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Summary

The number of road vehicles has significantly increased in the past decades, rais-
ing public awareness regarding more effective use of the road network. Mean-
while, many advanced driver assistance systems (ADAS) have been developed
to meet an increasing societal demand to improve driving comfort and/or traffic
safety. Adaptive cruise control (ACC) systems, for instance, relieve the drivers’
task by automatically keeping a desired intervehicle distance. As an extension of
ACC, cooperative adaptive cruise control (CACC) utilizes wireless intervehicle
communications to obtain more information about vehicles in the direct vicin-
ity than would be possible with on-board sensors only. As a result, not only
passenger comfort but also road throughput can be increased, since the applica-
tion of wireless communications allows for short intervehicle distances without
compromising safety.

In CACC systems, a primary requirement is to avoid the amplification of the
effects of disturbances in upstream direction of the string of vehicles, known as
string stability. In CACC platoons, a short intervehicle time gap is desired in
order to increase road capacity, while string stability is guaranteed. However,
the string stability requirement poses a lower bound on this time gap. When
pursuing the minimum string-stable intervehicle distance, time delays in both
wireless communication and vehicle actuator are the main influencing factors.

When many controller design approaches basically accept the time delay as
it is, it is also possible to actively compensate for it, using a Smith predictor.
Given the one-vehicle look-ahead topology, the Smith predictor can be employed
to compensate for the vehicle actuator delay. The resulting scheme leads to in-
dividual vehicle stability independent of the actuator delay. Furthermore, string
stability can be guaranteed with a smaller time gap than without delay com-
pensation, thus further improving the road capacity. To validate the theoretical
analysis, experiments performed with a prototype CACC system consisting of
two passenger vehicles clearly show that the practical results match the theoret-



ii Summary

ical analysis.
The Smith predictor can only be used for time delay, which are in a series

connection with the plant to be controlled. However, the communication delay
is only in the feedforward loop in a unidirectional CACC system. In order to
be able to apply the Smith-predictor principle on the communication delay, the
controller structure is changed into a master-slave structure, which effectively
puts the communication delay in series with the plant. In the resulting system,
information exchange is bidirectional, while the control scheme still follows the
one-vehicle look-ahead strategy. With this strategy, the Smith predictor is able
to compensate for communication delays, which results in an extremely short
minimum string stable time gap.

Since time delays result in a non-rational transfer function representation of
the CACC-controlled string, Padé approximations are widely used to arrive at
a finite-dimensional model. However, a higher order approximation leads to a
more complex system, and may cause numerical problems. Therefore, a method
to determine the lowest possible order of the Padé approximation is proposed,
which is sufficiently accurate in view of both individual vehicle stability and
string stability properties. The procedure to choose the approximation order of
delays is given, validated by time-domain simulations.

With suitable Padé approximations of time delays, many standard control
methods can be applied in CACC systems. When designing a string stable
CACC string with time delays, however, these time delays may not be accurately
known. In order to design a controller robust to uncertainty of the time delay
of wireless communications, the µ-synthesis method is applied, which requires
that the vehicle delays can be replaced by suitable rational approximations. In
addition, µ-synthesis allows for the explicit inclusion in the controller design
specification of the string stability requirement. As a result, string stability for
any delay within the uncertainty bounds can be guaranteed.

In summary, this thesis focuses on the delay-aware design and analysis of
CACC systems. Firstly, applying the Smith predictor to compensate for time
delays significantly decreases the minimum string stable intervehicle distance,
hence, taking further advantage of CACC to improve the road capacity. Sec-
ondly, a procedure to find suitable Padé approximations of the time delays is
proposed, allowing many standard control methods to design a string stable
CACC string, among which µ synthesis.
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Chapter 1

Introduction

Cooperative driving employs wireless communications between vehicles and be-
tween vehicles and infrastructure to relieve the driver’s task, to improve traffic
efficiency and safety, and potentially to reduce fuel consumption. In this chapter,
cooperative driving in general and cooperative adaptive cruise control (CACC)
in particular is described in Section 1.1. Section 1.2 focuses on time delays,
which is one of the most significant influencing factors in view of CACC sys-
tems. Section 1.3 formulates the objectives of this thesis and summarizes the
contributions. Section 1.4 presents the outline of this thesis.

