
 

Smith predictor compensating for vehicle actuator delays in
cooperative ACC systems
Citation for published version (APA):
Xing, H., Ploeg, J., & Nijmeijer, H. (2019). Smith predictor compensating for vehicle actuator delays in
cooperative ACC systems. IEEE Transactions on Vehicular Technology, 68(2), 1106-1115. [8573839].
https://doi.org/10.1109/TVT.2018.2886467

Document license:
TAVERNE

DOI:
10.1109/TVT.2018.2886467

Document status and date:
Published: 01/02/2019

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.1109/TVT.2018.2886467
https://doi.org/10.1109/TVT.2018.2886467
https://research.tue.nl/en/publications/ecc2ddd2-ea26-4c66-b90d-7402d59b9224


1106 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 68, NO. 2, FEBRUARY 2019

Smith Predictor Compensating for Vehicle Actuator
Delays in Cooperative ACC Systems

Haitao Xing , Jeroen Ploeg , and Henk Nijmeijer , Fellow, IEEE

Abstract—Cooperative adaptive cruise control (CACC) employs
intervehicle wireless communications to realize short intervehicle
distances and, hence, to improve road throughput. However, the
vehicle actuator delay and communication delay have a significant
effect on the (string) stability properties. Therefore, a Smith predic-
tor has been applied to compensate for the vehicle actuator delay,
while utilizing a proportional–derivative controller and a constant
time gap spacing policy. The control actuation is conducted on a
delay-free vehicle model to follow a preceding vehicle with a desired
distance, such that the resulting scheme leads to individual vehi-
cle stability independent of the vehicle actuator delay. Moreover,
this approach allows for a smaller minimum string-stable time gap
compared to without the compensator, thus taking full advantage
of CACC. In addition, the Smith predictor has been adapted to
take acceleration disturbances into account. The results are ex-
perimentally validated using a platoon of two passenger vehicles,
illustrating the practical feasibility of this approach.

Index Terms—Cooperative adaptive cruise control (CACC),
Smith predictor, vehicle actuator delay, string stability, road
throughput.

I. INTRODUCTION

ADAPTIVE Cruise Control (ACC) systems have penetrated
into the market, relieving the driver’s task by automati-

cally keeping a desired intervehicle distance [1]. For a vehicle
platoon, an important requirement is string stability, which is
defined as attenuation of disturbances, e.g., velocity variations
of downstream vehicles, in upstream direction, potentially lead-
ing to traffic jams [2]. In addition, safety challenges such as
rear-end collisions can be efficiently prevented in a string stable
platoon [3], [4]. Therefore, string stability is worthwhile con-
sidering in the design of a vehicle platoon. However, in ACC-
equipped vehicle platoons, the string stable behavior is only
obtained at large intervehicle distances, which do not improve
road throughput [5], [6]. To improve highway capacity, Coop-
erative ACC (CACC) systems have been developed, in which
wireless vehicle-to-vehicle communications are employed [7],
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[8]. As a result, shorter intervehicle distances can be achieved
while guaranteeing string stability. Therefore, highway capac-
ity could be close to double with a 100% market penetration
of CACC compared to with only manually driven or only ACC
controlled vehicles [9].

String stability is affected by vehicle dynamics [7], informa-
tion flow topology and the quality of intervehicle sensing and
communication [10]–[12], and the intervehicle spacing policy
[13]. In particular, both communication delay and vehicle ac-
tuator delay, which inherently exist in CACC platoons [2], [6],
can significantly compromise string stability. Various CACC
strategies considering time delays have been developed, which
indicate the need of substantially restricting the delays in order
to guarantee string stability [2], [7], [14]–[16].

However, the non-rational property of time delay gives rise
to difficulties in the controller design for CACC. Most CACC
studies have only taken into account the effects of wireless
communication delays while ignoring vehicle actuator delays
[17]–[20], or even assumed a delay-free intervehicle communi-
cation [21]–[23]. In the studies where vehicle actuator or com-
munication delays are ignored, a sufficiently large, rather than a
minimum string-stable time gap is selected in the controller de-
sign, such that CACC platoons can be string stable with certain
time delays in practice [24], [25]. On the other hand, realizing a
smaller time gap is a main advantage of CACC. Thus, it is worth
considering to compensate for time delays in the controller de-
sign process, in order to realize string stability with short time
gaps.

In particular, the effect of vehicle actuator delay on string
stability, which has been observed in [7], [26], needs more at-
tention to arrive at a shorter intervehicle distance. In [27], the
relation between minimum string-stable time gaps and vehicle
actuator delays has been presented for a homogeneous CACC
platoon. The results showed that the minimum string-stable time
gap would at least double when the vehicle actuator delay in-
creased from 0.1 s to 0.5 s, considering various possible values
of communication delays from 0.01 s to 0.1 s.

