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Automated vehicles are designed to free drivers from driving tasks and are expected to improve traffic safety and efficiency
when connected via vehicle-to-vehicle communication, that is, connected automated vehicles (CAVs). The time delays and model
uncertainties in vehicle control systems pose challenges for automated driving in real world. Ignoring them may render the
performance of cooperative driving systems unsatisfactory or even unstable. This paper aims to design a robust and flexible
platooning control strategy for CAVs. A centralized control method is presented, where the leader of a CAV platoon collects
information from followers, computes the desired accelerations of all controlled vehicles, and broadcasts the desired accelerations
to followers. The robust platooning is formulated as a Min-Max Model Predictive Control (MM-MPC) problem, where optimal
accelerations are generated to minimize the cost function under the worst case, where the worst case is taken over the possible
models. The proposed method is flexible in such a way that it can be applied to both homogeneous platoon and heterogeneous
platoon with mixed human-driven and automated controlled vehicles. A third-order linear vehicle model with fixed feedback
delay and stochastic actuator lag is used to predict the platoon behavior. Actuator lag is assumed to vary randomly with unknown
distributions but a known upper bound. The controller regulates platoon accelerations over a time horizon to minimize a cost
function representing driving safety, efficiency, and ride comfort, subject to speed limits, plausible acceleration range, and minimal
net spacing. The designed strategy is tested by simulating homogeneous and heterogeneous platoons in a number of typical and
extreme scenarios to assess the system stability and performance. The test results demonstrate that the designed control strategy
for CAV can ensure the robustness of stability and performance against model uncertainties and feedback delay and outperforms
the deterministic MPC based platooning control.

1. Introduction

Today’s traffic systems are facing serious congestion [1].
Automated vehicles using advanced sensing, communica-
tion, and control technologies have the potential to increase
road capacity and improve traffic operations [2–4]. Adaptive
cruise control (ACC) systems, one of the earliest automated
vehicle systems, has already entered the market [5–7]. It
uses its on-board sensors to detect the ambient environment
and regulate the speeds of the vehicle to increase ride com-
fort. Vehicle-to-vehicle (V2V) and vehicle-to-infrastructure
(V2I) communications enable the so-called connected auto-
mated vehicles (CAVs), extending the visibility of automated

vehicles [8]. When a group of CAVs travel with short inter-
vehicle headway or gap, a platoon is formed [9]. CAVs have
more potential to improve traffic performance compared
to individual automation, since they can share information
and coordinate their behavior to ensure shorter intervehicle
distances safely [2, 10, 11] as demonstrated by field tests [12,
13].With V2I communication between a road side device and
electric vehicles, the traffic stability can be improved [14].

Some challenges must be addressed for successful imple-
mentation of platooning in real world, including feedback
delay, actuator lag,measurement inaccuracy, and heterogene-
ity in traffic [7, 15–17]. Feedback delay and actuator lag are
known to have detrimental effects on string stability [16, 17].
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CAVs using platoon leader or predecessor acceleration as
feedforward term in control have been shown to be able
to compensate delay [15, 18]. Other delay compensation
strategy can be found using predictive control approach
[16]. Measurement noise can be treated by using filtering
and data fusion techniques [19]. The heterogeneity of traffic
can be considered using cooperative control strategies where
a joint objective is optimized together within the platoon
[20].

Although different methods have been proposed to
address the aforementioned challenges, most of them were
based on deterministic modelling of vehicle system dynamics
and had not been tested systematically against uncertain-
ties. There is no guarantee that existing platooning control
systems generate satisfactory performance under real world
situations. An adaptive fuzzy sliding-mode control approach
is proposed to deal with the model uncertainties, and
functional approximation technique is employed to replace
the unknown vehicle functions [21]. However, the reliability
of using functional approximation technique is not clear.
Besides, vehicle speeds can be adjusted through electronic
throttle (ET) control.WithV2V communication, the opening
angle of the ET of the preceding vehicle is available. The fol-
lowing vehicle then adjusts adaptively its ET to avoid collision
and follow the speed of the preceding vehicle. Using extended
state observer to estimate the change of throttle opening
angel and total disturbance, a double-loop integral sliding-
mode controller for electronic throttle is designed [22]. This
controller has robustness to parametric uncertainties of the
ET model. An𝐻-infinity control method for a CAV platoon
is proposed considering the uncertain vehicle dynamics with-
out considering the feedback delay [23].The robust control is
designed considering the differences of dynamics for CAVs
in the platoon. The feasibility of this control method to a
heterogenous platoon comprised of CAVs and human-driven
vehicle is not given. For a homogeneous platoon, the idea of
applying an acceleration of the leader feedforward can also be
used to design a robust controller for the following vehicles
[1]. The robust control for the CAV platooning control has
not been fully explored.

The objective of this paper is to design a robust con-
troller considering the model uncertainties involved in the
longitudinal vehicle dynamics.The robust control is designed
by considering the parametric uncertainties in the dynamics
model of platoons expressed by a third-order linear vehicle
model. The robust platooning is then formulated as a Min-
Max Model Predictive Control (MM-MPC) problem, where
optimal desired accelerations are generated to minimize the
cost function under the worst case. The controller regulates
platoon desired accelerations over a time horizon to mini-
mize the cost function representing driving safety, efficiency,
and ride comfort, subject to speed limits, plausible desired
acceleration range, and minimal net spacing. The designed
control strategy is flexible in such a way that it can be applied
to the homogenous platooning control where all the vehicles
in the controlled platoon are CAVs and the heterogeneous
platooning control where CAVs and human-driven vehicles
are mixed.

