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Featured Application: This work presents an MPC scheme for stabilization control of high-speed
autonomous ground vehicles (AGVs) considering the effect of road topography. Accounting for
the road curvature and bank angle, this scheme is able to maintain handling stability by
preventing excessive sideslip and rollover while ensuring collision-free trajectories. Such an MPC
scheme can not only contribute to the performance of AGVs, but also be used as an advanced
safety technique in advanced driver-assistance systems (ADAS) and intelligent transportation
systems (ITS).

Abstract: This paper presents a model predictive control (MPC) scheme for the stabilization
of high-speed autonomous ground vehicles (AGVs) considering the effect of road topography.
Accounting for the road curvature and bank angle, a single-track dynamic model with roll dynamics
is derived. Variable time steps are utilized for vehicle model discretization, enabling collision
avoidance in the long-term without compromising the prediction accuracy in the near-term.
Accordingly, safe driving constraints including the sideslip envelope, zero-moment-point and lateral
safety corridor are developed to handle stability and obstacle avoidance. Taking these constraints into
account, an MPC problem is formulated and solved at each step to determine the optimal steering
control commands. Moreover, feedback corrections are integrated into the MPC to compensate the
unmodeled dynamics and parameter uncertainties. Comparative simulations validate the capability
and real-time ability of the proposed control scheme.

Keywords: autonomous ground vehicles; model predictive control; obstacle avoidance and
stabilization; road topography

1. Introduction

As autonomous ground vehicles (AGVs) find increasing utility in both military and commercial
applications, driving safety has become a critical issue that impedes their further development [1].
Typically, driving safety is deemed as being collision-free, which may be adequate for earlier
applications such as small robots and low-speed vehicles [2,3]. However, since recent research
efforts have targeted large-size and high-speed AGVs, the handling stability-related concerns, such as
excessive sideslip and rollover, become increasingly important. Inappropriate handling of these
dynamics, particularly under a complex road topography, will lead to loss of control of the AGVs or
even fatal accidents. Therefore, it is necessary to develop a control scheme that can systematically
utilize the knowledge of vehicle dynamics and the road topography information to avoid collisions
while ensuring the handling stability of high-speed AGVs.
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Recent work has shown that model predictive control (MPC) can be used to rigorously
handle the vehicle dynamics and multiple safety constraints [4,5]. Many MPC-based methods have
demonstrated successful applications in the field of path following [6], obstacle avoidance [7],
emergency maneuvering [8], lane change maneuvers [9], etc. Although these methods do provide
good results in their own respective applications, they usually assume simple road topography,
i.e., neglecting the road curvature and bank angle. Moreover, most of these applications do not
take handling stability-related concerns into account. Instead, they rely on the built-in production
systems, such as dynamic stability control (DSC) or electronic stability control (ESC), which enforce
stabilization criteria regardless of an impending collision. Thus, while these applications may maintain
the stabilization of AGVs, there is no guarantee that the trajectories modified by these built-in systems
would be collision-free.

Rather than relying on production systems, alternative approaches have explicitly incorporated
stabilization criteria in the MPC formulations for the purpose of vehicle stabilization [10]. Among them,
envelope control has been widely applied in the automotive field, and a number of stability envelopes
have been developed. Earlier analyses of vehicle handling are presented by defining a stable region
with respect to the vehicle sideslip and sideslip rate in the phase plane. The open region between the
saddle points of this phase plane is used as a safe envelope for vehicle stability [11,12]. Focusing on
limiting the saturation of the tires to prevent loss of control, a vehicle stabilization envelope is proposed
to limit the peak forces of the front and rear wheels [13]. Building upon these work, Beal and Gerdes
presented a stable handling envelope that combines the phase plane design approach and the explicit
consideration of rear tire saturation [14]. This envelope bounds the yaw rate of the vehicle while
limiting the rear tire forces below their peak to prevent rear tire saturation. Vehicle sideslip and yaw
rate serve as the phase plane variables that capture this stability envelope. Moreover, Gerdes also
presented a closed envelope in the sideslip and yaw rate phase plane using isolines [15]. This envelope
can incorporate more naturally stable regions of the phase plane in vehicles with strong under-steering
characteristics. Recent applications of vehicle stability control enforce constraints only on the maximum
allowable rear tire force [16,17].

