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Tl SErTING THE STANOARD

Experimental Validation on Connected Cruise
Control With Flexible Connectivity Topologies

Wubing B. Qin

Abstracit—In this paper, we investigate experimentally
the impact of connected automated vehicles on the
dynamics of vehicle chains with different connectivity
topologies. We utilize a scaled connected vehicle testbed
consisting of ground robots that can mimic the dynamics
of human-driven and connected automated vehicles. We
derive analytical conditions for stability and disturbance
attenuation (i.e., string stability) while taking into account
digital effects and delays and validate the corresponding
stability diagrams experimentally. The flexibility and robust-
ness of vehicle-to-everything (V2X) based longitudinal con-
trol among human-driven vehicles is evaluated for different
connectivity topologies and the impacts of connected au-
tomated vehicles on traffic flow are highlighted.

Index Terms—Connected automated vehicles (CAVs),
ground robots, string stability, vehicle-to-vehicle (V2V)
communication.

[. INTRODUCTION

HE growing numbers of automobiles on the road are
T resulting increasing level of traffic congestion, leading to
increased travel time, growing number of traffic accidents, and
more wasted energy [1]. During the last few decades automotive
industry has been moving toward enhanced vehicle automation
with the primary goal of advancing the safety of road users.
These systems may also have a positive impact on traffic conges-
tion once their penetration rate reaches a certain level. However,
safety and congestion mitigation may require different control
design, and high penetration rate of automated vehicles (AVs)
may be needed to have a significant impact. In the meantime,
automakers and suppliers are exploring different technologies
(WiFi, LTE, 5G) [2] to facilitate V2X communication [3]-[6],
which allows vehicles to obtain information from beyond the
line of sight. When V2X information is incorporated in the
control and decision-making algorithms of AVs, they become
CAVs. Then, a key question is whether and how such V2X
information can be used to improve the performance of CAVs
and the performance of the overall traffic system.
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In this paper, we try to answer this question partially, while re-
stricting ourselves to vehicle chains, that is, we focus on design-
ing longitudinal controllers for CAVs. The idea of automating
the longitudinal motion of road vehicles that follow each other,
dates back a few decades. If all vehicles were AVs, one may
expect improvement in safety, fuel economy, driving comfort,
and traffic efficiency. Further improvements may be achieved by
adding V2V communication to a group of AVs [7] as cooperative
control may allow vehicles to have smaller following distances
and larger throughput. This is often referred to as cooperative
adaptive cruise control [8]-[16] and it is expected to penetrate
the trucking industry because of improvements on fuel economy
duetoreduced airdrag [17], [18]. However, humans are expected
to dominate traffic systems in the forthcoming decades. One may
focus on strategy when CAVs benefit from connectivity without
requiring automation of surrounding vehicles. We refer to this
strategy as connected cruise control (CCC) and recent theoretical
research shows that system level benefits may be obtained even
for low penetration rate of CAVs [19]-[24]. However, we are
still lacking experimental evidence of these claims.

In order to respond to this challenge we built a scaled con-
nected vehicle testbed consisting of ground robots. The robots
are designed to capture the longitudinal and lateral vehicle
dynamics and exchange information using wireless peer-to-peer
communication. Model-based design allows us to make some
of the robots mimic the longitudinal dynamics of human-driven
vehicles that amplify velocity fluctuations due to large reaction
delays. Other robots play the role of CAVs and run CCC al-
gorithms that allow them to respond to the motion of multiple
human-driven vehicles ahead and mitigate the velocity fluctu-
ations effectively. This set up, for the first time, allows for a
systematic experimental investigation of the impact of CAVs in
human-driven traffic flow. In particular, we study experimentally
the mitigation of velocity fluctuations (characterized by head-to-
tail string stability) for different penetration rates and different
distributions of CAVs while exploring different connectivity
topologies. We demonstrate that by utilizing information ob-
tained via V2X connectivity one can significantly increase the
benefits provided by automation for traffic.

The remainder of this paper is organized as follows. In
Section II, we lay out the performance requirements and design
a CCC controller that may utilize all available V2X signals. In
Section III, the mechanical structure and the electronic control
system of the testbed are explained briefly. In Section IV, a
dynamic model is proposed to describe the system, and the sta-
bility analysis is performed based on the digital implementation
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Fig. 1. (a) A chain of connected vehicles. (b) Target velocity (2). (c) Range policy function (3).

of the controller. In Section V, experiments are conducted on the
robots with different connectivity topologies to show the benefits
of CCC in different traffic scenarios. In Section VI, conclusions
are drawn and future research directions are pointed out.

Il. PERFORMANCE REQUIREMENTS AND
CONTROLLER DESIGN

In this section, we describe the performance requirements for
connected vehicle systems and propose a class of connected
cruise controllers that can satisfy these requirements. In partic-
ular, we focus on plant stability and string stability as well as
scalability of the algorithms [21], [25]-[27].

