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Design and Experimental Evaluation of Cooperative Ada&p@ruise Control

Jeroen Ploeg, Bart T. M. Scheepers, Ellen van Nunen, Natharde Wouw, Henk Nijmeijer

Abstract— Road throughput can be increased by driving at
small inter-vehicle time gaps. The amplification of velocy
disturbances in upstream direction, however, poses limitéons
to the minimum feasible time gap. String-stable behavior is
thus considered an essential requirement for the design of
automatic distance control systems, which are needed to alv
for safe driving at time gaps well below 1s. Theoretical anafsis
reveals that this requirement can be met using wireless inte
vehicle communication to provide real-time information of the
preceding vehicle, in addition to the information obtained by
common Adaptive Cruise Control (ACC) sensors. In order
to validate these theoretical results and to demonstrate #
technical feasibility, the resulting control system, knowm as
Cooperative ACC (CACC), is implemented on a test fleet
consisting of six passenger vehicles. Experiments clearshow
that the practical results match the theoretical analysisthereby
indicating the possibilities for short-distance vehicle éllowing.

Fig. 1. Test fleet, consisting of CACC-equipped passengeiches.

|I. INTRODUCTION

In recent years, highway capacity has become a Iimitin(? result, fuel consumption and emissions increase, and so
factor, regularly causing traffic jams. Obviously, the roa ' P '

capacity can be increased by decreasing the inter—vehii rl(l)eud r?hl?ts\svgea:felg Sjasrgfetm% Ohicg;’ :oegmatrzﬂ?;:jﬂ;grwgﬁ
distance while maintaining the same velocity level. As gnp y mig P '

consequence, however, vehicle automation in Iongitudin?l D|sturbancet§1t|tenua'glon acrtosts tge veﬂ!cle ztrtl)ng IS therg
direction is required in order to still guarantee safetyifiis ore an essential requirement, 1o be achieved by appropri-

end, Adaptive Cruise Control (ACC) seems to be an optioff‘.tely designed vehicle following controllers. The disambe

ACC automatically adapts the velocity of a vehicle so as t8V°|Ut'gn acfro_s::, a strmgtog veht;cles:[, or, N general,d&k::roti
realize a desired distance to the preceding vehicle, ohéen ¢@ NUMDer of Interconnected subsystems, 1S covered by he

absence of one, realizes a desired velocity. The intereteshi notion of string stability, where string-stable behavior refers
distance and the relative velocity are measured by means o athe attenuation of disturbances in upstream direction.

radar or a scanning laser (lidar). However, ACC is primarily pplication of data exchange by means of wireless commu-

intended as a comfort system. Consequently, relativegelar_nication in addition to the data obtained by radar or lidar,

inter-vehicle distances are adopted [1], with a standedliz IS kn(_)wn to pe al_)Ie_to achieve strmg_stablllty [5]. The
minimum of 1s time headway [2], the latter referring to the[eSUItIng functionality is called Cooperative ACC (CACC).

geometric distance divided by the vehicle velocity. A vast amount of literature focussing on control design for

Decreasing the time headway to a value signiﬁcantlfACC systems Is ava|IabIe,.see, e.g.,.[5]—[10]. The focus
smaller than 1s, is expected to yield an increase in traffic’ hqwev_er, often on_theoreucal anaIyS|s_ rather than en th
throughput [3]. Moreover, a significant reduction in thepr"’lCt_'C"JlI implementation and the evaluation therepf. :

aerodynamic drag force is possible in case of heavy-dut Thls_paper, therefore., focusses on the prac t|_c al |mpl_e—
vehicles, thereby decreasing fuel consumption and enmissio entation of CACC, using a test set-up consisting of six