1.1 Cooperative driving

The number of road vehicles has significantly increased in the past decades,
where vehicles in use reached 1.28 billion in 2015, amounting to a motorization
rate of 182 motor vehicles per 1,000 inhabitants in the world (OICA, 2017).
With an annual increase of 4.5%, in 2016, 71.1 million passenger vehicles and
22.9 million commercial vehicles were produced worldwide (OICA, 2018). At
the same time, the expansion of the current roads to increase the road through-
put is costly in both time and money. Consequently, the increasing number of
vehicles requires a more effective use of the road capacity. In parallel, many
Advanced Driver Assistance Systems (ADASs) have been developed to meet an
increasing societal demand to improve driving comfort and/or traffic safety, in
addition to reducing fuel consumption and air pollution (Lu et al., 2005; Piao
and McDonald, 2008). For instance, Cruise Control (CC), which is mainly fo-
cusing on relieving the driver’s task by automatically regulating the speed, have
successfully penetrated into the market. Other applications of ADASs, focusing
on safety, has also rapidly developed and are now widely available, e.g., adaptive
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light control, collision mitigation and lane departure warning.

Extending the functionality of CC systems, Adaptive Cruise Control (ACC)
systems utilize range sensors such as radar, lidar and camera to measure the dis-
tance and the relative velocity to the preceding vehicle and subsequently keeping
a desired intervehicle distance. The driver can generally choose from a limited
number of values for the desired distance. As shown in Fig. 1.1, ACC/traffic
jam pilot/highway pilot are one of the fastest developing ADAS applications,
and attracts the most investments from the market, according to a survey from
Roland Berger (2016). In another report, published by P&S Market Research
(2017), ACC systems improve driving comfort and safety, leading to the fact
that the global ACC market is projected to reach $15,290 million by 2023, grow-
ing at a compound annual growth rate (CAGR) of 18.3% during the forecast
period (2017-2023). The promising future of ACC is due to the fact that ACC
has brought much convenience to the drivers as a comfort driving system, to-

Figure 1.1: Projected size of the market for ADASs in light vehicles in
2025, by component (in billion euros) (Roland Berger, 2016).
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gether with improving safety. ACC systems used to be limited to only operating
within a velocity range, e.g., above 40km/h. Nowadays, many auto makers have
already released full speed range ACC systems. By adding the stop-and-go func-
tion, which allows for the vehicle to brake to a standstill and to pull away again
automatically (Tellis et al., 2004), drivers are enabled to use ACC in urban traffic
environments. Some other ADAS strategies such as rear-end collision mitigation
systems can also be combined with ACC to enhance the safety of drivers and
other traffic participants.

However, ACC systems can only rely on the information of the surround-
ings in sight of on-board sensors, which suffers from sensor delays. In addition,
the type of obtained information is limited to intervehicle distance and pre-
ceding vehicle velocity. These limitations, in fact, compromise safety, comfort,
and, in case of vehicle-following systems such as ACC, also traffic stability. Hu-
man drivers are known to overreact to velocity variations in upstream direction
(Sugiyama et al., 2008), and so do ACC systems with small time gaps (Yanakiev
and Kanellakopoulos, 1998), or with constant intervehicle distance spacing policy
(Swaroop and Hedrick, 1999). In fact, higher ACC market penetration may still
result in amplification upstream the vehicle string, potentially leading to traffic
jams (Seiler et al., 2004; Milanés and Shladover, 2014; Milanés et al., 2014). In
other words, an ACC-equipped vehicle platoon cannot improve the road through-
put. Therefore, Cooperative Adaptive Cruise Control (CACC) systems, which
extend ACC systems with wireless Vehicle-to-Vehicle (V2V) communications,
have attracted significant attention in recent years.