In order to define these requirements, let us consider a chain
of connected vehicles labeled as O, ..., .J from the head to the
tail as depicted in Fig. 1(a). We say that a vehicle is plant stable
if, assuming the vehicle ahead is traveling at a constant velocity,
it can approach this velocity. Indeed, a vehicle chain is plant
stable when all the vehicles in this chain are plant stable. Plant
instability leads to diverging velocity and may even result in
collisions.

String stability refers to attenuation of velocity fluctuations
as they propagate backward along the vehicle chain. More pre-
cisely, one may compare the motion of two vehicles in the chain
and define that the chain is ¢- fo-j string stable (¢ < j) when the
velocity fluctuations of vehicle ¢ are attenuated when arriving
at vehicle j. Note that 0-to-J string stability (often referred to
as head-to-tail string stability) may be used to characterize the
performance of the whole vehicle chain [25]. We remark that
1-to-j string stability does not imply that vehicles between ¢ and
J attenuate perturbations. This allows us to apply the definition
to connected vehicle systems containing human-driven vehicles
whose motion cannot be designed. As a matter of fact, humans
typically amplify velocity fluctuations when responding to the
motion of preceding vehicle due to limited perception abilities
and large reaction time. That is, they are (j — 1)-to-j string
unstable (often simply referred to as string unstable). Still, by
equipping the j-th vehicle with connected cruise controller that
utilizes motion information from multiple vehicles ahead, it may
achieve i-to-j string stability when human-driven vehicles are
included in between.

In order to achieve plant stability and head-to-tail string
stability, the CCC vehicle may utilize the position and velocity
information of the vehicles ahead that are equipped with V2X
devices. In Fig. 1(a), v; represents the j-th vehicle’s velocity,
and h; is the intervehicle distance between vehicle j — 1 and
7, called distance headway. The controller of the CCC vehicle

J may try to match its velocity v; with the preceding vehicles’
velocities v; fort = 0,..., j — 1, and also regulate the average
distance headway

1
hii=—— > )

between vehicle j and vehicle 7.

When velocity v; exceeds the speed limit v;***, the controller
should not try to match the velocity v; but rather keep vj***.
That is, the target velocity can be formulated as

; if v; < v;-“ax

U;nax lf /UZ Z ,U;nax

Wj (Uz) = { (2)
shown in Fig. 1(b).

The distance regulatory mechanism typically involves a range
policy, which provides the desired velocity V; at the given dis-
tance headway h; ;. Different range policies can be considered,
but they must be:

1) continuous and monotonously increasing (the more
sparse traffic is, the faster vehicles intend to run);

2) zerofor h;; < hjt (vehicles intend to stop within a safety
distance);

3) maximal for h;, > hfo (vehicles intend to run with a
given maximum speed in sparse traffic—often referred to
as free flow).

Here, we choose

0 if hyq < Bt
,UI_IlaX
Vilhja) = \ g’ (i = h3') if bt < hys < 15 )
J J
,U;nax if hj7i Z h;{_o

depicted in Fig. 1(c). The reciprocal of the slope of the linear
segment
h&% — Rt
b=~ S
Y

is often referred to as time headway.

In order to match velocities and regulate distance headway,
we propose the CCC controller

wj = (i (Vilhy) = v) + By, (W (v:) —v3)) + ;€5

0
;= Vj(hj) —vj &)
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robots.

where u; is the commanded acceleration. The term Vj(h; ;) —
v; represents the error between the desired velocity V;(h; ;) and
the vehicle’s velocity v;, W;(v;) — v; represents the velocity
matching error, and the integrator is used to eliminate steady-
state error. We remark that although the errors that regulate the
average distance h; ; contribute to the control command u;
to achieve fast responses to upcoming traffic, the intervehicle
distance h; is governed by the velocity of its preceding vehicle
through the integral term. Note that o ; and 3; ; are measured
in [1/s], 7, is measured in [1/s%]. Also, o ; and j3; ; are zeros
when vehicle ¢ does not communicate or the motion of vehicle
1 is not utilized in the controller of vehicle ;.

In the rest of this paper, we will analyze CCC controllers of
the form (5) both theoretically and experimentally with different
connectivity topologies and penetration rates. Specifically, plant
stability and head-to-tail string stability are the key performance
index. We remark that the controller (5) should be able to avoid
collision if plant stability and head-to-tail string stability are
satisfied. However, future research will provide more rigor-
ous proof, and one can refer to [28] for reference. We will
demonstrate that appropriately designed CCC may improve the
performance of traffic systems.

[ll. TESTBED SETUP

In order to test the proposed controller (5), we utilize a group
of ground robots shown in Fig. 2(a) to mimic the longitudinal
dynamics of real vehicles. In this section, we briefly explain the
mechanical structure and the electronic control system of the
robots.

