEN in a MATLAB/Simulink environment, the execution time of the proposed
algorithm is within 40 ms. The simulation results with a sampling time of 10 ms and 40 ms
are summarized in Figure 8. As shown in Figure 8a–h, the algorithm for both sampling
times shows similar results. Since the control delay is considered in the MPC formulation,
it is possible to prevent performance degradation due to the sampling time of the controller
when applied in real time.
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6. Conclusions

This paper presents the integrated controller for path tracking and velocity control
with rollover prevention of the AAEV. To design the controller, a kinematic vehicle model is
derived to represent the behavior of the AAEV. Since the AFS is generally used to generate
the large yaw motion and smaller turning radius for narrow road conditions, the ODD
is limited to low-speed driving conditions. Thus, the kinematic model is appropriate to
model the behavior of the AAEV. The actuator delay is also considered to improve the



Actuators 2023, 12, 41 25 of 27

accuracy of the vehicle model. The proposed algorithm is composed of three submodules:
reference state decision module, MPC-based reference state tracker, and low-level controller.
The reference state decision module generates the reference position and heading angle
of the front body. In addition, the maximum velocity to prevent the rollover is deter-
mined by considering the lateral behavior of both bodies. The MPC-based reference state
tracker determines the desired articulation angle rate and longitudinal acceleration with
the kinematic vehicle model, reference states, and constraints. The behavior relationship
between the front and rear bodies is used to assign the velocity constraints for the rear body.
The low-level controller converts the outputs from the MPC to actuator inputs to control
the AAEV. The simulation study was conducted to evaluate the proposed algorithm and
compare it with base algorithms. The proposed algorithm showed enhanced path tracking
and velocity control.

Future works on the controller for the AAEV should address three aspects. The first
aspect is to introduce the dynamic model to the vehicle controller. If the articulation angle is
restricted within a small range, the ODD can be extended to the high-speed region. In this
case, the dynamic model is required to model the behavior of the AAEV. The second aspect
is to consider the steerable front wheel. Vehicles with front steering and an articulation
joint have a degree of freedom to adjust the posture of the AAEV while following the target
yaw rate. Thus, it is possible to pass through narrow or complex roads, thereby improving
mobility. It is necessary to develop a controller which is designed for multiple actuators
for the lateral motion of the AAEV. The final aspect is to implement and test the proposed
algorithm on the real AAEV.
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