1.1.1 Cooperative adaptive cruise control

CACC systems have been designed for different functions and capabilities, while
the fundamental basis of each CACC is to add a cooperative element through
V2V communication to the automated ACC system. The data communicated
between vehicles in a CACC platoon generally includes position, velocity, actual
and desired acceleration. Benefiting from the wireless communication, a CACC
system can obtain the information of vehicles beyond the immediately preceding
vehicle and vehicles driving behind (Ploeg et al., 2014a; Zheng et al., 2017; Zegers
et al., 2018). Therefore, in CACC systems, wireless communication provides
more information so that vehicles can drive in a platoon with more accurate
and faster response, and a shorter intervehicle spacing, resulting in enhanced
traffic flow stability. Also, fuel consumption is potentially decreased for a CACC
equipped platoon, since the aerodynamic drag can be reduced significantly at
short intervehicle distances, especially for heavy duty vehicles (Al Alam et al.,
2010; Nieuwenhuijze et al., 2012). Browand et al. (2004) presented that with the
intervehicle distance varing between 3-10m, a truck platoon can result in a fuel
reduction of a fuel reduction of 5%-10% for the leading truck and 10%-12% for
the following truck.
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Although ACC and CACC systems are only examples of Level 1 automation,
as defined by both the Society of Automotive Engineers (SAE) and the National
Highway Traffic Safety Administration (NHTSA) (Smith, 2013; NHTSA, 2018),
vehicle-following functionality is also required at higher levels of automation. In
Level 2 automation, ADAS can control both steering and braking/accelerating
simultaneously under some circumstances. An automated driving system can be
developed to perform all aspects of the driving task from Level 3 (under certain
circumstances) to Level 5 (under all circumstances). With Level 5 automation,
the human occupants are just passengers and never need to be involved in driv-
ing.

The primary motivation for the development of CACC is to reduce traffic con-
gestion, and to improve highway capacity (Shladover et al., 2015). In Shladover
et al. (2012), it has been demonstrated that highway capacity could be close to
double with a 100% market penetration of CACC regarding simulation results.
Meanwhile, multiple CACC implementations were successfully carried out. The
California Partners for Advanced Transit and Highways (PATH) program has
investigated different platooning aspects, such as dynamic coordination, control
strategies, human-machine interaction, realization and demonstration of pla-
tooning (Milanés et al., 2014; Shladover et al., 2015). The first and second
Grand Cooperative Driving Challenges (GCDC) have been organized in 2011
and 2016, respectively, in Helmond, The Netherlands, to encourage develop-
ment, integration and deployment of cooperative driving. In the 2011 GCDC
(van Nunen et al., 2012; Ploeg et al., 2012), the focus was on platooning based
on independently developed CACC systems, which enabled the formation of ve-
hicle platoons with small inter-vehicle distances while attenuating disturbances
along the vehicle string (Geiger et al., 2012; Güvenç et al., 2012; Kianfar et al.,
2012; Lidström et al., 2012; Mårtensson et al., 2012). The 2016 GCDC, as part
of the i-GAME project (Englund et al., 2016), had the goal to take cooperative
automated driving a step further by demonstrating advanced realistic traffic sce-
narios, i.e., merging two platoons of vehicles into one, automated crossing and
turning at an intersection, and automatically giving way to an emergency ve-
hicle (Ploeg et al., 2018; Morales Medina et al., 2018). In addition, i-GAME
supported a multi-vendor approach where vehicles from different manufactur-
ers could cooperate based on a minimum set of common rules such as safety
regulations and communication protocols (Englund et al., 2016). Many aspects
of CACC applications have been considered, such as the limited capabilities of
sensors and sensor fusion, imperfections induced by the packet-based communi-
cation, localization and mapping, and behavior and motion planning (Benderius
et al., 2018; Dolk et al., 2018; Kokogias et al., 2018; Taş et al., 2018).

To design a CACC system, some performance properties must be considered,
including individual vehicle stability margin, string stability, and coherence be-
havior (Li et al., 2017). Individual vehicle stability requires that the system
should have a stable set-point, when the preceding vehicle is driving with a con-
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stant speed (Gehring and Fritz, 1997). The main approach to study individual
vehicle stability is to check the poles of the system (Stankovic et al., 2000; Ba-
rooah et al., 2009; Liu and Xu, 2015; Zheng et al., 2017). The stability margin
characterizes the convergence speed and damping ratio of initial errors (Naus
et al., 2010; Hao et al., 2011; Zheng et al., 2016). A CACC platoon is said to
be string stable if the effect of exogenous disturbances is not amplified when
propagating along the vehicle string in upstream direction (Ploeg et al., 2011).
The disturbances of interest generally involve the inter-vehicle distance error, the
acceleration, the velocity, and the position. Under the assumption of homoge-
neous traffic, the string stability property is the same for all types of disturbances
(Naus et al., 2010). The coherence behavior describes how well the formation
resembles a rigid body subject to exogenous disturbances (Bamieh et al., 2012;
Lin et al., 2012). CACC systems pursue improved highway throughput, which
corresponds to a small intervehicle distance. It is noted that string stability is
closely related to the road capacity of CACC systems, which will be introduced
hereafter.