The mechanical components and structure of a robot are
shown in Fig. 2(b) and (c). During the design process, length
and time are scaled by 1/8 and 2, respectively, such that the

(a) The testbed of ground robots. (b) Side view of a robot and accessories. (c) Bottom view of a robot. (d) Functional block diagram of the

TABLE |
SCALING FACTORS FROM REAL VEHICLES TO ROBOTS
length [m] 1/8
time [s] 2
velocity [m/s] 1/16
frequency [Hz] 1/2
acceleration [m/s2] 1/32
control gains a; ; [1/s] 172
control gains f3; ; [1/s] 12
control gains v; [1/s2] 1/4
TABLE Il
CONTROL PARAMETERS USED IN THE EXPERIMENTS
Real Vehicles | Robots
v;.n‘"‘x [m/s] 30 1.875
h;t [m] 5 0.625
thp [m] 35 4.375
th [s] 1 2

similitude theory holds and the experimental results on the robots
can provide us with insights on the performance of real vehicles;
see Appendix B for similarity verification. All the other derived
scaling factors are shown in Table I, while Table II shows the
control parameters used in the controller (5) based on the scaling.

Fig. 2(d) shows the functional block diagram of a robot’s
electronic control system, composed of power system, sensors,
actuators, controllers, and peripherals. Each robot is made aware
of its position, velocity, acceleration, and yaw rate with the help
of a laser range sensor, two optical encoders, a tachometer, and
an inertial measurement unit (IMU). Each robot is rear-wheel
driven by a brushed direct current (DC) motor and front-wheel
steered by a servo motor. A servo amplifier working in current
mode is used to amplify the control signals that drive the DC
motor, such that the motor torque tracks the commanded torque.
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TABLE Il
PHYSICAL PARAMETERS OF THE ROBOTS

mass of the robot m [kg] 20.2
rear wheel radius R [m] 0.045
gear ratio 7 55/18

air drag coefficient v [kg/m] 0 (neglected)
0 (neglected)

0.008

damping ratio b [kg/s]

rolling resistance coefficient p

The higher-level controller and data logging are implemented
on an 800 MHz microcontroller, while a field programmable
gate array (FPGA) and an advance reduced instruction set com-
puter (RISC) machine (ARM) are used to preprocess data and
communicate with peripherals via different interfaces. Among
the peripherals, an important component is an android tablet that
allows robots to establish wireless peer-to-peer communication
with each other, that is, they mimic V2X devices. Moreover, the
tablets also serve as human—machine interfaces.

IV. MODELING AND ANALYSIS

In this section, we model the longitudinal vehicle dynamics
of the robots and derive the closed-loop dynamics while using
the digital implementation of controller (5). Then, linearization
and discretization are used to carry out stability analysis, and
plant stability and string stability conditions are derived in order
to guide the forthcoming experiments.

A. Dynamics

To model the longitudinal dynamics, we consider no slip on
the wheels and neglect flexibility of the tires and the suspension
that results in the differential equation

Meg V; = —Mgsing — ppmgcos g — bv;

nT;
R

where meg = m + J/ R? is the effective mass, containing the
mass of the vehicle m, the moment of inertia J of the rotating
elements, and the wheel radius R. Also, g is the gravitational
constant, ¢ is the inclination angle, yu is the rolling resistance
coefficient, b is the damping ratio, v is the air drag constant, vy,
is the velocity of the head wind, 7 is the gear ratio, and T} is the
motor torque; see Table III.

To simplify the analysis, we assume no elevation (¢ = 0) and
no head wind (vy, = 0). In addition, we neglect the moment of
inertia of the rotational parts (J = 0 implying m.g = m). Using
the intervehicle distance h; and the speed v; as state variables
we obtain

—v(vj+ vy )? + 6)

hj = Uj,1 — ’Uj

nTj

mR @

. 14 2+
V= —lg— —v; — —v;
J m°’ m’

and the torque command
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Fig. 3. (a) Velocity sampling. (b) Digital control. (c) Delay variations.

consists of the feedback controller u; in (5) and three feedfor-
ward terms to compensate resistance based on nominal rolling
resistance coefficient fi, nominal damping ratio b, and nominal
air drag constant v.

We synchronize the clocks among vehicles and their kine-
matic information is sampled with period At, resulting in
the time mesh ¢, = kAt, k=0,1,2,..., see Fig. 3(a). The
collected information is broadcast according to a scheduling
algorithm [24] ensuring that the messages are received and
processed within At time. Thus, when no packets are lost in
V2V communication, the information available to vehicle j at
time instant ¢;, is the state of other vehicles at time ¢;_;. Based
on this information, the digital controller on vehicle 5 outputs an
actuation command at ¢, that is held constant until #;; using
zero-order-hold, see Fig. 3(b). This means that the effective
delay increases from At to 2 At during each control interval
as shown in Fig. 3(c), resulting in the average delay 1.5 At.
Note that the physical system still evolves in continuous time
while subject to digital control, that is,

hj =Vj-1 —Vj

b

. ~ 2
Vj = —flg — —Vj — —;
’ m "’

+ > (i (Vi (B, ilte)) = v;(te1))
=0
+Bj, (Wj (viltr-1)) — vj(te-1))) + ;€5 (tk)
gj(te) = &j(te—1) + (Vj (hj(tr-1)) — vj(te—1)) AL (9)
forj=1,..., Jwhent € [tg, tp41). Here

fi=p—f, b=0b—b, P=v—"D (10)
are the errors between real values and the corresponding nominal
values.