By virtue of the stability envelope, a continuously-resolved optimization seeking to minimize
trajectory tracking errors while satisfying the stabilization criteria is realized. However, this still suffers
from the underlying challenge that such constraints may be overly restrictive or conflict with each
other, which may lead to tracking errors that result in collisions. Addressing this problem, [18,19]
presented a novel method to weight these sometimes conflicting objectives by prioritizing collision
avoidance and adding slack variables to hard constraints. If necessary, they even allow the violation of
the stabilization criteria temporarily to avoid collisions. Nevertheless, most of these methods neglect
the roll dynamics of AGVs and the effects of road topography, which are not always feasible [20].
For example, it is important to account for the roll dynamics when handling an AGV with a high center
of gravity (CoG) or driving on a road with a large path curvature and road banks.

Nowadays, many studies accounting for the roll dynamics have been published [21,22].
Many vehicle roll stability metrics, such as the static stability factor (SSF) [23], stability moment
(SM) [24], load transfer ratio (LTR) [25], time-to-rollover (TTR) [26], zero-moment-point (ZMP) [27],
etc., have also been discussed. While these metrics do provide important results under certain
conditions, they are limited by their inherent assumptions. Static metrics such as the SSF are easy
to calculate, but do not capture vehicle behavior during dynamic maneuvers. Meanwhile, dynamic
metrics such as the LTR and SM rely on information that is difficult to obtain [28]. Metrics using state
prediction models, such as the TTR, do not account for the road topography, which significantly affects
a vehicle’s rollover propensity. Of all the metrics mentioned above, ZMP is preferable due to its ability
to explicitly account for the effects of road topography in its derivation [29]. Moreover, the ZMP can
be expressed as a linear combination of the vehicle states, allowing it to be included as an output of any
vehicle model.
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In this work, we present a novel MPC scheme for stabilization control of high-speed autonomous
ground vehicles considering the effects of road topography. Accounting for the effect of path
curvature and the road bank, a single-track vehicle model with roll dynamics is derived. To enable
collision avoidance in the long-term without compromising the prediction accuracy in the near-term,
variable time steps are employed for model discretization. Then, the handling of the stability
collision avoidance-related constraints is expressed as the sideslip envelope, limits on ZMP and
lateral safety corridor. Accordingly, an MPC problem with feedback corrections is formulated and
solved to ensure optimal vehicle operation within these safe driving constraints. Simulations carried
out in the MATLAB/CarSim environment validated the effectiveness and real-time ability of the
proposed scheme.

2. Preliminaries of MPC and Framework Overview

2.1. Preliminaries of MPC

MPC is realized through an iterative on-line optimization over a moving finite prediction horizon,
as illustrated in Figure 1. At time step k, starting from the state ξk, an optimal control sequence
u∗(k + i), i ∈ [0, Np − 1] is computed by solving an open-loop, constrained, finite-time optimal control
problem over the prediction horizon Np. The optimal control sequence u∗ is bounded by the input
saturations umax and umin, and the resulting predicted states ξ∗ satisfy the state constraints ξmax and
ξmin. Although the optimal control sequence is calculated over the prediction horizon Np, only the
first step of that, u∗(0), is executed.

Due to unmodeled dynamics, parameter uncertainties and/or external disturbances, the measured
control action um and vehicle state ξk are highly likely to be different from the predicted value of
those obtained from the previous loop, up and ξp. The differences between them are denoted as uc

and ξc. In the next step, the optimal control problem is resolved over a shifted horizon based on new
measurements. This process is repeated at each step until the terminal requirements are satisfied.

Predicted states

Computed optimal control 

kk-1 k+1 k+Np
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uc  * 0u

Figure 1. Basic principle of MPC.

