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ABSTRACT To deal with energy crisis and environmental issues, higher fuel economy standards and
more stringent limitations on greenhouse gas emissions for ground vehicles have been made. Ecological
cooperative adaptive cruise control (Eco-CACC) has been considered as an effective solution to decrease
the fuel consumption and greenhouse gas emissions of a platoon of vehicles, and this article proposes an
Eco-CACC strategy for a heterogeneous platoon of heavy-duty vehicles with time delays. The proposed
Eco-CACC strategy consists of distributed control protocols for the following vehicles and a new model
predictive controller for the leading one. Firstly, after the distributed control protocols are designed based
on the neighboring vehicle information, the sufficient conditions that guarantee the internal stability and
string stability are derived, and the upper bound of the time delays under controller parameters is also
obtained. Secondly, assuming the vehicle platoon as a rigid body with followers staying at desired positions,
the new model predictive controller is designed in order to further improve the overall fuel economy of
vehicle platoon. Simulations are conducted to validate the sufficient conditions of internal stability and string
stability, and to explore the fuel saving performance of the proposed control strategy. The simulation results
demonstrate that, compared with the benchmark, the proposed Eco-CACC strategy can significantly improve
the fuel economy of heterogeneous platoon.

INDEX TERMS Cooperative control, heterogeneous platoon, string stability, model predictive control, fuel

economy.

I. INTRODUCTION

The past decade has witnessed rapid increase of logis-
tics industry and soaring of the number of automobiles in
China [1]. Although the steadily growing logistics industry is
boosting the economy and facilitating our daily life greatly,
the transport system is facing greater challenges year by year,
such as traffic congestion, traffic accidents and environmental
pollution [2]. In order to solve such problems, increasing
effort and massive energy have been devoted to the study of
ecological cooperative adaptive cruise control (Eco-CACC)
in recent years [3], [4].
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The Eco-CACC is actually the combination of the pla-
tooning technology and the eco-driving technology [5], and
it has the advantages of both the platooning technology and
the eco-driving one. On the one hand, the Eco-CACC can
organize a group of vehicles into a platoon, which can not
only alleviate traffic congestion and enhance vehicle safety,
but also improve fuel economy and reduce vehicle exhaust
emissions thanks to the reduced aerodynamic drag [6], [7],
on the other hand, without changing vehicular structure,
the Eco-CACC can further decrease fuel consumption by
making vehicles operate in a fuel-efficient way [8].

The existing Eco-CACC strategies can be divided into
two categories, i.e., the intersection-based strategies and
the highway-based ones. In the former, the traffic phase
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signal information is usually used, and the aerodynamic
drag acting on vehicles can be ignored because the vehicles
usually travel at low speeds. As far as we know, only a
few intersection-based Eco-CACC strategies are achieved.
A decentralized cooperative adaptive cruise control algorithm
for vehicles in the vicinity of intersections was presented
in [9] to maximize the intersection throughput by reorga-
nizing the vehicle platoons, with fuel saving, velocity lim-
itation, heterogeneous dynamics of vehicles and passenger
comfort being taken into consideration. Using the signal
phase and timing information, HomChaudhuri et al. proposed
a fast model predictive control-based fuel-efficient control
strategy for a group of connected vehicles in urban road
conditions [10]. To minimize the delays over the entire tra-
jectories for a platoon of autonomous vehicles, a green light
optimal speed advisory system was put forward in [11] to
reduce waiting delays and fuel consumption. He and Wu
proposed an acceleration-based eco-driving advisory strategy
for a mixed platoon of electric vehicles and gasoline vehicles
in order to improve fuel economy [12].

Since vehicles on highways usually travel at high speeds,
the aerodynamic drag is usually large, especially for the
heavy-duty vehicles. Different from the intersection-based
Eco-CACC strategies, by setting small inter-vehicle dis-
tances, the highway-based ones can further improve the over-
all fuel economy of vehicle platoon as the aerodynamic drag
can be largely reduced [13]. To minimize the overall fuel con-
sumption of a homogeneous platoon of automated vehicles,
Li et al. presented the distributed servo loop controller based
on dual-pulse-and-glide operation for each vehicle [13]. Even
though the proposed control strategy in [13] can signifi-
cantly decrease fuel consumption, the pulse-and-glide oper-
ation will reduce the comfort of passengers. To safely and
fuel-efficiently coordinate a platoon of heavy-duty vehicles
with continuous gear ratios, Turri et al. designed a two-layer
control architecture [14], which is less practical because the
dynamic programming used in the upper layer has the “Curse
of Dimensionality” and cannot handle unexpected traffic
disturbances. Guo et al. presented a two-layered hierarchical
framework for truck platoon coordination: a speed planning
layer for en route speed profile calculation and a control layer
for vehicle speed tracking [1]. However, the aerodynamic
drag acting on all vehicles and the different slopes of different
vehicle positions are not considered when the platoon speed
is planned, which might affect the overall fuel efficiency of
vehicle platoon. To achieve vehicle safety, passenger com-
fort, formation control and fuel economy, a switched control
strategy for heterogeneous following vehicles with state con-
straints was proposed in our previous published paper [15],
in which the motion trajectory of the leading vehicle is
not optimized. Hereafter, considering the influence of con-
tinuous variable transmission (CVT) on fuel consumption,
we presented an ecological cooperative look-ahead control
strategy for automated vehicles travelling on freeways with
varying slopes in [5], where the motion trajectories of the
following vehicles and the leading one are optimized based
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on model predictive control (MPC) in a distributed way.
More highway-based Eco-CACC strategies can be found
in [16]-[20].