When the velocities do not exceed the speed limit, system (9)

possesses the equilibrium

vy = Vj(h;) = vy

N b, v,
e = - (ug-ﬁ- —vj+ m(vj)2> (a1
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forj =1, ..., J, where vehicles travel with the same velocity
as the head vehicle while maintaining safety distance given by
their own range policy. This is often referred to as the uniform
flow equilibrium.

We linearize the system about the equilibrium (11) and dis-
cretize the obtained linear equations. Using the perturbations

hj=h;—hy, Vj=v;—v;, ¢&j=¢;—¢; (12)
one may obtain
hy =1 — B (13)
i1/ A
B; = caj+z< T > llk=1) a4
=0 J l=i+1
+85.40i(k = 1) = (a,i+B5,4) 0 (k—=1)) +7; &; (k)

At

éj(k:):éj(kf1)+t—hhj(k71)fm@j(k71) (15)
J
for j=1,...,J when t € [tg, t;+1). Here, we used the
lumped constant
b+ 200"
c= b+2vy (16)
m

and introduced the shorthand notation 7 (k) = h;(t}.), 9;(k) =
(ty,), and & (k) = &;(ty,), while h;, ©;, £;, and ©;_; without
arguments represent continuous-time variables.

Based on Fourier theory, a periodic signal can be represented
as a countable sum of sines and cosines, which can also be
extended to absolutely integrable nonperiodic signals using
Fourier transform. Henceforth, assuming sinusoidal variations
in the head vehicle’s velocity, i.e.,

vo(t) = v + vy P sin(wt) = vp(t) = vy sin(wt) (17)

and solving the system (13,14,15) from ¢, to t;1, one can obtain

J
Xi(k+1)=> A, Xi(k)+ B, U(k) (18)
1=1
forj =1, ..., J, where the state and the input are given by
[ (k) ]
5 (e
v (k) Fo(k)
X0 = | &0 | vm=| ) a9)
- 0
hy(k = 1) ’
L0 (k= 1),

with

oy (t) = v5™P cos(wt) . (20)

The derivations and matrices A ; ; and B, are provided in (38)—
(41) in Appendix A. Notice that the scalar sinusoidal input (17)
for the continuous-time system (9) results in the vector-valued
input (19) for the discrete-time system (18) (though the two
components are dependent).

We remark that there exist many methods [29] to convert a
continuous-time system with digital controllers to a discrete-
time system and then derive head-to-tail transfer function from
(18). The following way is used to facilitate the understanding
of connectivity structure. We rewrite the overall system as

X(k+1)=AX(k) +BU(k)

Y (k) =CX(k) 2D
where the state and the output are given by
Xi(k)
Xa(k) B
X(k) = , Y (k) =0,(k) (22)
X (k)
and the matrices are
Al,l Bl
Ayl Ay B,
= . . 5 B= .
A Ajsr Ay B,
C= [o o . (23)

Here,0 € R isthe zerovectorandC' = [0 1 0 0 0].Note
that the lower triangular structure of A indicates that vehicles in
the system only look forward, and the block matrix A ; ; (j > )
indicates that the motion of j-th vehicle is affected by the
i-th vehicle. This causality reflects direct car following (human-
driven vehicles) or V2V connectivity (CAVs).

B. Plant Stability and Head-to-Tail String Stability

To investigate plant stability, we analyze the linearized system
(21). Without velocity disturbances on the head vehicle, i.e.,
vy P =01in (17, 20) or U(k) = 0 in (19), we obtain a linear
autonomous map. The local asymptotic stability of the uniform
flow equilibrium (11) of system (9) is equivalent to the asymp-
totic stability of the origin of this map, which is ensured when
all the eigenvalues of the matrix A in (21) are within the unit
circle on the complex plane. The eigenvalues z € C are given
by the characteristic equation

det (21— A) =0 (24)

where I€ R/ is the identity matrix. A bisection
method [30] will be used later to trace the boundaries in the
parameter space.

To evaluate head-to-tail string stability, we again use the lin-
earized system (21). With the assumption that the disturbances
in the head vehicle’s velocity are absolutely integrable and have
finite energy, disturbance attenuation can be characterized by
the attenuation of sinusoidal perturbations at all frequencies
according to Fourier theory and superposition principle. Thus,
the head-to-tail string stability condition requires that the ampli-
fication ratio from vy to vy is always less than 1 at all excitation
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frequencies. The amplification ratio can be obtained through
transfer functions as explained as follows.