Individual vehicle stability is another requirement for a CACC
platoon. Individual vehicle stability states that every vehicle in
the string should track any bounded acceleration and velocity
profile of the preceding vehicle with a bounded spacing and
velocity error [28]. Individual vehicle stability is affected by the
vehicle dynamics, and particularly the vehicle actuator delay
[29]–[31].

To deal with time delay, Proportional Integral Deriva-
tive (PID), Model Predictive Control (MPC), and the Smith
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predictor are the most common approaches. PID can predict the
future error with the derivative action, which allows for easy
analysis, rather than synthesis of string-stable behavior. In ad-
dition, PID is limited to compensate for small time delays from
a stability point of view [32], [33]. MPC can also be used to
avoid the effects of time delay. However, synthesis and anal-
ysis of string-stable behavior with MPC is difficult to obtain
because of the finite horizon used [34]–[36]. On the other hand,
a Smith predictor is known to handle large time delays very well
in the sense of stability and performance, provided the model
is sufficiently accurate [33], [37]. In addition, with a systematic
controller-design process, a Smith predictor allows for relatively
straightforward synthesis and analysis of string-stable behavior.
Moreover, a Smith predictor is not computationally demanding
(as opposed to MPC), and can be applied as an add-on to existing
CACC controllers.

Active compensation approaches for time delays with a Smith
predictor have not been developed in the scope of the CACC
controller design. There are exceptions in the ACC controller
design, which are closely related to CACC systems. In ACC,
a Smith predictor has been applied to compensate for the ve-
hicle actuator delay [38], while string stability was not signifi-
cantly improved. In [39], a predictor-based design method was
proposed in an ACC scheme, which is a modification of the
Smith predictor [40]. The control law required the informa-
tion of signal history over the period of time delay, which is
computation costly. The resulting minimum string-stable time
gap is the sum of the vehicle actuator delay, and some per-
formance related coefficients according to complex theoretical
analyses.

Since wireless communication is utilized, the control func-
tion in CACC differs from ACC. Thus, applying a Smith
predictor for the vehicle actuator delay in CACC may be a
promising method to decrease the minimum string-stable time
gap, and thus improving road throughput. Note that a Smith
predictor cannot be applied to communication delay in most
CACC systems in the literature, since it can only compen-
sate for time delays in a series connection with the plant to be
controlled.

To improve both string stability and individual vehicle sta-
bility characteristics, this paper applies a Smith predictor to
compensate for the vehicle actuator delay in CACC sys-
tems. The underlying objective here is to decrease the min-
imum allowable time gap, thus increasing road throughput.
Furthermore, the Smith predictor-based controller allows for
larger ranges of gains to guarantee individual vehicle stabil-
ity. In addition, the Smith predictor has been modified to be
robust to the acceleration disturbance. Finally, the practical
feasibility of the Smith predictor-based controller is shown
through experimental evaluation in a platoon of two passenger
vehicles.

The outline of this paper is as follows. The next section
presents the model of a CACC control vehicle string. Section III
presents the Smith predictor applied to the CACC system. In
the fourth section, the experimental results are shown. The last
section summarizes the main conclusions.

Fig. 1. CACC-equipped vehicle string.

II. CACC STRING

A homogeneous CACC string, as shown in Fig. 1, is consid-
ered, where qi , vi and ui are the position, velocity, and desired
acceleration of vehicle i, respectively; l is the vehicle length;
dr,i and di represent the desired and actual distance between
vehicle i and its preceding vehicle i − 1, respectively.

With feedback linearization, a simplified vehicle model is
generally derived from the nonlinear vehicle dynamics for
CACC controller design [41]. The resulting vehicle dynamics
read ⎛

⎜⎝
q̇i(t)
v̇i(t)
ȧi(t)

⎞
⎟⎠ =

⎛
⎜⎝

vi(t)
ai(t)

− 1
τ ai(t) + 1

τ ui(t − θa)

⎞
⎟⎠ (1)

where ai is the actual acceleration of vehicle i; θa and τ are the
vehicle actuator delay and time constant representing the lon-
gitudinal vehicle response, respectively. This model adequately
describes the longitudinal vehicle dynamics in view of CACC
systems [26], [42]–[44]. Note that time delays cannot be com-
pensated for with feedback linearization. The Laplace transfer
function from the desired acceleration ui to the position qi reads

qi(s)
ui(s)

= Da(s)G(s) = e−θa s 1
s2(τs + 1)

(2)

where s ∈ C is the Laplace variable; ui(s) and qi(s) denote the
Laplace transform of ui(t) and qi(t), respectively. Here,

Da(s) = e−θa s (3a)

G(s) =
1

s2(τs + 1)
(3b)

represent the vehicle actuator delay Da(s) and delay-free vehi-
cle dynamics G(s), respectively. We assume that the vehicle is
operated in the region of feasible accelerations/decelerations.