In the vehicle platoon control, internal stability [21], [22]
and string stability [23], [24] are two important performance
indexes. Besides, the vehicle platoon control system is actu-
ally a networked control system with communication delays,
sensor detection delay, actuator delay, braking delay, etc.
These time delays need to be considered when designing
the highway-based Eco-CACC strategies because they are
critical factors when analyzing controller performance from
traffic safety perspective [25]. In the existing highway-based
Eco-CACC strategies, only the one in [18] can achieve both
internal stability and string stability of vehicle platoon while
considering the actuator delay. However, the upper bound
of the actuator delay under the given controller parameters
is not given in [18], and the control input of the leading
vehicle is obtained by minimizing the leader’s cost instead of
the platoon’s, which affects the further improvement of the
platoon’s fuel economy.

This article aims to propose an Eco-CACC strategy for
a heterogeneous platoon of heavy-duty vehicles with time
delays travelling on a highway with varying slopes, which
consists of distributed control protocols for the following
vehicles and model predictive controller for the leading
one. Compared with the existing works, the main contribu-
tions of this article are as follows: (1) to ensure the inter-
nal stability and string stability of vehicle platoon under
predecessor-leader following (PLF) communication topol-
ogy, after the distributed control protocols are designed based
on the neighboring vehicle information, the sufficient con-
ditions that guarantee internal stability and string stability
are derived, and the upper bound of the time delays under
controller parameters is also obtained; (2) to improve the
overall fuel economy of vehicle platoon, assuming the vehicle
platoon as a rigid body with followers staying at desired
positions, the new model predictive controller of the leading
vehicle is designed by minimizing the total cost of vehicle
platoon, in which the aerodynamic drag acting on all vehicles
and the different slopes of different vehicle positions are
considered. Furthermore, to explore the control performance
of the proposed Eco-CACC strategy, extensive simulations
have been carried out.

The remainder of this article is organized as follows:
Section II presents the longitudinal dynamics model of vehi-
cle platoon, the fuel consumption model and the control
objectives of vehicle platoon, followed by the design and sta-
bility analysis of distributed control protocols in Section III.
In Section 1V, the new model predictive controller for the
leader is presented. In Section V, the simulation results are
discussed, followed by the conclusion of this article.

Il. MODELING AND CONTROL OBIJECTIVES

This article considers a heterogeneous platoon of heavy-duty
vehicles under PLF communication topology running on a
highway with varying slopes. And the platoon consists of
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one lead vehicle (indexed by 0) and N followers (indexed
from 1 to N). This section will present the longitudinal
dynamics model of vehicle platoon, the fuel consumption
model, and the control objectives of vehicle platoon.

A. LONGITUDINAL DYNAMICS MODEL OF VEHICLE
PLATOON
In the existing studies on vehicle platoon control, the exact
linearization is utilized to derive an exact linear model for the
upper level longitudinal dynamics of a vehicle. To describe
the upper level longitudinal dynamics, some researchers
employed second-order differential models [3], [15], [16],
while others adopted third-order differential models [5], [26],
[27]. In this article, a second-order differential model will be
applied to describe the upper level longitudinal dynamics of
vehicles in the platoon.

According to [14], the upper level longitudinal dynamics
model of heavy-duty vehicle platoon at time ¢ can be given as

pi(t) = vi(t)

vi(t) = u;(t), M

where p;, v; and u; are the position, velocity and control input
of vehicle i, respectively.

According to the Newton’s second law, the relation-
ship among the control input u;, the desired engine output
power P; ., the braking force B;(¢) and the integrated resis-
tance force F; , can be given as

it Pie(t)

m; - ui(t) = W

— Bi(t) — Fi ,(1), @

where m; is the mass of vehicle i, and the integrated resistance
force can be described as

Fip(t) = mig(picos(0(pi(1))) + sin(0(pi(1))))
- Caldi)pAivvi (D)
> .
In (3), Cy(di(1)), A;v, u; and O(p;(t)) are the drag coef-
ficient related to vehicle spacing d;(¢), frontal area, rolling
coefficient and road slope related to position, respectively;

p and g are the air density and gravitational acceleration,
respectively. And the spacing d;(¢) can be calculated through

3)

di(t) = pi-1(t) — pi(t) — Li, “

where L; is the length of vehicle i.
Furthermore, according to [14], the drag coefficient Cy can
be given as

Cia, ifi=0
Ca(di(t)) = ( c1 ) el (5)
i ———), else
)

where C; 4 is the nominal drag coefficient of vehicle i, and
the parameters c; and ¢, are obtained by regressing the
experimental data presented in [28].
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B. FUEL CONSUMPTION MODEL
According to [1], the fuel consumption rate of a vehicle is
influenced by many factors, e.g., air resistance, mass, engine
power, tire size/pressure, road conditions and others. For
simplicity, same as [1], [14], [17], the CVT-type powertrain is
also considered in this article, and the gear ratio management
system is assumed to select the gear ratio to ensure that the
engine works along the optimal engine operating line. Then,
the fuel consumption rate depends the engine output power
only, and can be estimated using the fuel consumption model
in [29].