The paper is organized as follows. We will first intro-
duce longitudinal dynamics models for a CAV, homoge-
nous and heterogenous platoons with CAVs. The proposed
robust MM-MPC controllers for a single homogeneous and
heterogenous CAV platoon are presented separately. After
that, the simulation experiments are designed to verify the
performance of the controllers followed by the discussion of
the simulation results of the CAV platoons under different
control strategies. Finally, we conclude the findings and
present future research directions.

2. Dynamics Models for Longitudinal
Behavior of Platoons

This section presents a longitudinal vehicle dynamics model
for state prediction for a single CAV and CAV platoon
dynamics model considering actuator lag.

2.1. Single Vehicle Dynamics Model. We introduce a longi-
tudinal dynamics model for a single vehicle 𝑛, following an
exogenous head vehicle, with 𝑥𝑛, V𝑛, 𝑎𝑛, and 𝑙𝑛 denoting the
location, speed, actual acceleration, and vehicle length of the
subject vehicle 𝑛. For a single CAV 𝑛, the system state Z
is described by the gap error Δ𝑠, relative speed ΔV𝑛 to the
preceding vehicle 𝑛 − 1, and 𝑎𝑛; that is, Z = (Δ𝑠𝑛, ΔV𝑛, 𝑎𝑛)𝑇,
and the control variable is defined as U = 𝑢𝑛, where 𝑢𝑛 is the
desired acceleration given to vehicle 𝑛. Δ𝑠𝑛 is the deviation
between the real gap/net spacing 𝑠𝑛 = 𝑥𝑛−1 − 𝑥𝑛 − 𝑙𝑛 and
the desired gap 𝑠𝑑𝑛 to vehicle 𝑛 − 1; that is, Δ𝑠 = 𝑠𝑛 − 𝑠𝑑𝑛 .
We employ the Constant Time Gap (CTG) policy that is
the frequently used by researchers and largely used in the
commercial ACC systems to determine the desired gap [11];
that is, 𝑠𝑑𝑛 = V𝑛 ⋅ 𝑡𝑑 + 𝑠0, where 𝑡𝑑 is the desired time gap and𝑠0 is the minimum gap at standstill. The physical equations
for the longitudinal vehicle motion are expressed as (1) when
using Newton’s second law by modelling the 𝑛th vehicle as a
particle of mass, with𝑚𝑛 denoting the mass of vehicle 𝑛. For
simplicity, the time argument is dropped.𝑚𝑛 ⋅ 𝑥̈𝑛 = 𝐹𝑛⏟⏟⏟⏟⏟⏟⏟

tractive force
− 𝑅𝑎,𝑛⏟⏟⏟⏟⏟⏟⏟

aerodynamic drag

− 𝑅𝑔,𝑛⏟⏟⏟⏟⏟⏟⏟
grade resistance− 𝑅𝑑,𝑛⏟⏟⏟⏟⏟⏟⏟

mechanical drag

, (1)

where 𝐹𝑛 denotes the driving force produced by the 𝑛th
vehicle’s engine which is modelled with a first-order time lag
as shown in 𝐹̇𝑛 = −𝐹𝑛𝜏𝐴𝑛 + 𝑈𝑛𝑚𝑛 ⋅ 𝜏𝐴𝑛 , (2)

where 𝜏𝐴𝑛 denotes the engine time lag for the 𝑛th vehicle and𝑈𝑛 denotes the throttle command input to the 𝑛th vehicle’s
engine. By using exact linearization methods, (1) can be
linearized as a first-order lag system as expressed by [16, 24,
25]

...𝑥𝑛 = 1𝜏𝐴𝑛 ⋅ (𝑢𝑛 − 𝑥̈𝑛) . (3)
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To this end, a third-order model is used to express the
longitudinal dynamics model for vehicle 𝑛 as shown in

𝑑𝑑𝑡Z = 𝑑𝑑𝑡 (𝑥𝑛−1 − 𝑥𝑛 − 𝑙𝑛 − 𝑠𝑑𝑛
V𝑛−1 − V𝑛𝑎𝑛 )

=(V𝑛−1 − V𝑛 − 𝑎𝑛 ⋅ 𝑡𝑑𝑎𝑛−1 − 𝑎𝑛𝑢𝑛 − 𝑎𝑛𝜏𝐴𝑛 )= f (Z,U, d) ,
(4)

f (Z,U, d) = 𝐴 ⋅ Z + 𝐵 ⋅ U + 𝐶 ⋅ d, (5)

where

𝐴 = [[[[[[[
0 1 −𝑡𝑑0 0 −10 0 − 1𝜏𝐴𝑛

]]]]]]] ;
𝐵 = [[[[[[[

001𝜏𝐴𝑛
]]]]]]] ;

𝐶 = [[[[[
010]]]]] ;

d = 𝑎𝑛−1.

(6)

d denotes the exogeneous disturbance to the vehicle system,
which is the actual acceleration of the preceding vehicle 𝑛−1.
If the preceding vehicle is a CAV, the subject vehicle will
receive 𝑎𝑛−1 via V2V communication. When using the V2V
communication to obtain the value of d is not feasible, the
disturbance can be modelled using 𝑎𝑛−1 = 0; that is, the
vehicle 𝑛 − 1 is assumed to travel at the same detected speed
in the prediction horizon [16].