In CACC platoons, the wireless intervehicle link is gener-
ally employed for feedforward purposes. In our case, the feed-
forward input is the desired acceleration ui−1 of the preced-
ing vehicle. Considering communication delay θc , the received
feedforward input of vehicle i is

ui−1,c(t) = ui−1(t − θc). (4)

Note that packet loss is neglected in the theoretical analysis. In
[12], event-triggered control strategies were proposed to guar-
antee desired stability and performance criteria in the presence
of packet losses.
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Fig. 2. Block scheme of the CACC system.

A constant time gap spacing policy is utilized, which is the
most common spacing policy to improve string stability, see [7]
and the references contained therein. According to this spacing
policy, the desired intervehicle distance reads

dr,i(t) = r + hvi(t) (5)

where h and r represent the time gap and the standstill distance,
respectively, which are identical for all vehicles in the string due
to the homogeneity assumption. The actual intervehicle distance
di reads

di(t) = qi−1(t) − qi(t) − l. (6)

To realize the vehicle-following objective, the intervehicle dis-
tance error ei , defined as

ei(t) = di(t) − dr,i(t) (7)

should asymptotically converge to zero. To this end, a PD con-
troller is most widely adopted, especially in experimental appli-
cations [2], [6]. In addition, it is assumed that there is no initial
error in this CACC platoon, i.e., ei(t0) = 0. Here the algorithm
in [2] is adopted, where a new input ξi is introduced, which is
related to the desired acceleration ui as follows:

u̇i(t) = − 1
h

ui(t) +
1
h

ξi(t). (8)

To stabilize the error dynamics, the control law for ξi is chosen
as,

ξi(t) = ui−1(t − θc) + kpei(t) + kd ėi(t) (9)

where kp and kd represent the proportional and derivative gains,
respectively. Without loss of generality, we choose r = l = 0
when analysing individual vehicle stability and string stability.
Thus, the control structure can be depicted as in Fig. 2, where
H(s), Dc(s) and K(s) represent the Laplace transforms,

H(s) = hs + 1 (10a)

Dc(s) = e−θc s (10b)

K(s) = kp + kds, (10c)

respectively.

III. SMITH PREDICTOR FOR VEHICLE ACTUATOR DELAY

By applying a Smith predictor, we aim to eliminate the ac-
tuator delay Da(s) in the feedback loop in Fig. 2. In this way,
individual vehicle stability will become independent of the ve-
hicle actuator delay and string stability can be guaranteed with
a smaller time gap.

Fig. 3. Block diagram of a Smith predictor.

We first introduce the Smith predictor in Section III-A,
following the application of the Smith predictor on CACC in
Section III-B. Then, in Section III-C and Section III-D, we anal-
yse individual vehicle stability and string stability of the Smith
predictor-based CACC, respectively. The virtual delay-free
vehicle model as used in the Smith Predictor results in a virtual
delay-free distance. However, this delay-free distance does not
correspond to the actual distance, which influences the steady-
state behavior of the controlled system. This is further discussed
in Section III-E. The effect of packet loss is shown with simu-
lations in Section III-F. In Section III-G, the Smith predictor is
modified to be robust to exogenous acceleration disturbances.

A. Smith Predictor Introduction

The Smith predictor, proposed in [45], is the most common
time delay compensating controller. Numerous generalizations
and modifications of the Smith predictor have been presented,
see [46] and the references therein. The Smith predictor struc-
ture is shown in Fig. 3. The controlled plant is P (s), which is
estimated by a delay-free part P0(s) and time delay e−θs . r,
y and δ represent the reference, plant output and disturbance,
respectively. The original complimentary sensitivity, which is
the transfer function T (s) from r to y, reads

T (s) =
C(s)P0(s)e−θs

1 + C(s)P0(s)e−θs
. (11)

In the Smith predictor-based scheme, the plant output y is
adapted to ysp , by adding feedback loops from the controller
output u through a process P0(s)e−θs , and a delay-free pro-
cess P0(s). In the ideal situation of perfect modelling (P (s) =
P0(s)e−θs ), the Smith predictor-based complimentary transfer
function reads

Tsp(s) =
C(s)P0(s)

1 + C(s)P0(s)
e−θs . (12)

In view of stability analyses, the main advantage of the Smith
predictor control method is that, the time delay is eliminated
from the characteristic equation of the closed-loop system. Note
that a Smith predictor cannot be directly applied to compensate
for communication delay in current CACC scheme as shown in
Fig. 2, since communication delay is not in a series connection
with the plant to be controlled.

B. Smith Predictor-Based CACC

According to the Smith predictor strategy, two feedback
loops are added to the scheme in Fig. 2, resulting in the Smith
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Fig. 4. Control block of a Smith predictor-based CACC vehicle string.