According to [29], the fuel consumption rate FC;j(z) of
vehicle i can be given as

Yo+ V1P () +y2(Pio(1))?,  if Pio(t)>0

FCi(t) =
Y0, else

(6)
where )y, ¥1 and y; are the coefficients of fuel consumption
model.

C. CONTROL OBJECTIVES

In general, two policies can be employed for spacing control
of platoons, i.e., the constant spacing (CS) policy [25], [30],
[31] and the constant time headway (CTH) one [32]-[34].
In the CS policy, the desired spacing between consecutive
vehicles is constant, while the desired spacing is a function
of velocity in the CTH policy.

In this article, to improve road capacity, the CS policy will
be used to regulate the inter-vehicle distance, which needs
information of the leader to ensure string stability of vehicle
platoon [35], [36]. Let p} and v be the desired position and
velocity of vehicle i, respectively, which are defined as

l
rmn=pan—§;m5u+dxiﬁzl -

Vi) = vo(1), else

where d indicates the desired spacing between adjacent
vehicles.

Then, the position error p;(t) and velocity error v;(t) of
following vehicle i can be defined as

pi(t) = pi(t) — p (1),
vi(1) = vi(t) = v (@©).

i) Internal stability

When the acceleration of the lead vehicle is zero, all fol-
lowers under the distributed control protocols will stay at the
desired positions and reach the same velocity as the leader
over time, i.e.,

®

lim; s o0 pi(t) = pj(t) ©)
lim; o0 vi(t) = V;'k(t)
fori=1,2,---,N.
ii) String stability
The spacing error ¢;(¢) of vehicle i can be given as
ei(t) =d;i(t) —d. (10)
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Let E;(s) be the Laplace transform of the position
error ¢;(t), same as [1], the string stability condition can be
given as

Ei(jw)
Ei_1(jw)
where Laplace operator s is replaced by jow.

iii) Fuel economy

The overall fuel consumption of vehicle platoon should be
as small as possible when the platoon travels on a highway
with varying slopes for a certain period of time. The total
fuel consumption from time ¢ to t + T can be obtained
as Zé\;o IHT FCi(P;((t))dt. The vehicles in the platoon
should adjust their throttles, brakes and gear ratios during
time 7 ~ ¢ + T to minimize Zf-vzo t”rT FCi(P; (t))dr.

<1, Vo. (11)

Ill. DISTRIBUTED CONTROL PROTOCOLS
This section will design the distributed control protocols for
the following vehicles in the platoon under PLF communica-
tion topology, and the sufficient conditions that guarantee the
internal stability and string stability of vehicle platoon will
be derived. Furthermore, the upper bound of the time delays
under controller parameters is also obtained.

Firstly, for the vehicle platoon with time delays, the dis-
tributed control protocols are designed as

ui(t) = p;(t) — alpi(t — ©) — p;(t — 1) +vi(t — 7))
— Vit — )] = Blpit — ) —pic1(t — )+ Li+d
+vi(t — ) —vi—1(t — )], (12)

where 7; denotes the input delay, which includes the mea-
suring delay of sensors, the communication delay, and the
breaking/throttle delay, etc. In addition, p7(¢) denoting the
acceleration of the lead vehicle can be obtained by follower i
without input delay because the leader can tell followers
about its intended acceleration sequence in the future, which
will be detailed in Section I'V.

Usually, the input delays are stochastic and various.
In order to derive the upper bound of input delays, these
input delays are assumed to be identical and constant but
unknown t. In reality, a buffer memory may be employed to
ensure that all the stochastic time-delays are further delayed
intentionally (if required) to some constant t, which is similar
to [25].

Then, the control law in (12) can be rewritten as

ui(t) = p;(t) — a[pit — ) —p;(t — 1) +vi(t — 1)

—vi(t —1)] = Blpit — ) —pi1(t — 1)+ Li +d
+vit — 1) —vim1(t — )] (13)

A. INTERNAL STABILITY ANALYSIS
When the leader travels at a steady speed, the distributed
control protocols in (13) can be rewritten as

ui(t) = —alpi(t — ) — p;(t — 1) +vit — 7)
—vi(t =] = Blpi(t — ) —pi1(t =)+ Li +d
+vilt — 1) —via1t = 7)1, (14)
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Letp(r) £ [p1(t), - -+, pn(O1,v() = (@), - -+, (D],
pr@) £ [pi@), - phOI v & i), - Vi1,
and define p(t) £ p(r) — p*(t), ¥(t) = v(t) — v*(¢), and
x(t) = [p@T,v(#)T]7, then the second-order dynamics of
the platoon can be given as

#(1) = Lyx(t) + Lox(t — 1), (15)
where
Onvxny Iy
L; = 16
! |:ON><N ONxN] (16)
and

_ On xnv On N
2= |:_(O‘IN + BL) —(aly + ,BL):| ' (17)

Furthermore, L in (17) denoting the Laplace matrix under
the PLF topology can be described as