The contributions of the two dependent discrete components
o(k) and ¥ (k) toward the output ¥ 7 (k) have to be summed up.
Applying Z transform to (21), we can derive the amplification
ratio and phase lag as

M(w) = [D(“2)|,  w)=LT(E“) (25
where the head-to-tail transfer function is
I'(z) =C(:I-A) 'BE (26)
and
E=[1j] 27)

is used to add up the effects of two dependent inputs [30]. Thus,
the condition for head-to-tail string stability becomes

sup M(w) < 1
w>0

(28)

where M also depends on system parameters. Similar to the
plant stability boundaries, the bisection method will be used to
trace the string stability boundaries in the parameter space.

Indeed, if the longitudinal controller can be designed for every
vehicle, string stability can be achieved. However, in order to
mimic scenarios where CCC vehicles are inserted in a chain
of human-driven vehicles, we will deliberately set some robots
to be string unstable (while responding to the motion of the
vehicle immediately ahead). In particular, to mimic the response
of human drivers we tune the feedback gains «; ;1 and 3;, ;i
such that, when scaled up to full-sized vehicles, the frequency
response matches that of human drivers; see [24] for more
details.

V. RESULTS

In this section, we present experimental results with different
connectivity topologies to demonstrate effectiveness and flexi-
bility of the controller (5) when the CCC vehicle is operating
among string unstable vehicles. We first start with a two-vehicle
system and pick a set of parameters to mimic string unstable
behaviors of human drivers. Then, we gradually increase the
size of vehicle chain such that more “human-driven vehicles” are
included. We show that when more “human-driven vehicles” in
the chain get connected and more information is incorporated in
the controller of the tail CAV, it has more potential to mitigate or
eliminate traffic waves. The design rules for connected vehicle
systems are gradually built up via experiments of increasing
complexity. We note that the sampling time At is set to 0.3 [s]
to get implementable gains, the integral gains «y;-s are set to 0.1
[1/s%], and we use vy = 0.75 [m/s]. The other parameters are
given in Table II in Section III.

A. Two-Vehicle Experiments

To demonstrate that string stability is achievable when the
longitudinal controller can be designed for every vehicle, we
first study a predecessor-follower system consisting of two
vehicles. Apart from experimentally validating string stable gain

#1 #0
4
®) | 15t —A ()
Q1,0
1] o 1
2
0

0 wo T [rad/s] 27

[g}l.s | (d) case A ' ' '

0.75 1
0Ok hy 1 1
0 30 60 t [s] 90
[vm}l,s | (e) case B ' ']
S
0.75 g
(113 1 1 1
0 30 60 t [s] 90
Fig. 4. (a) Two-vehicle configuration. (b) Stability diagram. (c) Fre-

quency response curves for points A and B marked in panel (b). (d) and
(e) Experimental velocity profiles when vehicle 0 introduces sinusoidal
velocity fluctuations of frequency wy = 0.15 « [rad/s] for cases A and B,
respectively.

combinations, we also conduct experiments to illustrate string
unstable behaviors to mimic driving behaviors of humans.

Fig. 4(a) depicts the two-car system where the follower con-
trols its motion based on the predecessor data, while Fig. 4(b)
shows the corresponding stability diagram generated based on
the conditions in Section IV-B. The red curves and the blue
curves represent the plant stability and the string stability bound-
aries, respectively. The union of red and blue regions indicates
the plant stable domain, while the blue shaded region is the string
stable domain. The color scheme for stability diagrams is kept
the same throughout this paper.

Experiments are conducted on the robots with two sets of
gains, that is, (a0, B1,0) = (0.4, 0.9) and (0.3, 0.2), marked
as points A and B in Fig. 4(b). The corresponding frequency
response curves (25) are plotted in Fig. 4(c). Case A is string
stable for all the frequencies, while case B is string unstable with
maximum around wy = 0.15 7 [rad/s]. Fig. 4(d) and (e) show
the corresponding experimental velocity profiles when vehicle
0 introduces sinusoidal velocity fluctuations with frequency wy.
Notice that the fluctuations are attenuated by the follower in case
A, but amplified in case B. Similar results can be obtained ex-
perimentally for other frequencies, but we choose the frequency
wp to emphasize the differences between string stable and string
unstable scenarios.

For consistency, we keep the following color coding for
vehicles in different configurations in the paper. Black indicates
the head vehicle introducing velocity fluctuations, red vehicles
represent string unstable vehicles configured the same way as
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Fig. 5. (a) Three-vehicle configuration. (b) Stability diagram. (c) Fre-
quency response curve for point C marked in panel (b). (d) Experimental
velocity profiles for case C when vehicle 0 introduces sinusoidal velocity
fluctuations at wy = 0.15 7 [rad/s].

case B in Fig. 4, and blue represents CCC vehicles with gain
parameters to be designed. We recall that case B is used to mimic
string unstable behaviors of human-driven vehicles; see [24]. As
pointed out in Section II, different vehicles may have different
parameters, but in the following we use same parameters for
string unstable vehicles to represent worst case scenario in term
of string instability.