[4]. It has however been shown that the application of Ac@assenger vehicles as depicted in Fig. 1. To this end, the

amplifies disturbances in upstream direction at small timBext section first provides a short overview of string stgpil

gaps, see, e.g., [5] and the literature references containEoncepts. Section Il focusses on control design and string

therein. These disturbances may, e.g., be induced by vﬁlocgtablht);].alnal_yss for CAC.:C' Nfext, Sr?c'ﬂog lV. explains the
variations of the first vehicle in a string of vehicles. Agtest vehicle instrumentation, after which Section V' présen

experimental results, obtained with the test vehiclesallin

This work is funded by the Dutch Ministry of Economic Affaitsrough ~ Section VI summarizes the main conclusions and proposes
the High Tech Automotive Systems (HTAS) program, grant HDAB002.  (jrections for further research.
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N. van de Wouw and H. Nijmeijer are with the Eindhoven Uniitgref . . . -
Technology, Mechanical Engineering Department, Eindhpvéne Nether- Three main approaches of the notion of string Stab'“ty

lands,n. v. d. wouw@ ue. nl , h. ni j nei j er @ ue. nl can be distinguished, being a formal stability-like apptga



a stability approach for strings of infinite length, and fipal /—\ f\%ﬁfﬁfmam
a performance-oriented frequency-domain approach.

The formal stability-like approach is described in, e.g], [ vy,  radar O v, A/:
[11]. As opposed to system stability, which is essentially@mj\ 7 1)) m P@/CE@W
concerned with the evolution of system states over time, - 7 J — P
string stability focusses on the propagation of states over l : : : L2
subsystems. Recently, new results appeared [12], regardin
a one-vehicle look-ahead control architecture in a homo-

geneous string. These approaches employ common notions
such as Lyapunov stability, input-output stability andutip g,y pelow. Having designed the controller, the string

to-state stability to devise a definition for string stalili stability properties of the resulting closed-loop systera a

They provide little support for controller synthesis, hwe®  oh51 764 using a condition that directly follows from Defi-
Within the framework of string stability for infinite-lenigt nition 1.

strings of identical interconnected subsystems, the model
of such a system is formulated in the state space amd Error Dynamics

subsequently transformed using the bilateral Z-transform Consider a string ofn vehicles, schematically depicted

[13], [14]. The Z-transform is executed over the vehiclq Fig. 2, with d; being the distance between vehi¢land
index instead of over time, resulting in a model formulatec{S prece’ding véhicle‘ ~ 1, andw; the velocity of vehiclei

n e dcrt easency doma, e 0 ey e each e o olow i recedng

then be assessed by inspecting the eigenvalues of the Stﬁé%dway spacing policy is ad(f[Z).ted fo,rmulated as

matrix. This method, although rather elegant, is howevér on '

applicable to linear, infinite-length strings. dri(t) =7 + hvi(t), 2<i<m, (1)
Finally, a performance-oriented frequency-domain ap- ) _ )

proach for string stability is frequently adopted sincesthjWhereh is the so-called time headway, ands the standstill

appears to directly offer tools for controller synthesig, [5 diStance. This spacing policy is known to improve string sta

[7], [8], [10], [15]. Moreover, the fact that string statyiiin ~ Pility [5], [8], [10], [12]. A homogeneous string is assumed

literature is commonly used as a performance objectiverathWhich is why the time headwaly is taken independently of

than as a stability criterion, suggests an interpretatibn é- The spacing erroe;(t) is thus defined as

Fig. 2. CACC-equipped string of vehicles.

string stability as such, despite its name. In the perfogean eit) = di(t) — dyi(t)
oriented approach, string stability is characterized by th ! ! o
amplification in upstream direction of either distance erro = (si—1(t) = si(t) — Li) — (ri + hoi(t)) ~ (2)

velocity, or acceleration. This leads to the following defin ;i s;(t) the position of vehicle and L; its length.
tion, (implicitly) used in the above literature references As a basis for control design, the following vehicle model
Definition 1 (Vehicle String Stability)Consider a string g adopted:
of m € IN interconnected vehicles. This system is string- .
stable if and only if d; Vil — Vs
. i}i = a; ) 2 < ) < m, (3)
[zi®)lle, < llzica®)lle,, ¥Vt20,2<i<m, i, “la; + Ly