0
L= o . (18)
—I1 ]y
Let X (s) be the Laplace transform of x(¢) under the given
initial condition x(0), then one can have

X(s) = (shay — Lj — Loe )" 'x(0). (19)

Theorem 1: Consider the second-order dynamics sys-
tem (15) deduced by each vehicle (1) and the control pro-
tocols (14), the internal stability of vehicle platoon can be
guaranteed if the control parameters meet

a>0
B >0 (20)

T < Ty,

where

2 / 2
arctan(\/(a+ﬂ) +(04+A;) (a+B) +4)

T 21

\/ (48> +(@+B)A/ (@+B)>+4
2

Proof: The eigenvalues of slp, — L; — Lpe™™* deter-
mine the internal stability of the system in (15). By solving
det(slp, —Lj — Loe™ ™) = 0, one can have

N

det(stoy — L1 ~Loe™ ™) =] JIs* +(@+Bri)(s+De ™1 =0,
i=1

(22)

where A; is the ith eigenvalue of L. Since the PLF topology is
used in this article, A; = O or 1.
Further, one can have

P 4as+De ™ =0 (23)

and
s? + (@ + B)(s+ De™ ™ = 0. (24)
146211
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To ensure the internal stability of the system, the real
parts of characteristic roots in characteristic equations (23)
and (24) must be negative. Considering the time delay,
the Nyquist stability criterion will be adopted to obtain the
sufficient condition of internal stability.

Firstly, the characteristic equation (23) has the same char-
acteristic roots as a unit negative feedback system with the
open loop transfer function Gy(s) being

a(s + De™™*

Go(s) = 2 (25)

Let s = jw, then the frequency response corresponding to
the open-loop transfer function Go(s) can be given as

a(jo + e /™

Gojw) = . (26)
—Q
The amplitude function of Gy(jw) is
ave? +1
Ap(w) = ——5—. 27
1)
The phase angle function of Gy(jw) is
¢o(w) = arctan(w) — Tw — 7. (28)

The first derivatives of the amplitude function Ag(w) and
the phase angle function ¢o(w) are

. w?+2
Ap(w) = — a0 ——F——,

w*Vw? +1 (29)
po(w) = l—i——a)z -7

When o goes from 0t to +oo0, it is obvious that the
amplitude function Ag(w) monotonically decreases, and the
phase angle function ¢y(w) increases monotonically first and
then decreases monotonically due to the fact that 7 is much
smaller than 1 s in reality.

It is obvious that there is only one positive solution of
¢o(w) = —m. Assuming w, is the solution of ¢p(w) = —m,
it is easy to have

do(w) > —7m, 0<w < w. (30)

Assuming w, is the solution of Ag(w) = 1, then one

) ) ) .
can achieve wg = 4/ HO‘T‘IH. According to the Nyquist

stability criterion, the unit negative feedback system is stable
if po(wy) > —7r.

Then, the upper bound of input delay that the real parts
of characteristic roots in characteristic equations (23) are
negative is

a2 tan/a?+4
arctan(wy) arctan( 2 )
T < = =1, (31
@s o2 +as/o?+4

2

Applying the same method to the characteristic equa-
tion (24), the upper bound of input delay that the real parts
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of characteristic roots in characteristic equations (24) are
negative is

2 / 2
arctan(\/(a+ﬁ) +(Ol+/;) (@+p) +4)

T < = 1. (32)

\/ (a+B)*+(@+B)+/(@+p)>+4
2

Let f(w) = %n(w), and it is easy to derive that f(w)
monotonically decreases when w goes from 07 to +oo. Since

0 < \/a2+a«/a2+4 - \/(a+ﬂ)2+(a+ﬂ)«/(a+ﬂ)2+4
2 2

the internal stability of the system in (15), the sufficient
conditions can be given as

, to ensure

a>0
B >0
T < T.

(33)

Then, the proof of Theorem 1 is finished.

B. STRING STABILITY ANALYSIS
Combining (1), (7) and (13), one can have

pit) = —(@ + B)pi(t — ©) = @+ Bpilt = 1)
+ B@i—1(t — 1) + pi—1(t — 71)).

Theorem 2: Consider the second-order dynamics
system (34) deduced by each vehicle (1) and the control
protocols (13), the internal stability and string stability of
vehicle platoon can be guaranteed if the control parameters
meet

(34)

0<a<4,
B >0, ifo =1 35)
Bmin < B < Bmax, if0<a<lorl <a <4
T < min{T, Tg},
where
@23 — ) — 20>
Bmin = maX{—Z(a — 1y , 0}
3
,Bmax = —a2(3 _ Ot) + 2oz (36)
ECE 12
Tgs = —2(0l+,3)

Proof : Taking Laplace transform for (34) under the zero
initial condition, it is easy to have

S*Pi(s) = —(a + e (s + DPi(s)
+B(s+ De Py (s),
where P;(s) and P;_(s) are the Laplace transform of p; and
Di—1, respectively.
Reorganizing (37), one can further have
Pi(s) Bls+ e ™
Piii(s) 2+ (@4 B)(s + D™

(37)

(38)