2.2. Framework Overview

The framework of the proposed MPC scheme is shown in Figure 2. The MPC module consists
of three blocks: the vehicle model, driving safety constraints and optimizer. As the vehicle states
cannot always be measured, a state observer is necessary for state estimation. At each step, the
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estimated state ξ̂k and the measured control action um together with the uc and ξc obtained from the
feedback correction module are used to generate modified vehicle state ξk = ξ̂k + k1 ∗ ξc and modified
control input uk = um + k2 ∗ uc, where k1, k2 are integral coefficients. Accordingly, the vehicle model is
developed while accounting for the road curvature κ and bank angle φt. Then, safe driving constraints
are designed to prevent sideslips, rollovers and exceeding road boundaries. Finally, an MPC problem
is formulated and solved to generate the optimal control sequence u∗.

Driving safety

constraints

ξp

ξ(k)

MPC module

 ˆ k

up

uc(k)

Vehicle 

model
Optimizer

Reference 

trajectory
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ξc(k)

κ, ϕt
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Figure 2. Framework of the proposed MPC scheme.

3. Vehicle Dynamics Modeling and Discretization

3.1. Dynamics Modeling

For a high-speed AGV, the vehicle generally steers with a large radius and small front steering
angle. Therefore, the track width is neglectable with respect to its cornering radius. Thus, it is
reasonable to use a spatial single-track vehicle model, as shown in Figure 3. The vehicle dynamics can
be expressed as [21]:

mv̇x =ax + mvyωz −mshsrωzωx (1a)

mv̇y =ay −mvxωz −mg sin (φt) + mshsrω̇x (1b)

Izω̇z =
(

l f Fy f − lrFyr

)
(1c)

φ̇r =ωx (1d)

Ixω̇x =mshsr(v̇y + vxωz) + msghsr sin (φ)−MR (1e)

where ax = (Fx f + Fxr − FR)/m, Fx f , Fxr are the longitudinal forces at the front/rear tire,
FR represents the dissipative forces, including aerodynamic drag force, rolling resistance
friction force, etc., ay = (Fy f + Fyr)/m, Fy f , Fyr are the lateral forces at the front/rear tire,
MR = Kφφr + Dφωx, Kφ and Dφ are the suspension roll damping and stiffness, m is the total vehicle
mass, ms is the sprung mass, ψ and ωz are the yaw angle and yaw rate, hsr is the height of the sprung
mass from the roll center, l f , lr are the distances from the CoG to the front and rear axle along the
vehicle’s x-axis, g is the gravitational acceleration, vx, vy are the longitudinal and lateral velocities of
the CoG and φr, ωx and ω̇x are the roll dynamics (angle, rate and acceleration) of the sprung mass,
respectively. φt is the road bank and assumes φ̇t ≈ 0, φr is the roll angle of the sprung mass to the
vehicle’s z-axis. φ = φt + φr, Iz is the moment of inertia about the vehicle’s z-axis. Ix is the moment of
inertia of the sprung mass with respect to the roll center. The cross products of the mass moment of
inertia are neglected.
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The relative motions of the AGV with respect to the road curvilinear coordinate system are:

ėy =vx sin
(
eψ

)
+ vy cos

(
eψ

)
≈ vxeψ + vy (2)

ėψ =ωz − κvx (3)

where, ey is the cross track error and eψ is the difference between the vehicle heading angle, ψ, and the
road centerline angle, ψr. κ is the road centerline curvature.

Equations (1)–(3) are derived under the following assumptions:

• eψ, δ f and φ satisfy the small angle assumption;
• The vehicle pitch/actuators dynamics can be neglected, and the steering system is rigid;
• The disturbances such as wind lateral thrust are not considered.

In this work, we mainly focus on the lateral and roll dynamics of AGVs; thus, ax is assumed to
be constant. Considering a front-wheel-driven vehicle, then Fxr = 0. The longitudinal front tire force
Fx f can be computed as:

Fx f = max + FR (4)

lr

lf

Fyf Fxf

Fyr

vx

vy

ωz

y

Road centerline

x

vf

vr

tangent
κ(s) eψ ψr

s

r

 f

 f

z

ye



r

Fxr

(a) Single-track model

xy

z

msg

Tr

ft

CoG

frhsr

Df

Kf

sprung mass

(b) Roll dynamics

Figure 3. Single-track vehicle model with roll dynamics.