wherez;(¢) can either be the distance erkgft), the velocity \yhere 4, is the acceleration of vehiclé u; the external
vi(t) or the acceleration; (t) of vehicle; z1(t) € £, is @ jnpyt, to be interpreted as desired acceleration, aadime
given input signal, and;(0) = 0 for 2 <7 <m. . _ constant representing engine dynamics. This model is in fac
I |, denotes the signal-norm, whereas the vehicles in gpiained by formulating a more detailed model and then
the string are enume_ra_tgzd: 1,...,m, with i = 1 indicating applying a pre-compensator, designed by means of input-
the lead vehicle. Definition 1 thus states thal()||c, must  q,tout linearization by state feedback [7], [15]. Also note
decrease in upstream direction. Note that in literature, thhat the time constant is assumed to be identical for all
choice for the scalar signal(t), i.e., either distance error, yepicles, corresponding to the above mentioned homogeneit
velocity, or acceleration, seems rather arbitrary. assumption. With different types of vehicles in the string,
The above string stability definition can directly be used g suggested by Fig. 2, homogeneity can be obtained by

for string stability analysis and has a clear physical meani 5gequately designed pre-compensators so as to arrive at the
as lllustrated in the next section. It seems therefore wellahicle behavior described by (3).

mot.ivaFed to adopt the performance-oriented approach whentpa control law can now be designed by formulating the
designing CACC systems. error dynamics. Define to this end the error states

IIl. CONTROL DESIGN ) )
€1,i €

An elegant method to arrive at a suitable controller for e | = | é
CACC is based on formulation of the error dynamics, as €3, é;

, 2<i<m. 4)



Then, obviouslyg; ; = ez ; andéy; = es ;. The third error
state equation is obtained by differentiatieyg; = é;, while

From (5), it is immediately clear that the inpyt should
stabilize the error dynamics while compensating for theitnp
u;_1 of the preceding vehicle in order to obtain exact vehicle
following, i.e., lim;, |e;(¢t)| = 0. Hence, the control law

using (2) and (3), eventually resulting in: |
, 1 1 1 ‘

€34 =——€3;— —¢ + —Ui_1, 5) :

T T T |

with the new input T
|

i = i + ;. (6) :

|

|

|

|

for ¢; is designed as follows:

€1,i
€2
€3,

g =K

+ Ui—1,

2 <1< m,

()

Fig. 3. Block scheme of the CACC system.

where 9(s), with s € C, denotes the Laplace transform
of v(t). Here, the velocity is taken as a basis for string

with K = (k, kq kaq). Note that the feedforward term stability, which is more relevant than distance error inwie
u;_; is obtained through wireless communication with th@f traffic analysis [3]. Note that the choice between velocit
preceding vehicle and, therefore, is the reason for the erfil acceleration is irrelevant, sindg(s) is identical in both

ployment of a wireless communication link.

cases. Takingp = 2, the following relation from linear

Due to the additional controller dynamics (6), the errofySteém theory holds:

dynamics must be extended with an additional equation,
which can be obtained using the input definition (6) while

substituting the control law (7):
1

1 1
U = ——u; + E(kpel,i + kqea i + kaqes,i) + 7 i1 (8)

h

As a result, the %-order closed-loop model reads

, [0i ()]l
Il = 0 o0l
whereT';(jw) is the transfer function evaluated along the
imaginary axis.|| - ||#.. denotes theH., norm, which, for
scalar transfer functions, equals the supremunilofjw)|
over the frequencw. Using (11), Definition 1 immediately
leads to the following string stability condition:

(11)

é1s 0 1 0 0 €1 _ .
Ens 0 0 1 0 e ITi(w)llne <1, 2<i<m. (12)
= kp k k 8 . . . . e
€3,i -7 7 1+Tdd 0 €3, This condition can be interpreted as requiring energy dissi
U; ’%p de Lﬁd _% Uy pation in upstream direction. This follows from the factttha
0 according to (11), thé{.. norm is induced by th&€, norms
0 of input and output, which, in turn, are measures for energy.
+1 o [w-1. 9 According to (12), string stability is thus assessed in the
S frequency domain. Introduce to this end the vehicle transfe
3 function G(s) = 8;(s)/i(s):
Applying the Routh-Hurwitz stability criterion while usin G(s) = 1 (13)
the fact that the state matrix in (9) is lower block-triareyyl 5= s2(rs+1)’
it follows that these error dynamics can be stabilized for an | . .
! W yham Nzed 19 an hich follows from the fact thak’; = —15; + Lu;, see (3).

time headwayh > 0, and with any choice fok,, ks > 0,

kisa > —1, such that(l + kqa)ka > k7. Note that the °°
stability of the dynamics (9) is sometimes referred to aé

individual vehicle stability[8], [9].