VOLUME 8, 2020



C. Zhai et al.: Eco-CACC for a Heterogeneous Platoon of Heavy-Duty Vehicles With Time Delays

IEEE Access

Furthermore, according to (4) and (10), one can have

ei(t) = pi—1(t) —pit) — L —d
= pi1(t) = pi_ () + pi_ (1) = Li —d — pi()
= pi—1(t) — pi_(t) + pj(t) — pi(t)
= pi—1(t) — pi(t) (39

Taking Laplace transform for (39) under the zero initial
condition, it is easy to have

Ei(s) = Pi_1(s) — Pi(s). (40)
Then, one has

Pi1(s)

Eifi(s) _ Pi(s) = Pipa(s) =%

E(s) — Pii(s)—Pi(s) P®
Pi(s)

B B(s+ De™™*

24 (@ + B)s+ De TS

According to the string stability definition in (11), one has
B(jw + e/

—@? + (@ + B)(jo + eI

(41)

—

Yo. (42)
Since e /T = cos(tw) — j sin(tw), from (42), it is easy to
have

w* = 2(a + B) sin(wr)w’
+ [a(a + 28) — 2(ax + B) cos(wT)]|w?
+a(a+28)>0 (43)

Using the fact that

sin(wt) < wt = —2(x + /S)a)3 sin(wt)
> —2a + B)ro?
cos(wt) < 1 = —2(a + B) cos(wr)
> —2(a + B), (44)
then, one has
ayw* + aw* + ag > 0, 45)

where ag = 1 — 2(a + B)t, ap = a(a + 28) — 2(a + B),
and a9 = a(a + 2B). The inequality in (45) always holds if
A =a§ —4agay < 0and ag > 0.

Then, one can derive

Mo —1)2B% + 40 — 3B+ (@ —4) <0, (46)

and
1
T < 2(05—4',3) = Ty a7
One further derives that
O<a<4
B >0, ifa =1 (48)

fO0<a<lorl <a<4

:Bmin < ﬁ = ,Bmax’
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where

2B —a)— 201%

Bmin = max{ , 0}
) 2(a — 13)2 (49)
o B —a)+2a2

Combining (20), (47) and (48), the proof of Theorem 2 is
finished.

Remark 1: In the string stability analysis, the upper bound
of the input delay is obtained under the given controller
parameters « and 8. It can be known from Theorem 2 that the
upper bound of the input delay is negatively correlated with
o + B. The larger « + B, the smaller the upper bound of the
input delay.

IV. MODEL PREDICTIVE CONTROL

This section aims to optimize the control input of the lead
vehicle based on MPC in order to decrease the overall fuel
consumption of vehicle platoon. To achieve that, firstly,
the vehicle platoon is assumed to be a rigid body, in which all
followers stay at the desired positions; secondly, the control
input optimization problem of the lead vehicle (CIO-LV)
is formulated based on MPC, in which passenger comfort
requirements and physical limitations of vehicle platoon are
considered; thirdly, an improved particle swarm optimiza-
tion (PSO) algorithm is used to solve the formulated opti-
mization problem quickly.

A. BAND-STOP FUNCTION

The band-stop function with compensating factors used in [5]
will also be employed in the CIO-LV problem. The band-stop
function is given as

oA e~ 0@—u=0) 4 p0z—zto) |
BSF(zla, B, 1, z1, zu, ) =( 7 ', (50)

where & > 0,8 > land 7 € N*t. z, z, € Rt are the lower
and upper limits of the band [z;, z,], respectively. In addition,
c is the compensating factor.

In an optimization problem, in which the band-stop func-
tion BSF(z|&, B, i, 21, zu, ¢) acts as a part of the cost function,
z can be forced around, even in the band [z, z,,] if the param-
eters @, B, 7 and ¢ are set properly.

B. CIO-LV BASED ON MPC

Let At be the discrete time interval, according to (1), con-
sidering the input delay, the discrete longitudinal dynamics
model of the leading vehicle can be given as

polk + 1) = po(k) + vo(k) - At

(S
volk + 1) = vo(k) + up(k — D) - At,

where D = [ ;1.
Let xo = [po, vol?, then (51) can be further expressed as

xo(k + 1) = Aoxo(k) + Bouo(k — D), (52)
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where

_1At:|
Ao

[0
At |

Since all the followers are assumed to stay at the desired
positions in the vehicle platoon, the position, velocity and
control input of follower i can be given as

(53)

By =

Py =pok) = Y L+ d)
vilk) = vo(k)
ui(k) = uo(k).

(54)

According to the distributed control protocols (12),
the acceleration of the leading vehicle can be obtained by
followers without delay, which can be ensured by telling
followers about intended acceleration sequence of the leader
in the future. Next, we will explain how this can be done.

Let N, and N, be the predictive horizon and the control
horizon, respectively, and the MPC frameworks are given
in FIGURE 1. As shown in FIGURE 1, the blue arrows
represent the typical MPC framework, under which the
N, control variables can be obtained by solving the
MPC-based optimization problem when the current control
horizon ends. In this article, to inform followers of the
intended accelerations of the leader in the future, the future
N, accelerations of the leader should be obtained before the
current control horizon ends.

System time clock 0
time

The first MPC 0

N-D| p

The second MPC 0 - T
|

2N, |
w.-p] p 3N,

The third MPC 0

N, + 2N,

FIGURE 1. The MPC frameworks.