As the nonlinearity of lateral tire forces, Fy f and Fyr, pose a significant challenge to real-time
optimization, we use a linearized tire force model, as illustrated in Figure 4. Then, the lateral tire forces
are approximated as [30]:

Fy∗ = C̄α∗α∗ (5)

where C̄α∗ is the equivalent cornering stiffness at α∗ = 0. This linearization will lead to diverging
from the actual tire forces at high sideslip angle; however, this problem can be avoided by enforcing
a sideslip angle threshold, αlim.

The tire slip angles, α f and αr, can be linearized using small angle approximations:

α f = arctan(
vy + l f ωz

vx
)− δ f ≈

vy + l f ωz

vx
− δ f (6)

αr = arctan(
vy − lrωz

vx
) ≈

vy − lrωz

vx
(7)
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Let ξ =
[
vy, ωz, ωx, φr, ey, eψ

]T denote the state vector, u1 = δ f denote the control input and u2 =

[φt, κ]T denote the auxiliary input, assumed known a priori. By combining (1)–(7), a linear time-varying
vehicle model, concerning the lateral and roll dynamics, can be obtained as:

ξ̇ = Aξ + B1u1 + B2u2 (8)

The matrix A, B1 and B2 used in (10) is:

A =



IxΘ1
Θ4

IxΘ2
Θ4
− vx

−Θ6Dφ

Θ4

Θ6Θ5
Θ4

0 0
Θ2
Iz

Θ3
Iz

0 0 0 0
Θ6Θ1

Θ4

Θ6Θ2
Θ4

−mDφ

Θ4

mΘ5
Θ4

0 0
0 0 1 0 0 0
1 0 0 0 0 vx

0 1 0 0 0 0


, B1 =



−IxC̄α f
Θ4

− l f C̄α f
Iz

−Θ6C̄α f
Θ4

0
0
0


, B2 =



−g 0
0 0
0 0
0 0
0 0
0 vx



with: Θ1 =
(

C̄α f + C̄αr

)/
vx, Θ2 =

(
l f C̄α f − lrC̄αr

)/
vx, Θ3 =

(
l2f C̄α f + l2r C̄αr

)/
vx,

Θ4 =
(

Ixm−m2
s h2

sr
)
, Θ5 =

(
mshsrg− Kφ

)
, Θ6 = mshsr.

−α
lim
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a
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Figure 4. Lateral tire force with linear approximation.

3.2. Model Discretization

The obstacle avoidance objective of the high-speed AGV controller necessitates a long enough
prediction horizon to safely anticipate upcoming obstacles. However, if the controller execution time
step is used as the prediction time step throughout the full horizon, the total number of time steps
required is prohibitively large for real-time implementation. Alternatively, selecting a large time step
for the full horizon degrades the controller’s performance in predicting near-term vehicle behavior,
which is necessary when reacting to unexpected challenges of vehicle stabilization.

To address this issue, the prediction horizon used in this work is split into two portions at time
step Ns. The initial portion is comprised of small time steps of size ts, which is equal to the execution
time step of the controller, to accurately capture near-term vehicle behavior. The latter portion is
comprised of larger time steps of size tl to extend the horizon to incorporate upcoming obstacles in the
long-term. These variable time steps provide a good balance between the prediction accuracy and the
computational burden. Besides, tl , Ns and Np are chosen according to experimental experience.
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By virtue of matrix exponentials, the vehicle dynamics model (8) is discretized using zero-order
hold (ZOH) and first-order hold (FOH) methods on the initial portion and latter portion of the
prediction horizon, respectively. The discretized vehicle model can be expressed as:

ξ(k+1) = Asξ(k) + Bs1u(k)
1 + Bs2u(k)

2 , ∀k = 1, . . . , Ns (9)

ξ(k+1) = Alξ
(k) + Bl1u(k)

aug + Bu(k+1)
aug ∀k = Ns + 1, . . . , Np − 1 (10)

where As = I6 +A× ts, Bs1 = B1× ts, Bs2 = B2× ts and Al = I6 +A× tl + (A× tl)
2/2, Bl1 = Γ1− Γ2,

Bl2 = Γ2, Γ1 = [B1, B2]× tl + A× [B1, B2]× t2
l /2, Γ2 = [B1, B2]× tl/2, uaug = [u1, u2]

T .