B. String Stability Analysis

Under the conditions stated above, the controller (7) thus

Also introduce thespacing policy transfer functiof/ (s) =
1i(s)/1,(s), derived from (6):

H(s)=hs+1, (14)
and the feedback lavk (s) = ¢;(s)/é:(s), defined in (7):
K(s) = ky + kas + kaas>. (15)

realizes the vehicle following objective, but does not yet
guarantee string stability. In order to analyze the latter, The controlled vehicle can then be represented by the block
string stability criterion is derived first. Introduce tagkend scheme depicted in Fig. 3. The occurrence of the spacing
thestring stability complementary sensitivity(s), being the policy transfer functionH (s) in the feedback loop can be
transfer function from “input” velocityd; 1 (s) to “output” readily explained. Considering;, as depicted in the block
velocity v;(s), i.e., scheme, it appears that, using (14),

f}i(S) = Fi(S)f}i_l(S)7 2 < ) < m, (10) §l(t) = Ll +r; + Sl(t) + h’l}i(t). (16)
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Fig. 5. Schematic representation of the test vehicle ingtntation.

Hence,3; can be interpreted as the “virtual control point”
of vehiclei, that must be as close as possible to the actu@ffect string stability as well [16]. Assuming a sufficigntl
position s;_; of the preceding vehicle — 1. high sampling frequency, these effects are ignored here.
The block scheme also includes a time delas) = e+, Finally, it is worth mentioning that the string stability
representing the latenay induced by the wireless commu- COmplementary sensitivity in case of ACC can be easily
nication network due to queueing, contention, transmigsioobtained from (17) by choosing(s) = 0. As a result, ACC
and propagation. This delay can only be compensated for BpPears to be string stable for> 3.16s, given the above
means of an estimator, which is, however, considered out-dnentioned model and controller parameters.
scope for this paper. Using this block schefigs) = I'(s)

3 IV. VEHICLE INSTRUMENTATION
(independent of) can be shown to be equal to

In order to validate the theoretical results and to demon-
strate the technical feasibility, the CACC control system
has been implemented in six similarly adapted vehicles.
The Toyota Prius Ill Executive was selected because of its
According to (10),I'(s) is the transfer function from;_1  modular setup and ex-factory ACC. Fig. 5 shows a schematic
to v;. Surprisingly, when taking the distance errefs; and  representation of the components related to the experahent
e; instead,I'(s) appears to be identical. This is due to thesetup. From this figure, it appears that the CACC-related
homogeneity assumption. components can be categorized into original vehicle compo-

The communication delay plays an important role witthents, CACC-specific components, and the vehicle gateway.
respect to string stability. Without delay, i.€Q(s) = 1, These three groups are subsequently explained below.
the controlled system is string stable by definition, since By making use of many original vehicle systems, only a
IT(jw)ll2. = sup, |H *(jw)] = 1. Note that, due to limited number of components had to be added. The long-
the vehicle following objective||T'(jw)l|3., will never be range radar determines the relative position and speed of
smaller than 1. However, the existence of a communicatiafultiple objects with an update rate of 20 Hz. The ESP sen-
delay compromises string stability to a certain extent, asor cluster measures acceleration in two directions, alsasel
illustrated in Fig. 4. Usingr = 0.1s, k, = 0.2, kg = 0.7,  yaw rate. The Power Management Control (PMC) determines
kaa = 0 (refer to Section V), and time headway= 0.5s, the setpoints for the electric motor, the hydraulic brakes,
Fig. 4(a) shows the gaifi’(jw)| for various values of the and the engine. Finally, the Human-Machine Interface (HMI)
time delayd. It appears that an increasing time delay yieldgonsists of levers and a display.
an increased value off"(jw)|[#.. . Some CACC-specific components had to be implemented