2.2. Homogeneous Platoon Dynamics Model. For a homo-
geneous CAV platoon (e.g., Figure 1(a)) with 𝑁 ≥ 2
vehicles, the system state variable is defined as Z𝑃 =(Δ𝑠1, ΔV1, 𝑎1, Δ𝑠2, ΔV2, 𝑎2, . . . , Δ𝑠𝑁, ΔV𝑁, 𝑎𝑁)𝑇, the command
variable is defined as U𝑃 = (𝑢1, 𝑢2, . . . , 𝑢𝑁)𝑇, and the
disturbance is defined as d𝑃 = ap, where ap is the exogenous
head vehicle of the platoon. For each of the vehicles in the
homogeneous CAV platoon, the single CAV dynamics model

can be applied.Thus thematrix-form systemdynamicsmodel
for a CAV platoon with𝑁 vehicles can be expressed with𝑑𝑑𝑡Z𝑃= 𝑑𝑑𝑡 (Δ𝑠1, ΔV1, 𝑎1, Δ𝑠2, ΔV2, 𝑎2, . . . , Δ𝑠𝑁, ΔV𝑁, 𝑎𝑁)𝑇= g (Z𝑃,U𝑃, d𝑃) , (7)

g (Z𝑃,U𝑃, d𝑃) = 𝐴𝑃 ⋅ Z𝑃 + 𝐵𝑃 ⋅ U𝑃 + 𝐶𝑃 ⋅ d𝑃, (8)

where

𝐴𝑃 = [[[[[[[[
𝐴3×31 03×3 ⋅ ⋅ ⋅ 03×303×2 𝐴3×42 ⋅ ⋅ ⋅ 03×3... ... d

...03×2 03×3 ⋅ ⋅ ⋅ 𝐴3×4𝑁
]]]]]]]]
;

𝐵𝑃 = [[[
𝐵1 0

d

0 𝐵𝑁]]] ;𝐶𝑃 = [𝐶 0
0 0

]
𝐴3×31 = [[[[[[

0 1 −𝑡𝑑0 0 −10 0 − 1𝜏𝐴1
]]]]]] ;

𝐴3×4𝑖 = [[[[[[
0 0 1 −𝑡𝑑1 0 0 −10 0 0 − 1𝜏𝐴𝑖

]]]]]] , 𝑖 = 2, 3, . . . , 𝑁;
𝐵𝑘 = [[[[[

001𝜏𝐴𝑛
]]]]] , 𝑘 = 1, 2, . . . , 𝑁.

(9)

2.3.Heterogeneous PlatoonDynamicsModel. When aplatoon
is comprised of a CAV(s) and a human-driven vehicle(s),
a heterogeneous platoon is formed. A heterogenous CAV
platoon is given as shown in Figure 1(b). For this pla-
toon, the state and control variables can be defined as
ZH = (Δ𝑠1, ΔV1, 𝑎1, Δ𝑠2, ΔV2, Δ𝑠3, ΔV3, 𝑎3, Δ𝑠4, ΔV4)𝑇 and
UH = (𝑢1, 𝑢3)𝑇, and the exogeneous disturbance is d𝐻 =(𝑎𝑝, 𝑎2, 𝑎4)𝑇. For the human-driven vehicles, the actual accel-
erations cannot be controlled directly but can be calculated
using a car-following model. We use IDM+ to model the
collision-free car-following behavior as expressed with (10)
and (11), where𝛼 is themaximumacceleration, 𝑏 is the desired
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(Δs4, Δ4) (Δs3, Δ3) (Δs2, Δ2) (Δs1, Δ1)

V2V

CAV
Exogenous

head vehicle

(a) A homogeneous platoon

(Δs4, Δ4) (Δs3, Δ3) (Δs2, Δ2) (Δs1, Δ1)

CAV

V2V

Exogenous
head vehicle

Human-driven
vehicles

(b) A heterogenous platoon

Figure 1: The platooning formations.

deceleration, and 𝑠∗ is the dynamic desired headway [26, 27].
To this end, the dynamics model of the heterogenous platoon
is as shown in (17) and (18).𝑑𝑥𝑑𝑡 = V,𝑑V𝑑𝑡 = 𝑎, (10)

𝑑V𝑑𝑡 = 𝛼 ⋅min[1 − ( V
V0
)4 , 1 − (𝑠∗ (V, ΔV)𝑠 )2] , (11)

where

𝑠∗ (V, ΔV) = 𝑠0 + V ⋅ 𝑇 − V ⋅ ΔV2 ⋅ √𝛼 ⋅ 𝑏 , (12)𝑑𝑑𝑡ZH

= 𝑑𝑑𝑡 (Δ𝑠1, ΔV1, 𝑎1, Δ𝑠2, ΔV2, Δ𝑠3, ΔV3, 𝑎3, Δ𝑠4, ΔV4)𝑇= h (ZH,UH, dH) ,
(13)

h (Z𝐻,U𝐻, d𝐻) = 𝐴𝐻 ⋅ Z𝐻 + 𝐵𝐻 ⋅ U𝐻 + 𝐶𝐻 ⋅ d𝐻, (14)

where

𝐴𝐻 = [[[[[[[
𝐴𝑛=1 03×2 03×3 03×202×2 𝐷2×3 02×3 02×203×2 03×3 𝐴𝑛=3 03×202×2 02×3 02×2 𝐷2×3

]]]]]]] ;

𝐵𝐻 =
[[[[[[[[[[[[[

02×1 02×11𝜏𝐴1 004×1 04×10 1𝜏𝐴302×1 02×1
]]]]]]]]]]]]]
;

𝐶𝐻 = [[[[[[[
𝐶 03×1 03×102×1 𝐸 02×103×1 𝐶 03×102×1 02×1 𝐸

]]]]]]] ;𝐷 = [0 0 11 0 0] ;𝐸 = [−𝑇−1] .