1.1.2 String stability

CACC systems are able to improve highway throughput due to V2V communica-
tion of information in a platoon by reducing the intervehicle distance. However,
if only simply reducing intervehicle distances, it may result in amplification of
exogenous disturbances upstream, such as velocity variations of the lead vehi-
cle of the platoon, which also causes increased fuel consumption and emissions,
traffic jams, or even collisions. Therefore, it is necessary to attenuate the ef-
fects of disturbances along a CACC string. This property is known as string
stability, which is defined as the attenuation of the effect of disturbances in up-
stream direction in a vehicle platoon. Note that, in many publications, string
stability is regarded as a performance criterion, rather than a stability property
(Sheikholeslam and Desoer, 1993; Ploeg et al., 2011; Shladover et al., 2015).

Studies on vehicle strings can be dated back to the 1960s (Levine and Athans,
1966). String stability has been analyzed a variety of ways: using a the rigor-
ous Lyapunov-stability approach (Sheikholeslam and Desoer, 1992; Swaroop and
Hedrick, 1996, 1999); based on the infinite-length platoon model assumption and
using bilateral Z-transform (Melzer and Kuo, 1971; Chu, 1974; Bamieh et al.,
2002; Curtain et al., 2009); and using a performance-oriented approach (Pep-
pard, 1974; Naus et al., 2010). Ploeg et al. (2014b) utilized the well-known notion
of input-output stability, which not only provided a rigorous basis for often-used
string stability criteria including existing results, but also employed these cri-
teria to design controllers both theoretically and practically. This definition is
adopted in this thesis.

As already mentioned, string stability can be achieved with a shorter inter-
vehicle distance in a CACC platoon, than in an ACC platoon. Even when the
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intervehicle distance is not small enough to significantly decrease the aerodynam-
ics force (Alam, 2011; Browand et al., 2004), attenuation of decelerations in the
upstream direction can still reduce the energy waste due to the braking process.
In addition, attenuating the acceleration/deceleration yields a more comfortable
driving experience (Naus et al., 2010). Since the intervehicle distance errors will
not be amplified in a string stable platoon, safety challenges such as rear-end
collisions can be efficiently prevented (Stanger and del Re, 2013a). Therefore,
fulfilling string stability in the process of designing a CACC system is closely
related to optimizing road throughput, fuel efficiency and safety.

Given the importance of string stability, it is necessary to analyze the factors
that influence string stability in CACC systems. Firstly, the dynamics of each
vehicle obviously affect string stability. Vehicle longitudinal dynamics are inher-
ently nonlinear, consisting of drive line, brake system, aerodynamics drag, rolling
resistance, and gravitational force. The actual response of a CACC-equipped
vehicle, which influences the string stability property of a CACC platoon, is
limited by the vehicle dynamics. In Naus et al. (2010), the vehicle response lag
and actuator delay are involved in the feedforward filter of the communicated
information, to arrive at a string stable CACC platoon.

Secondly, the information flow network, which includes the topology and
quality of information flow, can significantly influence string stability. Vari-
ous information flow topologies become feasible in order to meet requirements
for (string) stable CACC platoons, among which the one-vehicle look-ahead,
predecessor-following leader, bidirectional leader, and two-vehicle look-ahead (Li
et al., 2017). On the other hand, wireless communication quality, including the
network-induced communication delays, significantly affects the string stable
performance of a CACC platoon (Öncü et al., 2014; Xu et al., 2014; Milanés
et al., 2014).