As shown in FIGURE 1, considering the time delay D,
the N, accelerations in the second MPC should be obtained at
time N, — D so that followers can know the leader’s acceler-
ations in the time range [N,, 2N,). It should be noted that the
accelerations of the leader in the time range [N, — D, N,) stay
unchanged, and the predictive horizon is still No. ~ N, + N,.
Therefore, the new MPC framework represented by the green
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arrows in FIGURE 1 will be used to achieve the accelerations
of the leader.

Let k = k + 2D, considering the input delay of the
leader and the new MPC framework, before formulating the
CIO-LV problem at time k, some predictive variables over the
predictive horizon k ~ k + N, are defined as follows:

e xi(n + 1|I}): the predictive state of vehicle i at time
k+n+1;

. p,~(n|l§): the predictive position of vehicle i at time k+n;

o v,-(n|l}): the predictive velocity of vehicle i at time k+n;

. u,-(n|l€): the predictive control input of vehicle i at time
IE =+ n;

. P,‘,e(n|l€): the predictive engine output power of vehicle
at time k + n;

o FCi(n|k): the predictive fuel consumption rate of
vehicle i at time k + n.

The cost function of vehicle i in the predictive horizon can
be given as

Ny—1

+wy Y FCi(nlk) - At
n=0

1
Pi(N, k) — pi(0lk)
Ny
+w3 Y BSFi(nl)|&, B, i, vi, v €)

n=1

fitk) = wy

Np—1
+wy Z FCi(n|k) - At
n=0

1
w1 = =
Po(Np[k) = po(01k)
NP
+w3 ) BSF(o(nll&, B, i, vi, v, ©),

n=1

(55)

where w1, wy and w3 are the weight parameters while v; and
v, are the lower and upper limits of the desired velocity band
[vi, vi] of vehicle platoon.

Further, the cost function of vehicle platoon in the predic-
tive horizon can be obtained as

N
F(k) =) _fik)
i=0

1 Np—1
wil +1 -
- d+h +wy Y Y FCinlk) - At
PoN, k) — po0Ik) = =
I Ny
+ws Y Y BSFonlk)la. B. i, vi.vu. ©).  (56)
i=0 n=1

After the predictive variables and the cost function of vehi-
cle platoon are given, the CIO-LV problem can be formulated
as

ui(: k)

= arg minF (k),
uo(:|k)
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xo(n+1]k) = Aoxo(n|k)-+Bouo(n|k)
pinlk) = ponlk) — Y0 (L + d)
vi(nlk) = vo(nlk)

Ni,ePie(nlk)

) vi(n|k)

— Bi(nlk) — F; ,(n|k)

U0, min < uo(nlk) < 0 max
i=0,1,2,---,N.

subject to { m; - ug(n|k) = (57)

where F i,,(n|l€) and F' Ci(n|12) can be calculated through

Fi r(nlk) = mig(picos(@(pi(nlk))) + sin(0(p;(n|k))))
Ca(d)pA; Wi (nlk)
2

(58)
and

Y0 + Y1Pie(nlk)
+ 12(Pi o(nlk))?,  if Pie(nlk) >0  (59)
Y0, else.

FCi(nlk) =

In the formulated CIO-LV problem, uq(: |I€) = [uo(OIIE),
u0(1|l}),~-~ yup(N, — 1|l€)] denote the unknown predic-
tive control variables to be optimized, and ué(: |I€) indi-
cate the optimal predictive control variables that minimize
the cost function F(k). Due to external disturbances and
model uncertainties, the first N. optimal control variables
[u3(0|12), o ug(Ne —1 k)] will be used as the control inputs
in the time range k,---, k+ Ne).

Since the CIO-LV problem is a constrained nonlinear non-
convex optimization one, it is very challenging to quickly
obtain the optimal solution. Possessed of several desired
attributes, such as global search, parallel capabilities, easy
implementing, reduced memory requirement and no calcula-
tions of the gradient, the improved PSO algorithm in [5] will
be used to solve the CIO-LV problem.

V. SIMULATIONS

In this section, the performance of the proposed Eco-CACC
strategy will be investigated comprehensively. According
to [37], one leader and at least two following vehicles are
needed to analyze the string stability of a vehicle platoon.
Therefore, a heterogeneous platoon with one leader and five
followers are considered in the simulation. Since the real
highway can be regarded as a combination of road sections
with different constant slopes, the simulated highway utilized
in the simulation is given in FIGURE 2.

To show the effectiveness of the proposed Eco-CACC
strategy on reducing the fuel consumption of vehicle pla-
toon, the cruise control strategy with the space gap policy
(CC-SG) in [14] will be used as the benchmark. In addi-
tion, for fair comparison, the reference speed for the CC-SG
strategy is properly set so that Eco-CACC and CC-SG have
the same average speed, and the proposed distributed control
protocols with the same controller parameters are used to
control the followers for Eco-CACC and CC-SG.
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FIGURE 2. The simulated highway with varying slopes.

In the simulation, the parameters of vehicle dynamics
model are given in TABLE 1, which are properly set accord-
ing to [29]; the discrete time interval is set as Az = 0.1 s; the
predictive and control horizon lengths in the CIO-LV problem
are set as N, = 20 and N, = 4; the lower and upper limits of
control input of the leader are set as up pin = —2 m/s2 and
Uo,max = 2 m/sz; the weight parameters are set as w; = 0,
wy = 2, and w3 = 1; the parameters of the band-stop
functions are set as & = 2000, ,3 =2,n=1and c = 0.02.