(15)
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3. Design of Robust Controller for
Platoon Operation

In this section, we develop a robust controller to determine
the control command byminimizing a running cost function.

3.1. Design Assumptions. The homogeneous platooning con-
troller is designed based on the following assumptions:

(i) The CAVs are homogenous. They have the same
vehicle length, desired acceleration boundary, speed
limits, and variable actuator lag.

(ii) The accurate feedback information on positions,
speeds, and actual accelerations of controlled vehicles
can be obtained via on-board sensors and V2V com-
munication, but is subject to a fixed feedback delay𝜏𝑆. The received state at time 𝑡 is actually measured
at time 𝑡 − 𝜏𝑆 [16]. As a result of the feedback delay,
the initial condition of the system state is not accurate,
leading to a model mismatch.

(iii) The controller updates the control command at regu-
lar time intervals.

(iv) The CAVs are subjected to the stochastic actuator lag𝜏𝐴(𝑡), with 𝜏𝐴(𝑡) ∈ [𝛼, 𝛽](0 < 𝛼 < 𝛽) [28, 29].

3.2. Platooning Control Formulation

3.2.1. Min-Max Model Predictive Control Problem. There are
several paradigms for robust control of linear systems: 𝐻2,𝐻∞, “multi-model” paradigm, and “linear system with a
feedback uncertainty” paradigm [30, 31]. For linear systems
as in (8), the “multi-model” paradigm works by discovering
different linearly independent combination of [𝐴𝑃 𝐵𝑃]. The
“linear system with a feedback uncertainty” paradigm can
be converted into the form of “multi-model” essentially
[30].

The “multi-model” paradigm is chosen considering the
stochastic actuator lag 𝜏𝐴. The robust platooning controller
is designed by combining Model Predictive Control (MPC)
method and the robust control [11]. We formulate the pla-
tooning control problem as a Min-Max Model Predictive
Control (MM-MPC) problem [30]. We use a centralized
control method, where the leader of a CAV platoon collects
information from followers, computes the desired accelera-
tions of itself and all followers, and broadcasts the desired
accelerations to followers. The designed controller regulates
platoon desired accelerations over a time horizon [𝑡0, 𝑡0 +𝑇𝑝]
to minimize a cost function 𝐽 representing driving safety,
efficiency, and ride comfort. It is formulated as follows:

min
U𝑝[𝑡0 ,𝑡0+𝑇𝑝]

max
[𝐴𝑃 𝐵𝑃]

𝐽 (Z𝑃,U𝑃) = min
U𝑝[𝑡0 ,𝑡0+𝑇𝑝]

max
[𝐴𝑃 𝐵𝑃]

(∫𝑡0+𝑇𝑝
𝑡0

𝐿 (Z𝑃 (𝑡) ,U𝑃 (𝑡)) 𝑑𝑡) , (16)

subject to

(1) the system dynamics model of (7),
(2) the initial condition: Z̃𝑃𝑡0 = Z𝑃(𝑡0 − 𝜏𝑆),
(3) the constraints on states Z𝑃(𝑡) and U𝑃(𝑡),

where 𝐿 denotes the running cost and Z̃𝑃𝑡0 represents the
initial state for the controlled vehicle system at 𝑡0.
3.2.2. Cost Specification for Controller. The cost function 𝐿 is
defined as (17), where three different cost terms representing
safety, efficiency, and control are included.𝐿 = 𝑐1 ⋅ 𝑁∑

𝑖=1

(Δ𝑠𝑖)2⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
safety

+ 𝑐2 ⋅ 𝑁∑
𝑖=1

(ΔV2𝑖 )⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
efficiency

+ 𝑐3 ⋅ 𝑁∑
𝑖=1

(𝑢𝑖)2⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
control

. (17)

The safety cost term implies that the vehicles tend to reach
the desired gap. The efficiency cost works by making the
following vehicles in the platoon follow the speeds of their
preceding vehicles. The control cost penalizes large values of
desired acceleration.

3.2.3. Constraints Specification. The constraints on state and
control variables are specified as constraints on speeds, gaps,
and desired accelerations:

(1) Speed constraint: V𝑖 ∈ [0, Vmax].
(2) Gap constraint: 𝑥𝑝 − 𝑥1 − 𝑙1 ≥ 𝑠0; 𝑥𝑖 − 𝑥𝑖+1 − 𝑙𝑖 ≥ 𝑠0.
(3) Acceleration constraint: 𝑢𝑖 ∈ [𝑎min, 𝑎max].