From (17) also follows that increasing the time headwajn the vehicle in order to run the CACC system properly.
h decreasegI'(jw)||u.., In the case of a non-zero delay The main component is a real-time computer platform that
6. This is illustrated in Fig. 4(b), showing the maximumexecutes the CACC control functionality. The WiFi device,
communication delayl,,,q, that yields string stability, as operating according to the IEEE 802.11a standard in ad-hoc
a function of headway timé. The curve shown here is mode, allows for communication of the vehicle motion and
calculated iteratively by taking a fixed value férand then controller information between the CACC vehicles with an
searching for the value of such that||'(jw)|#.. = 1. update rate of 10Hz. A GPS receiver, with an update rate
From this figure, it can be inferred that a vehicle string wittof 1 Hz, has been installed to allow for synchronization of
h = 0.5s would require? to be smaller than about 80 ms in measurement data using its time stamp.
view of string stability. Finally, the in-house developed MOVE gateway is the

Note that, in practice, the controller and the wirelesinterface between the original vehicle systems and the real
communication are implemented in discrete-time, which mayme CACC platform. It runs at 100Hz, converting the

1 D(s)+G(s)K(s)
T = I T+ emke)

(17)
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Fig. 6. Step response of the test vehicle with low-level m@ranly: (solid Fig. 7. Measured ACC velocity response: (black-light gresficle 1-6.

black) desired acceleration, (dashed black) simulate@laation, (solid
grey) measured acceleration.

acceleration setpoints; from the CACC platform, into
vehicle actuator setpoints, such that the requested accele
ation is accurately realized. The gateway also processes th
vehicle sensor data and presents these to the CACC platform.
Furthermore, the gateway is connected to the vehicle HMI
(digital display and levers). As a result, the CACC can be

v [m/s]

operated like the ex-factory ACC system. To guarantee safe ] IS T o SRR
and reliable operation, the gateway also contains several 130 140 150 160 170
safety features. The gateway employs multiple 1/O for the t[s]

communication with the vehicle systems; a single CAN bus

is used for communication with the CACC platform. Fig. 8. Measured CACC velocity response: (black-light ynsshicle 1-6.
Because of the integrated low-level controllers, safety-

related functions, and sensor preprocessing, the MOVE ga

way allows for evaluation of high-level vehicle controier

such as CACC, in a safe, reliable and efficient way.

E%e well-designed drive train of the test vehicles highly
contributes to this result. Obviously, this longitudinabde!
does not hold for limit situations, characterized by nogdin
V. PRACTICAL EXPERIMENTS behavior due to tire slip or power limitations, for instance

To validate the designed controller, experiments are per- Baseéd on speed of response and passenger comfort, suit-
formed using the test fleet. To this end, the vehicle mod&Ple controller parameters were found to he= 0.2 and
is identified first, based on which the controller parameter&t = 0-7; V\{he_readcdd_ls set to zero to prevent feedback of
are chosen. Next, ACC as well as CACC are evaluated {§€ vehicle's jerk, which is in practice unfeasible.
compare the performance of both control systems. B. String Stability Experiments

A. Vehicle Model Validation The wireless communication delay in the current test

The vehicle model, including a low-level pre-compensatofetUp €qualy) ~ 150ms. From the theory presented in
implemented in the MOVE gateway, is identified based OI$ec:_t|on [, it follows that for this delay, anq ywth the alv
measurement of the response of the accelerationto test \{eh|cle and Controller_ parameters, the minimum necessary
signals applied to the desired acceleratio@) = a,.;(t). tme headway for string stability equals,,, = 0.67s.
Subsequently, the model parameters are estimated using refore, tests have been performed witk- 0.7s.
least-squares method. From this, it appears that the eehic| Th€ test trajectory is defined by the desired accelera-
model (3) needs to be adapted so as to include a time delign @rs.1(t) of the lead vehicle, and consists of three