Fig. 5. Simplified control block of a Smith predictor-based CACC vehicle
string, with accurate vehicle dynamics.

predictor-based block in Fig. 4. Ĝ(s) and D̂a(s) represent the
estimated delay-free vehicle dynamics and actuator delay, re-
spectively. The Smith predictor is indicated by the dashed box.
Here, the time gap and PD controller can be chosen differently
from the original ones. Thus, Hsp and Ksp are introduced, with
the Smith predictor-based time gap hsp , and PD controller gains
ksp,p and ksp,d , according to

Hsp(s) = hsps + 1 (13)

Ksp(s) = ksp,p + ksp,ds. (14)

The inner and outer loops in the Smith predictor are with and
without delay, respectively; the feedback loop with the real plant
will be eliminated by the outer loop in the Smith predictor,
providing that G(s) and D(s) are exactly known, i.e., Ĝ(s) =
G(s) and D̂a(s) = D(s). Thus, the delay-free inner loop is the
only feedback loop, leading to the simplified control scheme
as shown in Fig. 5. According to our experiment for vehicle
dynamics identification [2], [44], vehicle actuator delay θa =
0.2 s and the time constant τ = 0.1 appears to be invariant.
Thus, θa and τ are considered to be exactly known in this
paper, and we focus on analysis of the simplified control scheme.
Acceleration disturbances due to the road friction and slope, and
weather/wind will be considered in Section III-G. Note that it
is possible to estimate slowly time-varying delays in a Smith
predictor-based scheme [47].

In Fig. 5, the desired acceleration ui is the input for vehicle
i, whereas output is the actual vehicle position qi . Note that
the delay-free vehicle model is utilized in the control scheme
in Fig. 5, while the actual vehicle information is used in the
original CACC block scheme as shown in Fig. 2. Therefore, the
predicted position q̄i and the predicted velocity v̄i represent the
corresponding variables after the period of the vehicle actuator

delay, which are according to

q̄i(t) := qi(t + θa) (15)

v̄i(t) := vi(t + θa). (16)

Here, the (virtual) intervehicle distance di,sp can be interpreted
as:

di,sp(t) := qi−1(t) − q̄i(t) (17)

and the desired distance as dr,i,sp :

dr,i,sp(t) := hsp v̄i(t). (18)

The tracking error ei,sp follows as

ei,sp(t) = di,sp(t) − dr,i,sp(t)

= [qi−1(t) − q̄i(t)] − hsp v̄i(t). (19)

The actual (real) intervehicle distance di(t) is given in (6).
Subtracting both sides of (6) and (17), di,sp(t) relates to di as
follows:

di(t) − di,sp(t) = q̄i(t) − qi(t). (20)

Hence, di > di,sp (assuming the vehicles drive in forward direc-
tion). Since the virtual distance di,sp is regulated to the desired
distance dr,i,sp in the steady state, it follows that the actual
steady-state distance di will be bigger than dr,i,sp . This differ-
ence is referred to as the tracking latency, being inherent to the
application of the Smith predictor in this setting. We will discuss
the effect of the tracking latency in Section III-E.

C. Individual Vehicle Stability

Individual vehicle stability requires that the system should
arrive at a stationary condition, when the preceding vehicle is
driving with a constant speed. Employing the Smith predictor
allows for individual vehicle stability to be independent of the
vehicle actuator delay.

In the original control structure shown in Fig. 2, the transfer
function F (s) from the desired acceleration ui−1 of vehicle
i − 1 to the distance error ei of vehicle i reads

F (s) =
ei(s)

ui−1(s)
=

Da(s)G(s)(1 − Dc(s))
1 + Da(s)G(s)K(s)

. (21)

Then individual vehicle stability is determined by the denomi-
nator of (21). Note that communication delay θc occurring in the
feedforward loop does not influence individual vehicle stability
in the presented CACC structure.

Individual vehicle stability conditions can be derived with the
Routh-Hurwitz criterion by replacing the time delay by a 4th-
order Padé approximation, which is sufficient for the frequency
range of interest for the vehicle and CACC [27]. Adopting the
vehicle parameters identified in experiments [2], being: τ = 0.1
and θa = 0.2 s, with a specific proportional controller gain kp =
0.5 as an example, individual vehicle stability requires

0.152 < kd < 6.04. (22)

Then, the allowable ranges for the PD controller gains kp and kd

to keep individual vehicle stability can be numerically found, as
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Fig. 6. Ranges of PD controller gains to guarantee individual vehicle stability:
kp and kd in the area bounded by the solid curve, for the system with the 4th-
order Padé approximation of the time delay; ksp ,p and ksp ,d above the dashed
line with the slope of τ . Here, τ = 0.1 and θa = 0.2.

shown in Fig. 6, in which kp and kd should be within the area
bounded by the solid curve. Note that the stable range of the
proportional gain is 0 < kp < 6.69.