3.3. Solution Approach. If a nominal model, without con-
sidering uncertainties, using a fixed [𝐴𝑃 𝐵𝑃] is chosen as
the dynamics model to design the controller, the controller
relaxes to an ordinary MPC problem. We use Sequential
Quadratic Programming (SQP) algorithm to generate the
optimal control trajectory [32]. When the model uncertain-
ties are considered, we have to solve a MM-MPC problem.
The concept of minimizing the worst case is applied to
solve the MM-MPC problem, that is, minimizing the largest
cost or worst case value of 𝐽 when a deterministic 𝜏𝐴 is
used in the dynamics model to predict the future states
of the vehicle systems [25]. To have the largest cost, each
possible value of 𝜏𝐴 should be involved. Since there are
infinite possibilities of 𝜏𝐴, the computation could be time-
consuming. For simplicity, we discretize the continuous range
of the values of 𝜏𝐴 into 𝑀 intervals of equal size and use
the endpoint values to form the models of the dynamics
model of the controlled platoon. The solution method of the
min-max problem is formulated as an algorithm as shown in
Algorithm 1.
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Data: Sensor delay 𝜏𝑆, the boundary of actuator lag 𝜏𝐴 ∈ [𝛼, 𝛽], (delayed) system state Z𝑃(𝑡0 − 𝜏𝑆),𝑀 intervals
Results: Optimal control input 𝑢∗ in the horizon [𝑡0, 𝑡0 + 𝑇𝑝)
initialization;
for 𝑖 ← 1 : 𝑀 + 1𝜏𝐴𝑖 ← 𝛼 + (𝑖 − 1) ⋅ (𝛽 − 𝛼)/𝑀; 𝑢𝑖 ← the solution of optimal control problem of Eq. (16) with 𝜏𝐴 ← 𝜏𝐴𝑖 ; 𝐽𝑖 ←
the total cost with 𝑢𝑖[𝑡0, 𝑡0 + 𝑇𝑝] using Eq. (16)
end
for 𝑖 ← 2 : 𝑀 + 1
if 𝐽1 < 𝐽𝑖𝐽1 ← 𝐽𝑖; 𝑢1[𝑡0, 𝑡0 + 𝑇𝑝] ← 𝑢𝑖[𝑡0, 𝑡0 + 𝑇𝑝]
end
end𝑢∗[𝑡0, 𝑡0 + 𝑇𝑝] = 𝑢1[𝑡0, 𝑡0 + 𝑇𝑝]

Algorithm 1: The solution for the min-max problem.

4. Design of Robust Controller for
Heterogeneous Platoon Operation

In this subsection, we first illustrate how to propose a
formulation for heterogeneous platooning control like homo-
geneous platooning control, and then give the detailed design
description.

For a platoon of heterogeneous followers like that in
Figure 1(b), the CAVs can predict the human-driven vehicle
behaviors by using IDM+ [20]. Robust heterogeneous pla-
tooning control can then be achieved by optimizing a joint
cost function the same as (16) and (17) for the whole platoon.

4.1. Design Assumptions. The robust heterogeneous platoon-
ing controller is designed under the following additional
assumptions compared to homogeneous controller design:

(i) The locations and speeds of the human-driven vehi-
cles can be detected by the on-board sensors equipped
on the CAVs.

(ii) The controller has imperfect knowledge of the car-
following behavior. This imperfection is represented
by uncertainties in the parameters of IDM+.

4.2. Platooning Control Formulation and Solution. The het-
erogeneous platooning controller is also formulated as aMin-
Max Model Predictive Control problem as shown in (18),
where the superscript 𝐻 is used to represent the notations
for heterogeneous platooning control. It uses the same format
of cost function as the homogeneous platooning controller
except that the control cost of the human-driven vehicles is
represented by the actual accelerations. The variations of 𝜏𝐴
and the uncertainties in 𝛼 and 𝑏 of IDM+ are considered.

min
U𝐻[𝑡0 ,𝑡0+𝑇𝑝]

max
[𝐴𝐻 𝐵𝐻]

𝐽 (Z𝐻,U𝐻) = min
U𝐻[𝑡0 ,𝑡0+𝑇𝑝]

max
[𝐴𝐻 𝐵𝐻]

(∫𝑡0+𝑇𝑝
𝑡0

𝜄 (Z𝐻 (𝑡) ,U𝐻 (𝑡)) 𝑑𝑡) , (18)

𝜄 = 𝑐1 ⋅ 4∑
𝑖=1

(Δ𝑠𝑖)2⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
safety

+ 𝑐2 ⋅ 4∑
𝑖=1

(ΔV2𝑖 )⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
efficiency

+ 𝑐3 ⋅ ((𝑢1)2 + (𝑢3)2 + (𝑎2)2 + (𝑎4)2)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
control

, (19)

subject to

(1) the system dynamics model of (13) and the dynamics
model of human-driven vehicles of (10),

(2) the initial condition and the constraints: they are the
same as that described in the homogenous platooning
controller design.

The Min-Max Model Predictive Control problem for the
heterogeneous includes the variation of 𝜏𝐴 and the uncer-
tainties in 𝛼 and 𝑏 of IDM+. The solution for this problem
is essentially the same as that used in the homogeneous

platooning controller design. We discretize the continuous
range of the values of 𝜏𝐴 with the same method as that used
in the homogeneous platooning controller design. After that,
the problem is solved as for the homogeneous platooning
controller design.

5. Simulation Experimental Design

This section presents the experimental design to assess
the performance of the designed platooning controllers,
including selected simulation scenarios, controller parameter
settings, and the performance indicators.
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Table 1: Simulation scenarios for a homogeneous platooning
control test.𝜏𝐴 (s) Control strategy[0.2, 0.8] Nominal MPC (𝜏𝐴 = 0.2)[0.2, 0.8] Robust MM-MPC (𝜏𝐴(𝑡) ∈ [0.2, 0.8])[0.8, 0.9] Nominal MPC (𝜏𝐴 = 0.2)[0.8, 0.9] Robust MM-MPC (𝜏𝐴(𝑡) ∈ [0.2, 0.8])
5.1. Simulation Scenarios. To test the robustness of the robust
MM-MPC controller for a homogeneous CAV platoon and
the flexibility of the controller to a heterogeneous platoon
control, different simulation scenarios are used. Generally𝜏𝑆 is between 0.1 and 0.3 s [16]. We choose 𝜏𝑆 = 0.2 s.𝜏𝐴(𝑡) ∈ [0.2, 0.8] s is chosen as designed bound of 𝜏𝐴. We
compare the designed robust controller with a deterministic
nominal MPC controller using a fixed 𝜏𝐴 = 0.2 s. The two
controllers are compared under the designed scenario with𝜏𝐴(𝑡) ∈ [0.2, 0.8] s and unplanned scenario with 𝜏𝐴(𝑡) ∈[0.8, 0.9] s; that is, the actuator lag of vehicle systems is
outside the assumed bounds [30]. The selected simulation
scenarios are as shown in Table 1. The heterogeneous pla-
tooning controller is tested with imperfect knowledge of the
car-following behavior of human-driven vehicles by using
different parameters of IDM+used by human-driven vehicles
in the platoon.The selected scenarios are as shown in Table 2.