Finally, the intervehicle spacing policy is an essential factor in view of string
stability. There are three major spacing policies: the constant distance policy,
the constant time gap policy, and the nonlinear distance policies (Brackstone
and McDonald, 1999). With the constant time gap policy, the desired inter-
vehicle distance linearly depends on the velocity of the follower vehicle, which
corresponds to human driving to some extent (Ploeg et al., 2011; Milanés et al.,
2014).

Note that if wireless communication is without delay, string stability can
be guaranteed with a one-vehicle look-head topology combined with a constant
distance spacing policy (Naus et al., 2010; Lei et al., 2011). However, network-
induced imperfections such as communication delay require an extra velocity-
dependent distance to guarantee string stability (Öncü et al., 2014).
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1.2 Time delays

Time-delay systems are also called systems with aftereffect or dead-time, or
differential-difference equations. They belong to the class of functional differ-
ential equations (FDEs) which are infinite dimensional, as opposed to ordinary
differential equations (ODEs) (Richard, 2003). In the context of a CACC system,
communication delay and vehicle actuator delay inherently exist.

1.2.1 Effects of time delays on CACC

The vehicle actuator delay will influence individual vehicle stability, and both
communication delay and vehicle actuator delay can compromise the string sta-
bility property of CACC platoons. The effects of time delays on CACC will be
introduced hereafter.

Individual vehicle stability is influenced by the vehicle actuator delay for a
CACC-controlled vehicle. In fact, time delays, which so commonly reside in
practical systems, such as turbojet engines, biological plants, metallurgical pro-
cessing systems, and electronics systems, always have effects on stability of the
systems. The effects on system stability have been over the years studied (Smith,
1959; Krasovskii, 1963; Knapp and Carter, 1976; Fridman and Shaked, 2002; Gu
et al., 2003; Michiels and Niculescu, 2007; Boukas and Liu, 2012; Kharitonov,
2012; Seuret and Gouaisbaut, 2013). In view of CACC, the effects of the vehicle
actuator delay and other vehicle dynamic properties such as vehicle response lag
on individual vehicle stability have been comprehensively analyzed (Stankovic
et al., 2000; Barooah et al., 2009; Ploeg et al., 2011; Milanés et al., 2014; Liu and
Xu, 2015; Zheng et al., 2017; Naus et al., 2010; Hao et al., 2011; Zheng et al.,
2016). In general, there exists an upper bound of vehicle actuator delay to meet
the requirement for individual vehicle stability of CACC systems.

As mentioned in Section 1.1.2, string stability of CACC platoons can be af-
fected by both vehicle actuator delay and communication delay. The influences
will be described in detail here. Time delays in CACC systems cause difficulties
in view of the stability analysis and controller design, due to the non-rational
representation and complexity of time delay. Therefore, most studies have taken
into account the effects of wireless communication delays rather than vehicle
actuator delays (Han et al., 2013; Guo and Yue, 2014; di Bernardo et al., 2015;
Mazzola et al., 2016; Liu and El Kamel, 2016; Tak et al., 2016; Harfouch et al.,
2017; Petrillo et al., 2018), or even assume a delay-free intervehicle communi-
cation when formulating the CACC system (Liu et al., 2001; Seiler et al., 2004;
Barooah and Hespanha, 2005; Van Arem et al., 2006; Willke et al., 2009; Middle-
ton and Braslavsky, 2010; Stanger and del Re, 2013b; Lu and Shladover, 2017;
Kayacan, 2017; Zheng et al., 2017; Proskurnikov and Mazo Jr, 2017; Liu et al.,
2017). However, string stability analyses in various CACC strategies, which con-
sider time delays, have indicated the need of substantially restricting the delays
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in order to guarantee string stability (Naus et al., 2010; Kianfar et al., 2012; Fer-
nandes and Nunes, 2012; van Nunen et al., 2013; Morbidi et al., 2013; Milanés
and Shladover, 2014; Montanaro et al., 2014; Wang and Nijmeijer, 2015; Ploeg
et al., 2015; Jia and Ngoduy, 2016; Tuchner and Haddad, 2017; Massera Filho
et al., 2017; Santini et al., 2017; Al-Jhayyish and Schmidt, 2018). There are
some studies in which the communication delay is not accounted in the pro-
cess of controller design (Rajamani and Shladover, 2001; Bu et al., 2010; Gómez
et al., 2014). In these studies, a string stable CACC system can still be practi-
cally realized with certain communication delays. However, that is due to the
fact that these studies selected a sufficiently large time gap, rather than pursuing
the minimum intervehicle distance, which is closely related to time delays.