When applying the Smith predictor assuming an accurate
vehicle model (see Fig. 5), the transfer function Fsp(s) from the
desired acceleration ui−1 to the control error ei,sp reads

Fsp(s) =
ei,sp(s)
ui−1(s)

=
G(s)(Da(s) − Dc(s))

1 + G(s)Ksp(s)
. (23)

Apparently, the vehicle actuator delay is eliminated from the
characteristic equation. Hence, this delay does not influence
individual vehicle stability, which is the first benefit of applying
the Smith predictor. Applying the Routh-Hurwitz criterion to
(23), it follows that the individual vehicle is stable for

ksp,p > 0 and ksp,d > τksp,p (24)

With the same parameters, which result in the stability condi-
tion (22) for the original system, the individual vehicle stability
requirement with the Smith predictor reads

ksp,d > 0.05. (25)

In the Smith predictor-based scheme, the range of ksp,p and ksp,d

to keep individual vehicle stability is shown in Fig. 6, which is
the area above the dashed line with the slope of τ = 0.1. Hence,
applying the Smith predictor results in less strict requirements
in view of individual vehicle stability, in the sense that the
allowable range for PD controller gains is larger.

D. String Stability

The influence of the Smith predictor on string stability can
be analysed as follows. In the frequently applied performance-
oriented approach, string stability is characterized by the ampli-
fication in the upstream direction of the signal of interest [2], [7].

Denote the string stability transfer function as S(s), which de-
scribes the relation between a relevant (scalar) signal of vehicle
i and the corresponding signal of the preceding vehicle i − 1.
Then the system of interconnected vehicles is string stable if
and only if

|S(jω)| ≤ 1 (26)

with the frequency ω ∈ R+ . The string stability transfer func-
tions for the original control structure in Fig. 2 and the Smith
predictor-based scheme in Fig. 5, denoted as So and Ssp , re-
spectively, read

So =
1
H

Dc + DaGK

1 + DaGK
(27)

Ssp =
1

Hsp

Dc + DaGKsp

1 + GKsp
. (28)

The minimum time gaps for the original scheme (27) and
the Smith predictor-based scheme (28), which are denoted
as hmin(kp , kd) and hsp,min(ksp,p , ksp,d), respectively, can be
numerically calculated [27]. In our experimental setting, the
wireless communication update frequency is 25 Hz, and the
maximum communication delay θc = 0.04 s is taken into ac-
count [44]. The vehicle parameters are τ = 0.1, θa = 0.2 s
[2]. Considering individual vehicle stability and the speed of
response [2], [7], the ranges of PD controller gains are set
as: kp , ksp,p ∈ [0.2, 0.5] and kd, ksp,d ∈ [0.5, 0.8] for both the
original and Smith predictor-based CACC schemes, respec-
tively, in view of string stability analyses.

The minimum string-stable time gaps as a function of the con-
troller gains are presented without and with the Smith predictor
in Fig. 7(a) and (b), respectively. In Fig. 7(a), the minimum
string-stable time gap hmin increases with increasing kp and
decreasing kd , while Fig. 7(b) indicates that hsp,min increases
with increasing ksp,p and ksp,d . hmin is bigger than 0.3 s. How-
ever, hsp,min can be chosen as small as 0.02 s while still yielding
string stability. Note that, as mentioned before, the actual inter-
vehicle distance is not only determined by the minimum time
gap hsp,min , but also by the tracking latency, as further detailed
in the next section.

E. Effect of Tracking Latency

The tracking latency corresponds to the difference between
the virtual intervehicle distance di,sp and the actual distance di

(see (20)). Since, however, the actual distance determines the
road throughput and safety, it is necessary to analyse the actual
distance instead of the virtual distance when applying the Smith
predictor. Assume to this end that a stationary condition has
been achieved, and the error ei,sp in (19) converges to zero.
Thus,

d∗i,sp(t) = d∗r,i,sp(t) = hsp v̄
∗
i (t). (29)

Note that ·∗(t) denotes the corresponding variable ·(t) in the
stationary condition. Substituting (20) into (29), the actual



XING et al.: SMITH PREDICTOR COMPENSATING FOR VEHICLE ACTUATOR DELAYS IN COOPERATIVE ACC SYSTEMS 1111

Fig. 7. The minimum string-stable time gaps.

intervehicle distance reads

d∗i (t) = hsp v̄
∗
i (t) + q̄∗i (t) − q∗i (t). (30)

Denoting the constant velocity as v∗
i in the CACC string at this

stationary situation, it follows that the predicted velocity v̄∗
i and

position q̄∗i read

v̄∗
i (t) = v∗

i (t + θa) = v∗
i (31)

q̄∗i (t) = q∗i (t + θa) = q∗i (t) + θav∗
i (32)

respectively. Substituting (31) and (32) into (30), results in the
actual intervehicle distance:

d∗i (t) = (hsp + θa)v∗
i (t) (33)

which depends on the Smith predictor-based time gap hsp and
the vehicle actuator delay θa .