5.2. Parameter Settings. We choose 𝑁 = 4 to demon-
strate platoon control, since it can sufficiently show the
performances of the controlled platoon as shown in Figures
1(a) and 1(b) [13]. The parameter setting for CAVs in the
homogenous and heterogeneous platooning controllers is the
same. The platoons follow an exogenous head vehicle that
has a designated speed profile. The total simulation time
is 50 seconds (s). To clearly show the performances of the
controllers, we use a step function of acceleration for the
exogenous head vehicle. It starts with an initial speed of
25m/s and decelerates with −4m/s2 from 3 to 5 s and then
accelerates with 1m/s2 from 27 s to 35 s. For other time slots,
its acceleration is 0m/s2. For the controllers, the parameters
are set as follows: 𝑡𝑑 = 1 s [33], 𝑠0 = 2m, 𝑇𝑝 = 5 s, 𝑐1 = 0.6,𝑐2 = 0.5, 𝑐3 = 0.6, 𝑎max = 1.5m/s2, 𝑎min = −8m/s2, 𝑙𝑖 = 4m
(𝑖 = 1, 2, 3, 4),𝑀 = 19, and Vmax = 120/3.6m/s.

The controller parameters have beenmanually tuned that
the controller tracks the exogenous head vehicle responsively
and has small overshoots and no oscillations in the case
where there is a fixed sensor delay 𝜏𝑆 = 0.2 s but no
actuator lag. In the same case, the time horizon 𝑇𝑝 is chosen
by preliminary simulations. The total running cost barely
changes with higher values of 𝑇𝑝. Systematic tuning methods
of MPC can be found in [34].

For the heterogeneous platooning control, we assume
the controller has imperfect knowledge of the human-driven
vehicles. The controller assumes that the parameters of the
IDM+ are 𝛼 = 1.25m/s2, 𝑏 = 2.09m/s2, and 𝑇 = 1.2 s,
while actually the parameters of the IDM+ are 𝛼 = 1.1m/s2,𝑏 = 2m/s2, and 𝑇 = 1.2 s. Both simulation time step

and controller sampling step are 0.2 s. The simulation starts
with equilibrium conditions for eachCAVandhuman-driven
vehicle.

5.3. Performance Assessment Indicators. Several indicators
are selected to assess the performance of the CAV platoon
under different control strategies: (1) the accumulation of
running cost reflecting the control objectives of the con-
troller; (2) costs of the first controlled vehicle (1st vehicle) and
the last vehicle (4th vehicle); (3) maximum absolute actual
acceleration, relative speed, and gap error for the first and last
vehicle; (4) string stability.

6. Simulation Results and Discussion

In this section, the simulation results are shown and analyzed
and the discussion is presented thereafter.

6.1. Homogeneous Platooning Control Performance. The sim-
ulations are performed separately with the nominal MPC
controller (deterministic controller with actuator lag 𝜏𝐴 =0.2 s) and the robust MM-MPC controller.The performances
are shown with figures of the variation of actual acceleration,
relative speed, and gap error as shown in Figure 2 and those of
assessment indicators are shown in second and third columns
in Table 3. As depicted in Figure 2, the nominal MPC and
the designed robustMM-MPCcontroller generate reasonable
behavior when 𝜏𝐴(𝑡) ∈ [0.2, 0.8] s. When the exogenous
head vehicle decelerates, the relative speed and gap error
of the first vehicle become negative while other vehicles are
still in the equilibrium states, and the cost of the controller
starts to increase. Both controllers work by reducing the costs
and give control commands to reduce the relative speeds
and gap errors caused by the deceleration of the exogenous
head vehicle. The first vehicle then starts to decelerate. After
that, the second vehicle’s relative speed and gap error become
negative as well and costs are generated, and the controller
has to reduce the costs caused by the relative speeds and gap
errors of the first and second vehicles while considering the
control costs. It can easily be observed in Figure 2 that the
changes of actual accelerations start from the first vehicle to
the last vehicle sequentially.

The behavior of the first vehicle is more sensitive to the
behavior of the exogenous head vehicle, and this can be
reflected in Figure 2 and values of costs in Table 3. Both
controllers can settle to new equilibrium where the cost is
zero after certain time, and the maximum of absolute actual
acceleration, relative speed, and gap error of the 4th vehicle
is smaller than that of the first vehicle. To this end, they can
ensure string stability.