4. MPC Scheme Design

4.1. Sideslip Constraints

Generally, the sideslip first starts on the rear tire; thus, the sideslip constraint is enforced as
bounds on the vehicle’s rear tire sideslip angle (αr) and yaw rate (ωz). The range of αr is defined from
the linear tire model used in (7) and converted into a bound on vehicle states with (5):∣∣(vy − lrωz

)/
vx
∣∣ ≤ αr,lim (11)

To determine an appropriate bound on yaw rate (ωz), a steady-state analysis is used based on
(1b). This ensures that the vehicle does not exceed the linear region of the brush tire model and yields
a maximum sustained yaw rate as:

∣∣∣∣ωz +
g
vx

φt

∣∣∣∣ ≤ C̄αrαr,lim

(
1+lr

/
l f

)
mvx

(12)

Assuming real-time estimation of C̄αr is available, the vehicle envelope described is easily
calculated in real time. Let S(k)

sh = [αr,slack, ωz,slack]
T represent the slacks to the sideslip constraint,

then (11) and (12) can be compactly represented as the following linear inequality for each time step
k into the prediction horizon:

−Gsh − S(k)
sh ≤ Hshξ(k) + Pshu(k)

2 ≤ Gsh + S(k)
sh (13)

with:

Hsh =

[
1/vx −lr

/
vx 0 0 0 0

0 1 0 0 0 0

]
, Psh =

[
0 0

g
/

vx 0

]
, Gsh =

[
αr,lim

C̄αrαr,lim

(
1 + lr

/
l f

)/
mvx

]

where ξ(k) indicates the vehicle state at the k-th time step into the prediction horizon.
The bounds (11) and (12) define a linear time-varying closed envelope, as shown in Figure 5.

(11) serves as the basis for upper and lower bounds, and (12) defines the left and right bounds. Vehicle
stability is guaranteed for all states in this envelope. That is, at any point within this envelope, a
steering command exists such that the vehicle can safely remain inside. However, exceeding these
bounds does not necessarily result in instability, but for states outside the envelope, there is no
guarantee that a control input exists to move the system closer to the boundary in the next time step.
Regions of the state space beyond the sideslip bounds entail nonlinearity of the rear tire force, which
can be difficult to control. Regions directly past the yaw rate bounds, however, do not entail tire
saturation and can lead back to the handling envelope without a spin. Often, vehicle states first exceed
the yaw rate bound on the way to exceeding the side slip bound, which motivates using the yaw rate
bound. However, small violations of the yaw rate bound by itself can occur without ensuing sideslip
violations, and this behavior is considered acceptable in motion control.
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Figure 5. Sideslip envelope constraint.

4.2. Rollover Constraints

A key challenge in preventing the rollover of the AGV is the prediction of rollover onset, especially
in the presence of the road bank and the median slope. This work utilizes ZMP as a direct measure of
a vehicle rollover threat index. The ZMP is defined as the point on the ground where the summation
of tipping moments, due to gravity and inertia forces, equals zero, as illustrated in Figure 6.

ZMP

ZMP

yZMP

(a) (b)

x

y
z

Mg

x

y z

Mg

ZMP

aGy

FN

yZMPyZMP

FN
FN

(c) (d)

Figure 6. Zero-moment-point (ZMP) illustration.

When the AGV is driving on a horizontal road, the reaction force FN acting directly beneath the
AGV’s center of mass, this reaction point is the ZMP, as shown in Figure 6a. When driving on a road
with a bank angle, as shown in Figure 6b, the reaction force FN shifts in order to balance the vehicle’s
weight and satisfy the definition of ZMP. The lateral acceleration caused by turning will also shift
the reaction force as shown in Figure 6c. Eventually, there exists an angle or lateral acceleration, as
in Figure 6d, where the reaction force is no longer able to balance the vehicle’s weight (or inertial
dynamics) and the ZMP moves outside the support polygon, leading to the rollover of the AGV.
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Although the location of ZMP exists in three-dimensional space, only its coordinate along
the vehicle’s body-fixed y-axis, termed as yZMP, is of interest for vehicle rollover prevention.
The regularized yZMP with respect to half of the track width (Tr/2) is written as:

ȳZMP =
2
Tr

(
hsrφ +

hsr

g
(
v̇y + ωzvx

)
− Ix

mg
ω̇x

)
(14)

(14) can be rearranged as:

ȳZMP = N1ξ̇(k) + N2ξ(k) + N3u2 (15)

with:

N1 =
[

2hsr
/
(gTr) 0 −2Ix

/
(mgTr) 0 0 0

]
, N2 =

[
0 2hsrvx

/
gTr 0 2hsr

/
Tr 0 0

]
,

and N3 =
[

2hsr
/

Tr 0
]
.

Then, the constraint for rollover prevention is:

− ȳZMP,max ≤ ȳZMP ≤ ȳZMP,max (16)

where ȳZMP,max is the threshold of ZMP.

4.3. Lateral Safety Corridor

To ensure driving safety, the AGV needs to be fully contained within the feasible region,
determined by the environmental constraints such as road boundaries or lane marks. Here, we define a
lateral safety corridor, according to the pre-defined longitudinal position and correlated with the road
properties, to represent the feasible region. The lateral safety corridor is expressed as time-varying
upper and lower bounds on the AGV’s cross track error (ey).

Figure 7 illustrates the methodology to generate the lateral safety corridor. Based on the constant
longitudinal acceleration assumption, the reference road can be sampled at discrete points along the
road centerline, which correspond to the AGV’s future position k steps into the prediction horizon.
The feasible lateral gap at each time step k is identified mainly considering the lane boundaries’ and
vehicles’ effective width. Starting at the AGV’s current position, the lateral safety corridor is generated
by linking the adjacent feasible gaps throughout the prediction horizon. Therefore, the lateral safety
corridor is defined as a set of lateral deviation bounds eymax and eymin and can be compactly written as:

Henvξ(k) ≤ G(k)
env (17)

with:

Henv =

[
0 0 0 0 1 0
0 0 0 0 −1 0

]
, G(k)

env =

[
ek

y,max − ds

−ek
y,min + ds

]
This provides a convex method of enforcing environmental constraints on the position of AGVs.

ds is a user-defined comfort distance.
Moreover, the steering input should also satisfy the limits of the actuator system:∣∣∣δ f

∣∣∣ ≤ δ f ,max (18)∣∣∣∆δ f

∣∣∣ ≤ ∆δ f ,max (19)

where δ f ,max and ∆δ f ,max reflect the maximum allowable steering angle and the physical slew rate
capabilities of the vehicle steering system.
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eymin(Ns+2)...
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Figure 7. Lateral safety corridor.

4.4. MPC Problem Formulation

The primary task of the stabilization control of high-speed AGVs is to ensure safe vehicle operation
within the previously-defined constraints. This is realized by expressing the stabilization control as
an optimal control problem to be evaluated over a finite prediction horizon, formulated as:

minimize
ξ,δ f ,k=0,··· ,Np

J =∑
k

(
Weψ

(
e(k)ψ

)2
+ Wey

(
e(k)y

)2
)

(20a)

+ ∑
k

Wδ f

(
δ
(k)
f − δ

(k−1)
f

)2
(20b)

+ ∑
k

WT
shS(k)

sh Wsh (20c)

s. t. ξ(k+1) = Asξ(k) + Bs1u(k)
1 + Bs2u(k)

2 (20d)

ξ(k+1) = Alξ
(k) + Bl1uaug

(k) + Bl2uaug
(k+1) (20e)∣∣∣Hk

shξ(k) + Pshu(k)
2

∣∣∣ ≤ Gk
sh + S(k)

sh (20f)

|ȳZMP| ≤ ȳZMP,max (20g)

Henvξ(k) ≤ G(k)
env (20h)∣∣∣δ f

∣∣∣ ≤ δ f ,max (20i)∣∣∣∆δ f

∣∣∣ ≤ ∆δ f ,max (20j)

In this formulation, the variables to be optimized are the front wheel steering angle (δ f ) and
the slack variables on the constraints Ssh. The tunable parameters are Wδ f , Wey, Weψ and the slack
variable costs factor Wsh. The cost function consists of three terms: (20a) enforces penalty on the vehicle
states deviation; (20b) establishes the trade-off between fast convergence and a smooth input trajectory;
(20c) enforces the penalty for slack variables’ violations.