TABLE 1. Parameters of the vehicle and driveline model.

mikg) Li(m) i Ap,(m®) Cg e T(S)
Leader 7182 10.0  0.0030 10 0.80 0940 0.3
Follower 1 7200 11.0  0.0032 10 0.83 0950 0.3
Follower2 7100 9.8 0.0031 10 081 0942 03
Follower 3 7300 10.5  0.0033 10 0.82 0938 03
Follower 4 7250 102 0.0032 10 0.80 0940 0.3
Follower 5 7310 9.6 0.0031 10 0.81 0937 0.3

A. INTERNAL STABILITY

According to the sufficient condition of internal stability
in Theorem 1, to achieve the internal stability of vehicle
platoon, the control parameters, i.e., « and S, should be
properly set to ensure that the upper bound of the input delay
is larger than t in the platoon. When ¢ = 0.5 and g = 0.5,
it can be calculated that the upper bound of the input delay
is 0.71 s, which is much larger than 7. Therefore, the internal
stability of vehicle platoon will be analyzed under ¢ = 0.5
and 8 =0.5.

When ¢« = B = 0.5, the evolutions of spacing errors,
velocities and control inputs of vehicles in the platoon can
be seen in FIGURE 3, where the initial errors of vehicles
in the platoon are not zeros, and the initial velocities of
vehicles are different. After the distributed control protocols
are applied to the followers, due to different initial spacings
and initial velocities, different control inputs are generated for
different followers at beginning, hereafter all control inputs
gradually decrease to zero over time, see FIGURE 3(c); as
time goes on, the velocities of followers reach the same as
the leader (i.e., 12 m/s) in FIGURE 3(b); the spacing errors
between inter-vehicles converge to 0 m in FIGURE 3(a) when
time is about 20 s. These results show, using the proposed
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FIGURE 3. The evolutions of positions, spacing errors, velocities and
control inputs of vehicles in the platoon when « = 8 = 0.5.

distributed protocols, the internal stability of vehicle platoon
can be guaranteed when the control parameters are set as
oa=p8=0.5.

B. STRING STABILITY

According to the sufficient condition of string stability in
Theorem 2, to achieve the string stability of vehicle platoon,
the control parameters, i.e., ¢ and B, should be properly set
to ensure that the upper bound of the input delay is larger
than 7 in the platoon. It can be calculated that, when o« = 0.5
and 8§ = 0.5, the upper bound of the input delay is 0.5 s,
which is much larger than 7. In addition, the internal stability
of vehicle platoon can also be guaranteed when o = 0.5 and
B = 0.5. Therefore, the string stability of vehicle platoon will
be analyzed under « = 0.5 and 8 = 0.5.

When ¢ = B = 0.5, the evolutions of spacing errors,
velocities and control inputs of vehicles in the platoon can
be seen in FIGURE 4, where the initial errors of followers
in the platoon are zeros. In this article, the changes in the
acceleration of the leader are regarded as the disturbances on
the platoon. And the disturbances are given as

2m/s2, 2s<t<4ds
ap®) = { —2m/s?, 29s <t <3ls (60)
0, else

It can be seen in FIGURE 4 that, under the acceleration
and deceleration disturbance influences of the leader, the fol-
lowers also correspondingly accelerate and then decelerate,
see FIGURE 4(c); in FIGURE 4(b), when the disturbances
disappear, the velocities of followers reach the same as that
of the leader after short and small fluctuations; after the
disturbances happen, the amplitude of the spacing error e; 1
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FIGURE 4. The evolutions of spacing errors, velocities and control inputs
of vehicles in the platoon when « = 8 = 0.5.

is smaller than that of the spacing error ¢;, and all spacing
errors return to zero over time, see FIGURE 4(a). These
results demonstrate, using the proposed distributed protocols,
the string stability of vehicle platoon can be guaranteed when
the control parameters are set as @ = 8 = 0.5.

C. FUEL ECONOMY

After the Eco-CACC strategy is used to control the vehicle
platoon, the evolutions of spacing errors, velocities and fuel
consumption of vehicles travelling on the simulated highway
with varying slopes can be seen in FIGURE 5. In the MPC,
the velocity band is set as [v,v,] = [10,15], and
FIGURE 5(b) shows that the velocities fluctuate between
12 m/s and 14 m/s, which are in the velocity band;
under the continuous disturbance influences of the leader,
the spacing errors of followers are controlled very small, see
FIGURE 5(a), and the maximum absolute errors of spacings
of follower 1, follower 2, follower 3, follower 4 and follower 5
are 0.0612 m, 0.0218 m, 0.0161 m, 0.0142 m and 0.0134 m,
respectively.