6.2. Robustness of MM-MPC Controller. When it comes to
the scenario with 𝜏𝐴(𝑡) ∈ [0.8, 0.9] s, the performances of
the nominal MPC controller (deterministic controller with
actuator lag 𝜏𝐴 = 0.2 s) and the designed robust MM-MPC
controller differ as shown in Figure 3 and the assessment
indicators are shown in the fourth and fifth columns in
Table 3. The nominal MPC controller can plausibly reach
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Table 2: Simulation scenarios for a heterogeneous platooning control test.𝜏𝐴 (s) 𝛼 (m/s2) 𝑏 (m/s2) Control strategy[0.2, 0.8] 1.1 2 Nominal MPC (𝜏𝐴 = 0.2, 𝛼 = 1.25, 𝑏 = 2.09)[0.2, 0.8] 1.1 2 Robust MM-MPC (𝜏𝐴(𝑡) ∈ [0.2, 0.8], 𝛼 = 1.25, 𝑏 = 2.09)[0.8, 0.9] 1.1 2 Nominal MPC (𝜏𝐴 = 0.2, 𝛼 = 1.25, 𝑏 = 2.09)[0.8, 0.9] 1.1 2 Robust MM-MPC (𝜏𝐴(𝑡) ∈ [0.2, 0.8], 𝛼 = 1.25, 𝑏 = 2.09)
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Figure 2: Comparison of nominal MPC (𝜏𝐴 = 0.2 s) and MM-MPC (designed with 𝜏𝐴(𝑡) ∈ [0.2, 0.8] s) for homogenous platooning control
while actual 𝜏𝐴(𝑡) ∈ [0.2, 0.8] s.
a new equilibrium state; however, that cannot be achieved
within the simulation time as shown in Figures 3(a), 3(b),
and 3(c).There exist many oscillations, but the nominalMPC
controllermay ensure platoon stability since themaximumof
absolute actual acceleration, relative speed, and gap error of
the 4th vehicle is smaller than that of the first vehicle as shown
in Table 3. By comparison, the robust MM-MPC controller
can still settle to new equilibrium and thus can ensure local
and string stability. Besides, the total cost of the platoon using
MM-MPC controller is 26.38% lower than that using the
nominal MPC controller. This illustrates that the MM-MPC

controller is quite robust against large model uncertainties.
As opposed to the robust MM-MPC controller, the nominal
MPC controller cannot handle large model uncertainties.

6.3. Heterogeneous Platooning Control Performance. The
nominal MPC controller and the designed robust MM-MPC
controller for the heterogeneous platoon are tested with
imperfect knowledge of the car-following model IDM+. The
simulations are conducted with different parameter settings
of the IDM+ used in the controllers and the human-driven
vehicles. The performances of the nominal MPC controller
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Figure 3: Comparison of nominal MPC (𝜏𝐴 = 0.2 s) and MM-MPC (designed with 𝜏𝐴(𝑡) ∈ [0.2, 0.8] s) for homogenous platooning control
while actual 𝜏𝐴(𝑡) ∈ [0.8, 0.9] s.

Table 3: Performance results: homogeneous platooning controllers.

Indicators Nominal MPC MM-MPC Nominal MPC MM-MPC𝜏𝑆 = 0.2 s, 𝜏𝐴(𝑡) ∈ [0.2, 0.8] s 𝜏𝑆 = 0.2 s, 𝜏𝐴(𝑡) ∈ [0.8, 0.9] s∑4𝑖=1 𝐽𝑖 617,57 615,19 936,75 689,59𝐽1 248,43 248,65 352,58 308,49𝐽4 99,99 99,01 187,37 98,39
max |ΔV+1 | (m/s) 1,13 1,16 1,24 1,16
max |ΔV+4 | (m/s) 0,96 0,97 1,30 0,93
max |𝑎+1 | (m/s2) 1,19 1,25 1,30 1,30
max |𝑎+4 | (m/s2) 0,97 0,97 1,23 1,03
max |Δ𝑠+1 | (m) 0,66 0,74 2,05 0,93
max |Δ𝑠+4 | (m) 0,41 0,40 0,89 0,41
max |ΔV−1 | (m/s) 4,13 4,17 4,24 4,15
max |ΔV−4 | (m/s) 1,92 1,90 2,14 1,84
max |𝑎−1 | (m/s2) 4,34 4,35 4,49 4,15
max |𝑎−4 | (m/s2) 2,20 2,17 2,38 1,95
max |Δ𝑠−1 | (m) 2,11 2,09 3,17 3,12
max |Δ𝑠−4 | (m) 0,20 0,19 0,68 0,25
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Figure 4: Comparison of nominal MPC (𝜏𝐴 = 0.2 s) andMM-MPC (designed with 𝜏𝐴(𝑡) ∈ [0.2, 0.8] s) for heterogeneous platooning control
while actual 𝜏𝐴(𝑡) ∈ [0.2, 0.8] s.
(deterministic controller with actuator lag 𝜏𝐴 = 0.2 s) and the
designed robust MM-MPC controller are shown in Figures 4
and 5 and Table 4.

When 𝜏𝐴(𝑡) ∈ [0.2, 0.8] s, the performances of nominal
MPC controller and the designed robust MM-MPC con-
troller are similar. They both generate reasonable behavior
as analyzed in homogeneous platooning control performance
and settle to the new equilibrium state within the simulation
time. However, when it comes to 𝜏𝐴(𝑡) ∈ [0.8, 0.9] s,
the nominal MPC controller has more oscillations before
reaching the new equilibrium state.The ability to reach a new
equilibrium state and keep string stability is plausible for the
nominal MPC controller while being obvious for the MM-
MPC controller. Besides, MM-MPC controller brings 12.55%
total platoon cost reduction comparedwith the nominalMPC
controller.

The simulation results confirm the feasibility and robust-
ness of the MM-MPC controller to homogenous platooning
control and flexibility to heterogenous platooning control.