B. Three-Vehicle Experiments

Here, we use three vehicles to demonstrate that in the presence
of string unstable vehicles, it may not be possible to ensure
head-to-tail string stability when the CCC vehicle only utilizes
motion information of its immediate predecessor, but this goal
can be achieved when CCC vehicle utilizes information from
two vehicles ahead (the second one being beyond the line of
sight).

Fig. 5(a) shows a chain of three vehicles where the following
vehicles only rely on their own direct predecessor for longitu-
dinal control. Vehicle 1 is a string unstable vehicle with gains
used for case B in Fig. 4. The stability diagram in Fig. 5(b) indi-
cates that the system cannot achieve head-to-tail string stability
whatever gains are selected for vehicle 3 with controller (5). To
demonstrate this behavior we marked point C at (az,1, 82,1) =
(0.4, 0.9) in Fig. 5(b), that is, vehicle 2 is configured the same
way as case A in Fig. 4, i.e., itis 1-to-2 string stable. However as
shown by the (head-to-tail) frequency response in Fig. 5(c), the
overall system is head-to-tail string unstable. The experimental
velocity profiles are shown in Fig. 5(d) at frequency wy. Observe
that the velocity fluctuations of vehicle 1 are attenuated slightly
by vehicle 2. However, the fluctuations of vehicle 2 are still
greater than those of vehicle 0.

To improve the performance, the CCC vehicle can take ad-
vantage of V2X communication and utilize the information of
the two predecessors; see Fig. 6(a). For the other communication

[%}1'5 | (g) case I

Ok L L 1o
0 5 10 t [s] 15

Fig. 6. (a) Three-vehicle configuration. (b) Stability diagram. (c) Fre-
quency response curves for points D, E, and F marked in panel (b). (d)
and (e) Experimental velocity profiles for cases D and E when vehicle 0
introduces sinusoidal velocity fluctuations at wy = 0.15 7 [rad/s]. (f) and
(9) Experimental velocity profiles for case F when vehicle 0 introduces
sinusoidal velocity fluctuations at wy = 0.157 [rad/s] and w; = 0.957
[rad/s], respectively.

links, the control gains are kept the same as case C in Fig. 5. The
stability diagram in Fig. 6(b) is plotted in the plane of the control
gains between vehicles 0 and 2. It can be seen that with appropri-
ately chosen parameters for this extra link the overall system can
achieve head-to-tail string stability. In Fig. 6(b), the points D,
E, and F mark the gain combinations (az¢, 52,0) = (0.1, 0.3),
(0, 0.1), and (0, 1). The corresponding (head-to-tail) frequency
responses shown in Fig. 6(c) indicate that case D is head-to-tail
string stable, while cases E and F are head-to-tail string un-
stable with critical frequencies around wy = 0.15 7 [rad/s] and
wy = 0.95 7 [rad/s], respectively.

Experiments are conducted for cases D and E using sinusoidal
velocity fluctuations for vehicle 0 at frequency wy. The resulting
velocity profiles shown in Fig. 6(d) and (e) indicate that vehicle
2 can make the fluctuations smaller than those of vehicle 0
in case D, but cannot achieve such disturbance attenuation in
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Fig. 7. (a) Four-vehicle configuration. (b) Stability diagram. (c) Fre-
quency response curve for point G marked in panel (b). (d) Experimental
velocity profiles when vehicle 0 introduces sinusoidal velocity fluctua-
tions at frequency wy = 0.15« [rad/s].

case E. Experiments for case F show a scenario where vehicle
2 attenuates the fluctuations of vehicle 0 at wy but amplifies
the fluctuations at w; even though vehicle 1 attenuate those, as
shown in Fig. 6(f) and (g). Case F is indeed head-to-tail string
unstable due to amplifying high-frequency signals. This em-
phasizes that CCC must be appropriately designed; otherwise,
unexpected oscillations may impair system performance.

C. Four-Vehicle Experiments

In this section, we incorporate more string unstable vehi-
cles into the system and show that it is beneficial to utilize
more beyond-line-of-sight information in CCC design. We also
demonstrate that the resulting connectivity topology has some
level of flexibility to tolerate the absence of certain communi-
cation links.

Fig. 7(a) delineates a scenario that includes two string unstable
vehicles with gains corresponding to case B in Fig. 4, while the
CCC vehicle at the tail relies on the motion of its two immediate
predecessors while using the same gains as in Fig. 6(a), i.e.,
(032, B32) = (0.4, 0.9). The stability diagram in Fig. 7(b),
plotted in the plane of control gains between vehicles 1 and
3, shows that head-to-tail string stability is not achievable. We
choose the set of gains (a3 1 , £3,1) = (0.1, 0.3), corresponding
to point G in Fig. 7(b), so that the subsystem consisting vehicles
1-3 is equivalent to the system for case D in Fig. 6. The
corresponding (head-to-tail) frequency response in Fig. 7(c)
indicates head-to-tail string instability with maximum around
wo = 0.157 [rad/s], and the experimental velocity profiles at
this frequency are shown in Fig. 7(d). It can be observed that
the fluctuations of vehicle 0 are amplified by vehicles 1 and 2,
but then attenuated by vehicle 3. However, the amplitude of the
fluctuations for vehicle 3 is between the amplitudes of vehicles 0
and 1. This means that the subsystem consisting of vehicles 1-3

—1 — U3

Fig. 8. (a) Four-vehicle configuration. (b) Stability diagram. (c) Fre-
quency response curves for points H and | marked in panel (b). (d) and
(e) Experimental velocity profiles when vehicle 0 introduces sinusoidal
velocity fluctuations at frequency wy = 0.15 7 [rad/s].

is 1-to-3 string stable, whereas the overall system is head-to-tail
string unstable.