Now, we can derive the condition that a Smith predictor-based
controller can improve the CACC string stability property. From
(33), it follows that if the relation between Smith predictor-based
minimum string-stable time gap hsp,min and original minimum
string-stable time gap hmin follows

(hsp,min + θa) < hmin , (34)

the intervehicle distance in CACC systems can be decreased
by applying the Smith predictor. With selected time gap h >
hmin and hsp > hsp,min , the improvement of the string-stable

intervehicle distance is

d∗improved(t) = (h − hsp − θa)v∗
i (t). (35)

Choosing h = 0.3 s and hsp,min = 0.05 s to meet the string sta-
bility requirement according to Fig. 7, the improvement of in-
tervehicle distance d∗improved(t) = 0.05 vi(t), given θa = 0.2 s.
Considering a highway scenario (velocity is 120 km/h, i.e.,
33.3 m/s), the intervehicle distance can be decreased from 10 m
to 8.33 m by d∗improved = 1.67 m.

Until now the tracking latency and actual intervehicle dis-
tance have been analysed in the stationary situation. Next, let
us consider the transient behavior, i.e., ai �= 0. We check the
difference of the tracking latency between the steady-state and
transient situations, and compare it with the improvement (35).

In the transient situation, the velocity v̄i(t) and position q̄i(t)
of virtual delay-free vehicle model read

v̄i(t) = vi(t + θa) = vi(t) +
∫ t+θa

t

ai(γ) dγ (36)

q̄i(t) = qi(t + θa)

= qi(t) +
∫ t+θa

t

vi(λ) dλ

= qi(t) +
∫ t+θa

t

(
vi(t) +

∫ λ

t

ai(γ) dγ

)
dλ

= qi(t) + θavi(t) +
∫ t+θa

t

∫ λ

t

ai(γ) dγ dλ (37)

respectively. Assuming the spacing error is zero, the actual in-
tervehicle distance reads

di(t) = hsp v̄i(t) + q̄i(t) − qi(t). (38)

Substituting (36) and (37) into (38), the actual intervehicle dis-
tance di with non-constant velocity reads

di(t) = (hsp + θa)vi(t)

+ hsp

∫ t+θa

t

ai(γ) dγ +
∫ t+θa

t

∫ λ

t

ai(γ) dγ dλ.

(39)

It follows that the largest possible intervehicle distance in the
Smith predictor-based CACC scheme occurs when ai equals its
maximum positive value. Assuming ai = 2 m/s2, hsp = 0.05 s,
and θa = 0.2 s, (39) becomes

di(t) = (hsp + θa)vi(t) + 0.06. (40)

Comparing (33) and (40), it follows that the increase of di

between the situations from constant to non-constant velocities
is 0.06 m. Thus, the intervehicle distance with Smith predicor-
based scheme is still smaller than in the original scheme in the
transient case, if the velocity vi(t) > 1.2 m/s, i.e., d∗improved(t) >
0.06 m. In a highway scenario (velocity is 33.3 m/s as assumed
before), the intervehicle distance can be decreased from 10 m to
8.39 m by d∗improved = 1.61 m/s.

Let us now consider the situation where ai has a minimum
value (maximum deceleration, ai = −5 m/s2 for example). This
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Fig. 8. Simulation results of the proposed system: in (a) and (b), the responses
of the first vehicle, the follower in case of 0% PLR and 50% PLR are represented
with solid black lines, solid gray lines and dashed black lines, respectively; the
response differences of follower vehicle with 50% and 0% PLR are shown in
(c) and (d).

situation is relevant in view of safety. (39) becomes

di(t) = (hsp + θa)vi(t) − 0.15. (41)

Thus, di with non-constant velocities is decreased by 0.15 m
compared to that with a constant velocity, which is less than
the velocity-dependent distance (hsp + θa)vi(t), if vi(t) >
0.6 m/s, i.e., (hsp + θa)vi(t) > 0.15 m. Here, θa = 0.2 s and
hsp = 0.05 s. Consequently, there will no safety risk even if an
emergency brake occurs in this Smith predictor-based CACC
platoon. Still considering that velocity is 33.3 m/s in a highway,
the intervehicle distance can be decreased from 10 m to 8.18 m
by d∗improved = 1.82 m/s.

F. Packet Loss

With a wireless communication update frequency of 25 Hz,
there is little effect of packet loss on string stability in the orig-
inal CACC system [48]. To check whether the main result from
[48] also holds for the system with Smith predictor, simulation
results of the proposed CACC system are shown in Fig. 8, to
compare the responses of the follower vehicle with and with-
out packet loss. Packet loss is realized in a stochastic way, that
one packet is dropped according to a loss probability with uni-
form distribution. Loss of a packet is independent from that of
other packets. The loss probability is referred to as a packet
loss rate (PLR). The PD controller gains are set as ksp,p = 0.2
and ksp,d = 0.7 as in [2]. The communication delay is cho-
sen as 0.04 s, and the time gap is designed to be 1 s. Fig. 8
shows the follower vehicle responses to the same leading vehi-
cle with a PLR of 0% and 50%, respectively. The differences
of acceleration and velocity responses of the follower are very
small. It can, therefore, be concluded that even a large PLR will
not significantly affect the performance of the proposed CACC
system.