6.4. Discussion. For the nominal MPC controller, the actua-
tor lag 𝜏𝐴 = 0.2 s is chosen for open-loop optimal control.The
selection is based on the preliminary simulations. If 𝜏𝐴 = 0.5 s
is chosen for open-loop optimal control, the variation of the
actual accelerations has more oscillations and the total cost is
higher than using 𝜏𝐴 = 0.2 s for open-loop optimal control
and the MM-MPC controller in the case where the actual
actuator lag is a fixed value of 0.2 s.This may be caused by the
higher absolute values of desired accelerationwhen 𝜏𝐴 = 0.5 s
is chosen for open-loop optimal control, since it uses a larger
value of actuator lag as model parameter.

The solution method for MM-MPC is clear and obvious
enough; however, the relation of 𝑀 and the length of the
bound of 𝜏𝐴(𝑡) is not deeply explored. It is noticable that
the larger 𝑀 is, the longer the computation time will be.
However, with a larger𝑀, the performance of the robustness
of the controller may be better as the worst case situation is
close to that in the real world. There is a tradeoff between the
computation time and the performance when choosing the
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Figure 5: Comparison of nominal MPC (𝜏𝐴 = 0.2 s) andMM-MPC (designed with 𝜏𝐴(𝑡) ∈ [0.2, 0.8] s) for heterogeneous platooning control
while actual 𝜏𝐴(𝑡) ∈ [0.8, 0.9] s.

Table 4: Performance results: heterogeneous platooning controllers.

Indicators Nominal MPC MM-MPC Nominal MPC MM-MPC𝜏𝑆 = 0.2 s, 𝜏𝐴(𝑡) ∈ [0.2, 0.8] s 𝜏𝑆 = 0.2 s, 𝜏𝐴(𝑡) ∈ [0.8, 0.9] s∑4𝑖=1 𝐽𝑖 938,74 933,82 1120,52 988,19𝐽1 249,38 250,08 348,66 301,35𝐽4 212,97 211,75 229,23 209,92
max |ΔV+1 | (m/s) 1,12 1,11 1,23 1,21
max |ΔV+4 | (m/s) 1,55 1,55 1,59 1,58
max |𝑎+1 | (m/s2) 1,22 1,15 1,26 1,25
max |𝑎+4 | (m/s2) 0,80 0,80 0,81 0,81
max |Δ𝑠+1 | (m) 1,02 1,03 1,71 1,07
max |Δ𝑠+4 | (m) 14,59 14,65 14,41 14,59
max |ΔV−1 | (m/s) 4,11 4,15 4,17 4,08
max |ΔV−4 | (m/s) 2,14 2,14 2,46 2,19
max |𝑎−1 | (m/s2) 4,41 4,41 4,47 4,19
max |𝑎−4 | (m/s2) 2,04 2,01 2,46 2,09
max |Δ𝑠−1 | (m) 2,14 2,14 2,99 2,96
max |Δ𝑠−4 | (m) 16,28 16,55 17,97 16,31
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value of 𝑀. The solution method can be replaced by using
linear matrix inequalities [30].

Even though the controllers have imperfect knowledge
of the car-following model, the good performance of the
controller can be kept. This implies the controllers are not
sensitive to the parameters of the car-following model, and
the controllers for homogeneous platooning control may
be converted for heterogeneous platooning control easily. It
is noticable that the positive benefits of using MM-MPC
controller are larger with homogeneous platooning than with
the heterogeneous platooning. This may be explained by
the fact that the controller cannot give command to the
human-driven vehicle directly. The simulation results show
the feasibility and robustness of the MM-MPC controller to
homogeneous platooning control and flexibility to heteroge-
neous platooning control.

The simulation results indicate that, with model uncer-
tainties, the robust control is needed for guaranteeing the
benefits of the designed controller. This paper focuses on
using the parameter uncertainties to represent the model
uncertainties. However, we have not explored other types
of methods of representing model uncertainties. To ensure
the robustness of the proposed controller, it is suggested to
have insights into the possible model uncertainties in the real
traffic environment and test the controllers before putting
the automated vehicles with the designed controllers into
production.

7. Conclusion

This paper proposed a robust MM-MPC controller for
vehicle homogeneous and heterogeneous platooning control,
taking into account the feedback delay andmodel parametric
uncertainties. Unlike the deterministicMPC, the robustMM-
MPC controller is formulated as a min-max problem and
generates the desired acceleration by selecting the solution
of the worst case. The solution algorithm entails discretizing
the continuous range of the uncertain parameter range into
finite intervals and using boundaries of each grid to seek the
worst case. Several simulations are conducted to demonstrate
the robustness and flexibility of the proposed MM-MPC
controller with reference to the nominal deterministic MPC
controller under and outside the designed parameter range,
respectively. In all situations, the robust MM-MPC controller
outperforms the nominal MPC controller and the benefits of
the robust MM-MPC are much more pronounced where the
uncertainties are outside the designed bounds.

Application of theMM-MPC controller in heterogeneous
platoon control validates the flexibility of the proposed
control approach and further demonstrates the robustness
of the controller against uncertainties in mixed traffic. The
proposed controller has the potential to improve traffic
operations, in particular traffic stability, due to its robust
performance against uncertainties and system delays.

This research will be extended to robust control design
under stochastic feedback delay and input uncertainties in
addition to model parametric uncertainties. Future research
is also directed towards the analytic approach using Lyapunov

theory to guarantee string stability of vehicle platoons and
robust lane change control in mixed traffic to improve traffic
operations.
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