To improve the performance, we consider a scenario where
the information from all three predecessors is utilized by the
CCC vehicle 3, as shown in Fig. 8(a). The control gains are kept
the same as those for case G in Fig. 7 for all the communication
links. Fig. 8(b) shows the stability diagram in the plane of control
gains between vehicles 0 and 3, indicating that the overall system
can achieve head-to-tail string stability with appropriate gains
for the additional link. Two points are marked H and Iin Fig. 8(b)
at (a0, B3,0) = (0.5, 0.4) and (0, 0.1) and the (head-to-tail)
frequency response curves in Fig. 8(c) show that in case H one
can achieve head-to-tail string stability, but this is not true in
case I. The experimental velocity profiles for case H are shown
in Fig. 8(d), indicating that the amplitude of the fluctuations of
vehicle 3 is less than that of vehicle 0, and noticeable fluctuations
around 7 [rad/s] also arise in vehicle 3 in correspondence with
the extra peak in Fig. 8(c). On the other hand, the experimental
result shown in Fig. 8(e) for case I reveals vehicle 3 still amplifies
the velocity fluctuations of vehicle O if the gains are not chosen
properly.

Finally, we test a scenario where the motion information from
some vehicles are not available (which is the case when having
human-driven vehicles that are not equipped with V2X devices).
Fig. 9(a) shows a scenario similar to the one in Fig. 8(a) except
the lack of communication link between vehicles 1 and 3, while
all the control gains are kept unchanged. The stability diagram
in Fig. 9(b) is plotted in the plane of control gains for the link
between vehicles 0 and 3, indicating that head-to-tail string
stability is still achievable without this link. The (head-to-tail)



QIN AND OROSZ: EXPERIMENTAL VALIDATION ON CONNECTED CRUISE CONTROL WITH FLEXIBLE CONNECTIVITY TOPOLOGIES

2799

— v — U3

Fig. 9.

(a) Four-vehicle configuration. (b) Stability diagram. (c) Fre-
quency response curves for points H and | marked in panel (b). (d) and
(e) Experimental velocity profiles when vehicle 0 introduces sinusoidal
velocity fluctuations at frequency wy = 0.15 7 [rad/s].

frequency response curves corresponding to the points marked
H and I are shown in Fig. 9(b). Observe that, despite the missing
link, in case H head-to-tail string stability is still maintained apart
from a slight increase in the amplification ratio around wy, while
case I is indeed still head-to-tail string unstable. The velocity
profiles in Fig. 9(d) and (e) are consistent with the theoretical
results.

D. Five-Vehicle Experiments

Here, we study whether the performance can be further im-
proved by including multiple CCC vehicles. Fig. 10(a) shows a
cascaded configuration of two identical systems used in Fig. 6,
except the addition of an extra communication link between
vehicles 0 and 4. The red vehicles still represent string unstable
vehicles as discussed in Section V-A, while the blue and green
vehicles use the control scheme on their two direct predecessors
according to case D in Fig. 6. The stability diagram in Fig. 10(b)
is plotted in the plane of the control gains of the longest link, and
the points marked J and K correspond to (au, S1,0) = (0, 0)
and (0.1, 0.3). The corresponding (head-to-tail) frequency re-
sponse curves shown in Fig. 10(c) indicate that both cases are
head-to-tail string stable but the amplification ratio at frequency
wop 1s smaller in case K.

The velocity profiles are shown in Fig. 10(d) and (e). In
case J where the extra long link is not utilized, the amplified
fluctuations in vehicle 1 are first attenuated by vehicle 2, then
amplified by vehicle 3, and finally attenuated again when reach-
ing vehicle 4. Similar behaviors can be observed from Fig. 10(e)
for the experiment in case K except that vehicle 4 has smaller
fluctuations than those in Fig. 10(d) for case J.

Fig. 10. (a) Five-vehicle configuration. (b) Stability diagram. (c) Fre-
quency response curves for points J and K marked in panel (b). (d) and
(e) Experimental velocity profiles when vehicle 0 introduces sinusoidal
velocity fluctuations at frequency wy = 0.15 7 [rad/s].