Fig. 9. Control block of a modified Smith predictor-based CACC vehicle
string, considering acceleration disturbances.

G. Modification of the Smith Predictor

This section presents a modification of the Smith predictor-
based CACC system, to deal with acceleration disturbances
due to the rolling friction, drag force and road slope. We
will use the approximated acceleration in the Smith predic-
tor and the measured acceleration to estimate the disturbances.
Then the estimated disturbances will be added to the vehicle
model in the Smith predictor, such that the vehicle model in
the Smith predictor can performance the same as the actual
vehicle.

Considering the disturbance δi in the CACC scheme in Fig. 9,
the measured actual acceleration ai reads

ai(s) =
e−θa s

τs + 1
[ui(s) + δi(s)]. (42)

The acceleration in the outer loop in the Smith predictor is âi

âi(s) =
e−θa s

τs + 1
ui(s). (43)

Here, a correction function M(s) is added to compensate for the
disturbance δi . Then, the Laplace transfer function Fδ (s) from
δi to the control error ei,sp reads

Fδ (s) =
ei,sp(s)
δi(s)

=
G(s)Da(s)Hsp(s)
1 + G(s)Ksp(s)

·
M (s)
τ s+1 − 1

1 + Da (s)M (s)
τ s+1

.

(44)
Inspired by [49] and [50],

M(s) =
1

1 + 1
τ s+1

1
θa s+1 − 1

τ s+1e−θa s
(45)

is chosen in order to guarantee stability of (44), and to realize
that the system has zero steady-state error. Note that it is possible
to choose a different M(s) to arrive at the same conclusion. It
can be easily proven that with (45), (44) is stable, given that
individual vehicle stability is guaranteed. Here, the third term
e−θ a s

τ s+1 in the denominator of (45) is actually the transfer function
from ui to âi , and the second term is a first-order approximation
of e−θ a s

τ s+1 , which can decrease the effect of the possible non-
constant disturbance. Furthermore, lims→0 Fδ = 0 with (45),
which proves that there will no steady-state error with a constant
disturbance.
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Fig. 10. Experimental vehicle platoon, consisting of two CACC-equipped
passenger vehicles.

IV. EXPERIMENTAL VALIDATION

The controllers with and without the modified Smith pre-
dictor have been implemented in a platoon of two passenger
vehicles, equipped with a prototype CACC system as shown in
Fig. 10. The selected test vehicle Toyota Prius III Executive has a
modular setup and ex-factory ACC. The long-range radar deter-
mines the relative position, and the electronic stability program
sensor cluster measures the acceleration. A real-time computer
platform is added to execute the CACC control functionality.
The communication device operates according to the ITS-G5
standard, based on IEEE 802.11p [51], allowing for communi-
cation of the vehicle motion and controller information between
the CACC vehicles with an update rate of 25 Hz [44]; see [2]
for more details. Information from GPS sensors is employed
to associate the wireless communicated information with the
corresponding radar measurement. After association, the GPS
position included in the communicated information is not used
anymore. The desired acceleration ui−1 of the preceding vehicle
i − 1 is the only information utilized to realize the vehicle fol-
lowing target. This section presents experimental frequency and
time responses, which validate the theoretical results regarding
the Smith predictor.

A. Frequency Response Experiments

For the sake of reproducibility of the experiments, the leading
vehicle is programmed to track a predefined velocity trajectory
which has been designed as a random-phase multisine excitation
input [52]. This signal needs to excite the frequency range of
interest for the assessment of string stability. Here, we choose the
frequency values {0.01, 0.02, 0.03, ..., 0.3}Hz with weighted
amplitudes as in [14]. Then, the leading vehicle controller in [44]
is employed to realize the desired velocity. The same velocity
controller was applied to the time response experiments. The PD
controller gains are set the same for both cases: kp = ksp,p =
0.2 and kd = ksp,d = 0.7 as in [2].

Fig. 11 shows the similarity between the theoretical (black)
and experimental (gray) frequency response magnitudes of
the string stability transfer function So and Ssp , despite the
noise level due to estimation inaccuracy. Since we consider the
worst case of communication delay θc = 0.04 s, in Fig. 11(a),
the theoretical magnitude only slightly exceeds 1 at around
ω = 0.7 rad/s in the original CACC scheme with h = 0.3 s. In
practice, θc = 0.04 s happens sometimes, and θc ≈ 0.02 s is the
nominal value of the communication delay, which due to the
fact that the update rate of wireless communication is 25 Hz.

Fig. 11. Frequency response magnitudes: estimated and theoretical magni-
tudes are represented with dashed gray and solid black lines, respectively.

In Fig. 11(b), it appears that string stability is guaranteed with
the Smith predictor-based controller and hsp = 0.05 s. There-
fore, the actual time gap has been reduced from h = 0.3 s in
the original CACC scheme to hsp + θa = 0.25 s in the Smith
predictor-based scheme, i.e., by more than 15%. Note that the
magnitudes are very close to 1 since we pursue the minimum
string-stable time gap. The estimated magnitudes of both cases
degrade for ω > 2 rad/s, due to the fact that the text signal has
no power in this frequency region.