¢, having the following frequency-domain model as a resul§UPerimposed swept sine signals in the frequency ranges
1 [0.06,1.13] rad/s,[1.13,2.26] rad/s, and2.26, 3.14] rad/s, re-

G(s) = 27@*¢5 (18) spectively. In view of a high level of reproducibility, thedd
vehicle is not manually driven, but instead has been eqdippe
s*(Ts+1) hiclei lly dri but i dhashb di
with 7 =0.1s and¢ = 0.2 s. with a velocity controller. The desired velocity.; 1(t) is

Fig. 6 illustrates a validation measurement, showing thdetermined through integration af.; i (¢), while using the
test signalu,.; (t), and the measured as well as the simulatelthtter as a feedforward signal.
acceleratioru(t) using the identified parameters. It can be Fig. 7 and Fig. 8 illustrate the test results for an ACC set-
concluded that the simple vehicle model adequately dessribup and for CACC, respectively. Here, the ACC controller
the longitudinal vehicle dynamics; it is fair to mention thais simply obtained by disabling the input feedforward,,i.e.
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Fig. 9. String stability complementary sensitivity'(jw)|: (solid grey)
CACC, simulated, (solid black) CACC, measured, (dashed/)grCC,
simulated, (dashed black) ACC, measured.

(1]
- : , : 2]
omitting u;_; in (7). Both figures show the velocity re-
sponses of all six vehicles for part of the test trajectotyere
the velocity response of the lead vehicle is exactly the samg
since this vehicle is velocity controlled. It can be cleagen
that the CACC response is string stable, whereas the ACC
response is not, which corresponds to the theoretical sisaly (4
Noteworthy is the fast increase in overshoot for increasing
vehicle index in case of ACC: the maximum velocity (in
the time interval shown) of the last vehicle equals 18.6 m/gs)
(67 km.h), whereas for CACC, this is 14.6 m/s (53 km/h).
The specific test trajectory, consisting of superimposed
swept sines, provides sufficient frequency content to allowg;
for identification of the string stability complementarynse
sitivity T'(jw). Using a non-parametric system identification
method, the gaifI'(jw)| has been estimated, the result of
which is shown in Fig. 9. This figure shows the estimated
gain |I'(jw)| for both ACC and CACC, as well as the
theoretical gain, calculated using (17). This not only aondi
the string stability properties of both controllers, busal
validates the theoretical analysis presented in Section II

(7]
(8]

[
VI. CONCLUSIONS ANDFUTURE WORK

String stability is an essential requirement for the desigpg;
of vehicle following control systems that aim for short-
distance following. It has been shown, theoretically an
experimentally, that Cooperative Adaptive Cruise Contr
(CACC), which is based on common ACC sensors and a
wireless inter-vehicle communication link, allows for #m [12]
gaps significantly smaller than 1s while maintaining string
stability. In the experimental set-up, consisting of a feestt
of six vehicles, a time headway of 0.7s appeared to yieldS!
string-stable behavior. This result fully correspondstie t
theoretical analysis, which also indicates that time gaps | [14]
than 0.5 s are feasible when optimizing the wireless linkiwit
respect to latency. As a result, a significant increase id rogs;
throughput and, in case of heavy-duty vehicles, decrease of
fuel consumption and emissions can be expected. MoreovFer]
the experimental set-up also illustrated that this fumaliy
can be obtained by very limited adaptations to the existing
vehicle, provided it has already been equipped with ACC.

1]

Finally, the CACC controller does not require numerically
intensive computations and should, therefore, be suitable
implement in the existing embedded vehicle control systems

Current developments are focussing on implementation
aspects such as fail safety. Driving at small time gaps requi
a CACC system that is highly reliable and, if it fails, will do
so gracefully. Also, the topic of object tracking is of main
importance. In complex environments, imposed by everyday
road traffic, radar information needs to be matched to the
corresponding wireless information and, if necessarys@en
fusion algorithms to obtain reliable object informatiorede
to be employed.
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