In this section, we investigated scenarios that a CAV has the
potential to ensure head-to-tail string stability if the vehicles
ahead are equipped with communication devices. Note that this
head-to-tail string stability guarantee is based on the known
information of all preceding vehicles. If these parameters are
not known exactly, we might not be able to achieve head-to-tail
string stability, but we can still damp down the disturbance with
properly designed controller for CAVs (see Fig. 7). That is, even
when the penetration rate of CAVs is low, traffic waves can be
mitigated, and when the penetration rate is high, phantom traffic
jams can be eliminated.

VI. CONCLUSION

In this paper, we proposed a class of longitudinal controllers
for CAVs that allows us to exploit information from multiple
connected vehicles ahead using V2X communication. The con-
trol algorithms were designed by using mathematical models
representing the continuous time vehicle dynamics subject to
digital control. The theoretical results about plant stability and
string stability were summarized using stability diagrams. A
scaled connected vehicle testbed consisting ground robots capa-
ble of wireless peer-to-peer communication was used to realize
the developed connected cruise control algorithms experimen-
tally.

Through a sequence of experiments, we demonstrated that
CAV may significantly benefit smoothness of human-dominated
traffic by attenuating velocity perturbations that are typically
amplified by human drivers. We found that, while limited
improvements can be achieved by AVs (without connectivity),
utilizing beyond-line-of-sight information provided by V2X
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connectivity significantly enhances the impact of automation.
By utilizing our model-based design, adding more connectivity
can lead to more benefits in terms of mitigating velocity fluc-
tuations while remaining robust against loss of communication
links. Finally, the proposed design remains scalable as penetra-
tion of CAVs increases, making real-world deployment feasible.

Future research will include searching for optimal parameter
combinations that ensure safety of CCC algorithms as well as
experiments with full size vehicles.

APPENDIX

A. Derivation of the Dynamic Model

Equations (13)—(15) can be solved backward sequentially.
Induction of (15) gives

. At -~ - .
Ej(k‘—Fl):tThj(k)—Atvj(k)+€j(k) (29)
J
while integration of (14) yields
0;(t) = e c(t=tx) <17](k) — uj) + % (30)
c c
forj=1,...,J, where
e 100G
= l T D hi(k = 1)+ By 0i(k — 1)
i=0 g J Tt I=i+1
(i + B5,4) 05 (k — 1)] + 75 €;(k) - @D

Substituting (17), (30) into (13) and then integrating both sides
with initial condition, we obtain

B B amp
hi(t) = hi(k) — 2—(cos(wt) — cos(wiy))
w
emelt=te) — 1/ a\
S (vl(k) - ) - - 1)
(32)
and
- - i1 — T
hi(t) = hy(te) + === (t — 1)
—e(t—ty) _ | T
e N - Uj_| — U
- (vmk) (k) - )
(33)
foryj=2,...,J.
Evaluating (32), (33), (30) at instant t = ¢ gives
hi(k +1) = hy(k) — 0,9, (k) + 0,03™ sin(k w At)
+ 931)8"”) cos(kwAt) - 04’[7,1 (34)
hyj(k+1) = hy(k) = 0,5 (k) + 601951 (k)
+94(’I~Lj,1—’l]j),j:2,...,J 35)
and
0 (k4 1) = e (k) + 0,4, (36)

fory=1, ..., J, where
1 — e cAt S At
1 — cos(w At e A _ 1 4 eAL
93:%7 bi= . (D

Through the use of (20), (31), and algebraic manipulations,
(29), (34), (35), and (36) can be simplified and then combined
into the model (18) with

I =00 —v0s =&, ;104 Rj04
0 eiCAt 'yjﬁl €j7j_191 —Ejﬂl
A=A A1 0 0 (38)
J
1 0 0 0 0
o 10 0 0
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[0 6 ~j_164 Ej,j—204 —(j6y ]
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0 0 O 0 0
000 o0 0 |
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[0, — B1.064 cos(wAL) 63 + By obasin(wAt)]
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where
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B. Similarity Verification

In this section, we apply similitude theory and find all the
dimensionless quantities according to Buckingham II theo-
rem [31]. Then, we verify that all these quantities are equal
for the scaled robots and real vehicles to ensure our method are
scalable. According to Newton’s law, both the robot and real
vehicles are governed by (7) in the longitudinal direction when
assumptions in Section IV hold. The general relationship of the
variables is

f(hj, Vi, ilj, ’[)j, Vi1, Uj) =0 (43)

which includes two primary dimensions, i.e., length [L] and
time [1'], where [-] denotes “the dimension of.” According to
Buckingham II theorem, we choose h; and v; as repeating
variables, and can obtain the other dimensionless II groups as

h; 0 hj . s
HIZJ,H_%QJ,H3:M’H4ZM (44)
Yi Yj vj
Thus, the final relationship is of the form
Sy, 1Ly, I3, I14) = 0. (45)

Based on Table I, we can see that each 11 group is equal for the
scaled robots and real vehicles. We remark that Buckingham IT
theorem also holds for the closed-loop system when controller
(5) is included. Thus, two systems are similar.
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