B. Time Response Experiments

The time responses are also conducted with two vehicles,
where the first vehicle is velocity controlled, subject to a
trapezoidal acceleration profile. The time gaps h = 0.3 s and
hsp = 0.05 s are chosen for the original and Smith predictor-
based CACC schemes, respectively. The standstill intervehicle
distance is chosen as r = 2.5 m, and the vehicle actuator delay
is around θa = 0.2 s. Fig. 12 shows the time responses with
the original (upper row) and Smith predictor-based (lower row)
CACC schemes. The acceleration and velocity responses clearly
show that the follower vehicle responds quite fast to its leader.
The comparison of the intervehicle distances in Fig. 12(c) and
(g) indicates that applying the proposed Smith predictor-based
CACC controller reduces the minimum string-stable interve-
hicle distance from around 5.8 m to 5.3 m at the velocity of
11.1 m/s, with the decrease of 0.5 m, which experimentally val-
idate (5), (33), and (35). Intervehicle distance errors as shown in
Fig. 12(d) and (h) for the original and the Smith predictor-based
CACC, show that the vehicle-following objective is realized.
Comparing experiment results of the desired acceleration ui
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Fig. 12. Measured time responses with the original CACC system of (a) the acceleration and (b) the velocity (black: first vehicle, gray: follower), (c) the
intervehicle distance, and (d) the intervehicle distance error; and responses with the Smith predictor (e) the acceleration and (f) the velocity (black: first vehicle,
gray: follower), (g) the intervehicle distance, and (h) the intervehicle distance error.

and the actual acceleration ai , the disturbance δi appears to be a
constant offset, approximately, with a magnitude of 0.05 m/s2,
which is mainly due to effects of the rolling resistance.

V. CONCLUSION AND DISCUSSION

In this paper, a Smith predictor has been applied to compen-
sate for the vehicle actuator delay in a homogeneous CACC
system, in order to improve the potential of CACC. With the
proposed scheme, individual vehicle stability can be considered
independently of the vehicle actuator delay. Moreover, the min-
imum string-stable time gaps have been presented with both
the original and the Smith predictor-based CACC schemes. The
actual minimum string-stable time gap for the Smith predictor-
based scheme is derived, considering the effect of the tracking
latency which is due to fact that the actual intervehicle distance
is larger than the predicted distance. Thereby, the potential re-
duction of the string-stable intervehicle distance is theoretically
analysed. In our CACC configurations, the minimum string-
stable time gap has been decreased by more than 15%. In ad-
dition, the Smith predictor-based scheme has been modified to
be robust to exogenous acceleration disturbances. Experimental
results validate the theoretical analysis with frequency and time
responses.

Potential future works include considering uncertain vehicle
dynamics and heterogeneous platoons. In addition, application
of the Smith predictor on the communication delay is expected
to result in a further reduction of the string-stable intervehicle
distance.
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[14] S. Öncü, J. Ploeg, N. van de Wouw, and H. Nijmeijer, “Coopera-
tive adaptive cruise control: Network-aware analysis of string stabil-
ity,” IEEE Trans. Intell. Transp. Syst., vol. 15, no. 4, pp. 1527–1537,
Aug. 2014.

[15] C. Massera Filho, M. H. Terra, and D. F. Wolf, “Safe optimization of
highway traffic with robust model predictive control-based cooperative
adaptive cruise control,” IEEE Trans. Intell. Transp. Syst., vol. 18, no. 11,
pp. 3193–3203, Nov. 2017.

[16] S. Santini, A. Salvi, A. S. Valente, A. Pescapé, M. Segata, and R. L.
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cooperative ACC based on string stability requirements,” IEEE Trans.
Intell. Veh., vol. 1, no. 3, pp. 277–286, Sep. 2016.

[28] D. Swaroop and J. Hedrick, “Constant spacing strategies for platooning
in automated highway systems,” J. Dyn. Syst., Meas., Control, vol. 121,
no. 3, pp. 462–470, 1999.

[29] J. K. Hedrick, D. Mcmahnon, and D. Swaroop, “Vehicle modeling and
control for automated highway systems,” California Partners Adv. Transit
Highways, Richmond, Berkeley, CA, USA, Tech Rep. UCB-ITS-PRR-
93-24, 1993.

[30] P. Barooah, P. G. Mehta, and J. P. Hespanha, “Mistuning-based control
design to improve closed-loop stability margin of vehicular platoons,”
IEEE Trans. Autom. Control, vol. 54, no. 9, pp. 2100–2113, Sep. 2009.

[31] Y. Liu and B. Xu, “Improved protocols and stability analysis for multive-
hicle cooperative autonomous systems,” IEEE Trans. Intell. Transp. Syst.,
vol. 16, no. 5, pp. 2700–2710, Oct. 2015.
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