To better display the evolutions of spacing errors, the spac-
ing errors from 230 s to 255 s are zoomed in. From the
evolutions of spacing errors from 230 s to 255 s, some
researchers might make a wrong conclusion that vehicle pla-
toon is not string stable based on the fact that the spacing
errors are sometimes amplified upstream. To demonstrate
that the string stability defined in (11) is not violated, taking
Fast Fourier Transform for the time-domain spacing errors,
then the logarithmic amplitude-frequency response from the
spacing error of follower i+ 1 to the spacing error of follower i
can be seen in FIGURE 6, where i = 1 in FIGURE 6(a),
i = 2 in FIGURE 6(b), i = 3 in FIGURE 6(c), and i = 4
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FIGURE 5. The evolutions of spacing errors, velocities and fuel
consumption of vehicles travelling on the simulated highway with varying
slopes controlled by the proposed Eco-CACC strategy.
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FIGURE 6. The logarithmic amplitude-frequency responses.

in FIGURE 6(d). It can be seen from FIGURE 6, the maxi-
mum amplitudes are all much smaller than 1, which demon-
strates that the string stability defined in (11) is not violated.

To explain why the velocities in the platoon fluctuate on
the simulated highway with varying slopes, the evolution
of the leader’s fuel consumption from 128 s to 133 s is
zoomed in. Considering the idle fuel consumption per time
interval is 0.113 mL, the engine of the leader constantly
switches between busy operating points and idle operat-
ing points, see FIGURE 5(c). If the engine works on the
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idle operating points, it will consume the least fuel and
not output drive power, then, the vehicle will decelerate;
otherwise, the engine will consume more fuel and output
drive power, then, the vehicle will accelerate. Therefore,
the velocities in the platoon fluctuate on the simulated high-
way. It should be noted that, the passenger comfort might be
slightly affected by the fluctuations of velocities, which is
the cost of improving the fuel economy due to the nonlinear
relationship between fuel consumption rate and engine output
power. However, in theory, the fluctuations of velocities can
be regulated to be acceptable by properly setting the weights
and the allowed range of the control input.

Furthermore, for comparison, the evolutions of spacing
errors, velocities and fuel consumption of vehicles travelling
on the simulated highway with varying slopes controlled by
the benchmark strategy can be seen in FIGURE 7. Since the
initial velocities of vehicles are smaller than the reference
one, all vehicles accelerate in the beginning. When the veloc-
ities of vehicles are the same as the reference one, they will
not change any more, see FIGURE 7(b). Before the veloci-
ties approach to the reference one, the spacing errors show
small and short fluctuations, however, they are not amplified
upstream, and converge to zeros over time, see FIGURE 7(a).
And the evolutions of the fuel consumption of vehicles in
FIGURE 7(c) are not out of our expectation.
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FIGURE 7. The evolutions of spacing errors, velocities and fuel
consumption of vehicles travelling on the simulated highway
with varying slopes controlled by the benchmark strategy.

To demonstrate the effectiveness of the proposed
Eco-CACC strategy on improving the fuel economy of vehi-
cle platoon, the fuel consumption of vehicles on the highway
with varying slopes controlled by Eco-CACC and benchmark
is given in TABLE 2. As shown in TABLE 2, compared
with the benchmark, the fuel consumption of the leader,
follower 1, follower 2, follower 3, follower 4 and follower 5

146217



IEEE Access

C. Zhai et al.: Eco-CACC for a Heterogeneous Platoon of Heavy-Duty Vehicles With Time Delays

TABLE 2. The fuel consumption (mL) of vehicles on the highway with
varying slopes controlled by Eco-CACC and benchmark.

Leader _ Follower 1 Follower 2 Follower 3 Follower 4 Follower 5 Total
Eco-CACC  1540.2 1452.1 14425 1458.2 1436.6 1436.0 8765.6
Benchmark  1654.5 1545.6 1528.8 1558.0 1533.6 1539.2 9359.7

is decreased by 6.91%, 6.05%, 5.64%, 6.41%, 6.32% and
6.70%, respectively, and the total fuel consumption of vehicle
platoon is reduced by 6.35%. Therefore, compared with the
benchmark, the proposed Eco-CACC can significantly reduce
the fuel consumption of vehicle platoon.

VI. CONCLUSION

In this article, a highway-based Eco-CACC strategy is pro-
posed for a heterogeneous platoon of heavy-duty vehicles
with time delays. The proposed Eco-CACC strategy consists
of distributed control protocols for the followers and model
predictive controller for the leader. For the platoon of vehicles
under PLF communication topology, the sufficient condi-
tions of internal stability and string stability are derived, and
the upper bound of the input delay under the given control
parameters is also obtained. To further improve the overall
fuel economy of vehicle platoon, the control inputs of the
leader are optimized by formulating the CIO-LV problem
based on MPC. Simulations are conducted to validate the the-
oretical results, and simulation results show that the proposed
Eco-CACC can save 6.35% of fuel for the heterogeneous
platoon.

Compared to the second-order differential model, the third-
order one has higher accuracy in describing the longitu-
dinal dynamics of heterogeneous vehicles. To achieve bet-
ter control performance, the distributed control protocols
will be designed based on third-order differential model for
heterogeneous vehicles in the future. Considering the dif-
ference between second-order model and third-order one,
the approach applied on the second-order model should be
properly modified when being employed to design control
protocols based on the third-order one. Furthermore, for
safety consideration, the CTH policy is more rational than the
CS policy. Hence, we will investigate the CTH policy for the
third-order vehicle platoon system with time-varying input
delays in the near future.
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