(20d) and (20e) are the discretized vehicle dynamics models, derived from (9) and (10).
Constraints (20f), (20g) and (20h) enforce constraints on the sideslip envelope, ZMP and road
boundaries, respectively. (20i) and (20j) enforce the physical limits of the steering system. With the
choice of sufficiently large weighting coefficient Wsh, the cost term (20c) encourages zero-valued
slack variables, resulting in optimal vehicle trajectories that adhere to the sideslip envelopes
whenever possible.

Along with the relative value of Wδ f , Wey, Weψ and Wsh, a hierarchy can be established
between the collision, stabilization and smooth steering. Setting (Wey, Weψ) � Wsh � Wδ f encodes
a prioritization of collision avoidance over vehicle stability and then over smooth steering. This prioritization
allows the controller to selectively violate stability criteria if necessary to avoid a collision.

The optimization (20) resolves at each step; as is standard with MPC, only the optimal input for
the first step into the prediction horizon, δ

(0)
f , is executed. The convexity of the optimization problem
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allows for efficient real-time implementation. CVXGEN [31] generates a solver that is implemented
on a Thinkpad W541 stationary computer with a quad-core i7-processor. The resulting controller is
capable of solving the optimization problem in less than 50 ms, allowing for an execution rate of 20 Hz.

5. Simulations and Discussions

5.1. Simulation Settings

Simulations were carried out in the MATLAB/CarSim environment. A front-wheel drive D class
SUV was used as the target AGV. The vehicle parameters and controller weights used in the proposed
control scheme are shown in Table 1.

As shown in Figure 8, a testing road with three large continuous corners is employed.
The coordinates and terrain of the test road are illustrated in Figure 8a,b. Figure 8c illustrates the
centerline angle and bank angle of the test road. The curvature of the test road is shown in Figure 8d.
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Table 1. The parameter of the vehicle and weights of the MPC controller.

Parameters Values (Unit) Parameters Values (Unit) Parameters Values (Unit)

m 1600 (kg) C̄α f −110,000 (N/rad) ts 0.05 (s)
ms 1430 (kg) C̄αr −92,000 (N/rad) tl 0.5 (s)
Ix 700. 7 (kg·m2) Kφ 145,330 (N·m/rad) Ns 10
Iz 2059.2 (kg·m2) Dφ 4500 (N·m· s/rad) Np 20
l f 1.12 (m) g 9.81 (m/s2) Wey, Weψ 500
lr 1.48 (m) δ f ,max 0.4 (rad) Wsh 50
Tr 1.565 (m) ∆δ f ,max 0.08 (rad/s) Wδ f 5
hsr 0.68 (m) αr,lim 0.1 (rad) k1 0.5
ds 0.5 (m) ȳZMP,max 0.7 k2 0.6

5.2. Performance Evaluation Considering Road Topography

To analyze the effect of considering road topography, four comparative MPC controllers are
utilized for trajectory tracking of the test road, as shown in Figure 8. The desired velocity of AGV is set
to be a constant of 72 km/h. Since the first 200 m of the test road is just a segment of a straight lane, we
initialized the location of the AGV as 200 m behind the starting point of the test road.

• The MPC controller considers both road curvature and bank angle, as proposed in this work,
denoted as Controller I;

• The MPC controller without consideration of road topography, i.e., setting u2 = [0, 0]T , denoted
as Controller II;

• The MPC controller only considers the effect of road bank angle, i.e., setting the second term of u2

as zero, denoted as Controller III;
• The MPC controller only considers the effect of road curvature, i.e., setting the first term of u2 as,

denoted as Controller IV.

The comparison of the simulation results is shown in Figure 9. It can be seen from Figure 9a
that the lateral track errors when considering the road curvature (Controller I and Controller IV) are
significantly smaller than those not considering the road curvature (Controller II and Controller III).
Thus, we can conclude that the road curvature has more influence on the lateral track error than that
of road bank angle. As shown in Figure 9b, the regularized ZMPs when considering road bank angle
(Controller I and Controller III) coincide nicely with the LTR. On the other hand, the regularized ZMPs
when not considering road bank angle (Controller II and Controller IV) diverge significantly from
the LTR. Thus, the road bank angle is validated to be an important factor for rollover prevention.
Figure 9c illustrates the comparison of front wheel angle (δ f ) during the simulations. We can see that
the maximum of front wheel angle is less than 0.04 (rad), satisfying the actuator saturation limits.
Figure 9d shows the comparison of sideslips in the plane of lateral velocity vy and yaw rate ωz. It can
be seen that the traces of Controller I, considering both road curvature and bank angle, are more
compact than those of the other three controllers. This validates that the proposed MPC scheme
considering the effect of road topography can be used to ensure stabilization of high-speed AGVs.

Note that Controller I, considering the effects of both road curvature and bank angle, can provide
better trajectory tracking performance than the other three controllers by limiting the lateral track error
and the ȳZMP within 0.15 m and 0.3 m, respectively. Thus, it validates the necessity of considering
road topography in the stabilization of high-speed AGVs.
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5.3. Performance Evaluation Considering Feedback Corrections

To analyze the effect of feedback corrections, the following two MPC controllers are utilized for
the trajectory tracking of the test road, as shown in Figure 8.

• MPC controller without feedback corrections, setting k1 = 0, k2 = 0, denoted as Controller V;
• MPC controller with feedback corrections, as proposed in this work, denoted as Controller VI.

The simulated results are shown in Figure 10. The lateral track errors with/without feedback
corrections are shown in Figure 10a. It can be seen that although both controllers can limit the lateral
track error within 0.15 m, the tracking performance of Controller VI is obviously better than that of
Controller V. The comparative simulation results on regularized ZMP, front wheel angle and sideslip
envelope are shown in Figure 10b–d, respectively. It can be seen that the regularized ZMPs of both
controllers coincide nicely with the LTR. The optimal front wheel angle inputs generated by both MPC
controllers satisfy the actuator saturation limits. Both controllers are able to prevent excessive sideslips
during trajectory tracking.

It can also be seen from Figure 10a that the lateral tracking error of Controller VI is very similar to
that of Controller V in the straight lane section, and the main deviations appear in the curve section.
These differences are most probably caused by the model mismatch in the curve sections, as the
small angle assumption for (1)–(3) may lose validity. Moreover, the equivalent tire cornering stiffness
coefficient C̄α∗ may differ from that at α∗ = 0, leading to parameter uncertainties. The integration of
the feedback corrections module in the MPC controller is able to mitigate the tracking errors caused by
these model mismatches and parameter uncertainties, leading to better performance of Controller VI.
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Thus, we can conclude that using feedback corrections can compensate, to some extent, the unmodeled
dynamics and parameter uncertainties.
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5.4. Real-Time Ability

The mean and standard deviation of the optimization time of the previously mentioned six
controllers are shown in Figure 11. It can be seen that the mean of optimization time falls in the range
of [5, 25] ms. Besides, the standard deviation of the optimization time is 0.0124 ms, indicating that
the optimization time is relatively constant. Therefore, the proposed MPC scheme can be used in
real-time applications.
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Figure 11. Comparison of the optimization time.
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6. Conclusions

This paper focuses on the stabilization control of high-speed autonomous ground vehicles
considering the effect of road topography. The innovative aspects of the manuscript are:

• A vehicle model with roll dynamics is developed to account for the road curvature and bank
angle. Variable time steps are utilized for model discretization, leading to long enough prediction
for obstacle avoidance without compromising the prediction accuracy;

• The handling stability constraints, expressed as sideslip envelope and zero-moment-point, can be
used to prevent excessive sideslip and rollover;

• An MPC control scheme is designed to generate the optimal steering sequence while satisfying
the handling stability constraints. Comparative simulation results validate the effectiveness and
real-time ability of the proposed control scheme.

Future work will consider the stabilization control of high-speed AGVs with time-varying
accelerations. Real-vehicle experiments will also be carried out to verify the proposed control scheme.
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