1.2.2 Controller design of time delay CACC systems

The effects of vehicle actuator delay and wireless communication on string sta-
bility in CACC platoons have been illustrated, from which it appeared that it is
critical to take the time delays into account for analyses and controller design.
Although many studies have been conducted on this topic as mentioned before,
there are still several controller design problems in a CACC system with time
delays.

Despite the many existing experimental validations of CACC systems, only
a few have considered the time delays in the process of controller design for a
string stable CACC system, and seldom a compensator for time delays in the
CACC platoon is applied to pursue for smaller string stable intervehicle distance
in practice. Since the vehicle actuator delay and communication delay play a key
role in designing a string stable CACC system, compensating for the time delays
has a high potential for a shorter intervehicle distance. To deal with time delay
systems, the Smith predictor, proposed by Smith (1959), with many generaliza-
tions and modifications, is widely utilized (Watanabe and Ito, 1981; Zhong, 2006;
Bahill, 1983; Matausek and Micic, 1996; Alvarez-Aguirre et al., 2014; Meinsma
and Zwart, 2000). The Smith predictor and its modifications have been used
in ACC systems. In Yanakiev and Kanellakopoulos (2001), applying the Smith
predictor to compensate for the vehicle actuator delay does not significantly
improve string stability. In Bekiaris-Liberis et al. (2018), a predictor-based de-
sign method is proposed, in which the control law requires the information of
signal history in the time period of vehicle actuator delay. This predictor is in
fact a modification of the Smith predictor (Manitius and Olbrot, 1979). The
minimum string stable time gap is the sum of the vehicle actuator delay, and
some performance related coefficients according to a complex theoretical analy-
sis (Bekiaris-Liberis et al., 2018). However, in a CACC framework, the Smith
predictor or a predictor-based method as in Bekiaris-Liberis et al. (2018) has
not been employed yet. Since wireless communication is applied in CACC, the
string stable time gap is strongly reduced. In addition, wireless communication
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results in that the controller in CACC is quite different from ACC. Considering
vehicle dynamics aspects such as vehicle actuator delay in CACC controller de-
sign, may become much more relevant than was the case with ACC in view of
string stability. Thus, it is worthwhile to try the Smith predictor to compensate
for the vehicle actuator delay in CACC, to decrease the minimum string stable
time gap, and thus improving the road throughput.

Many information flow topologies have been proposed to realize a CACC pla-
toon with desired properties, benefiting from the fact that the wireless communi-
cation can provide information of the surrounding vehicles beyond the preceding
one only. Control and performance of a CACC platoon mainly depends on the
communicated information (Li et al., 2017; Dey et al., 2016). Consequently,
the time delay inherently included in wireless communication has a significant
effect on string stability. The aforementioned analysis of applying a predictor
to compensate for the vehicle actuator delay, inspires an idea of using a Smith
predictor to compensate for communication delay in order to result in a shorter
minimum string stable intervehicle distance. However, a Smith predictor cannot
be simply applied to the communication delay, since it can only compensate for
time delays in a series connection with the plant to be controlled. In most CACC
configurations, the communication delay is not in series with the plant, which is
a direct consequence of how the communicated information is used in the con-
trollers. Therefore, to restructure the control loop such that the communication
delay is in series with the plant is a prerequisite to compensate for it with the
Smith predictor.

Although the predictor approaches can be used to compensate for delays,
time delays in a system lead to non-rational transfer functions, which poses a
problem for many controller design methods. In order to apply these methods
on time delay systems, one reasonable approach may be to replace the time de-
lays by finite-dimensional approximations. For instance, Morbidi et al. (2013)
analytically studied sufficient conditions for string stability with communication
and actuator delays, while the delays are approximated with Maclaurin series
expansions. Padé approximations are more widely used to describe time de-
lays, since they often give a better approximation of the delay system than the
Maclaurin series of the same order (Golub and Van Loan, 1989). There have
been some applications of Padé approximations of time delays in CACC sys-
tems, for instance, a linear controller was designed, with the vehicle actuator
delay approximated by a 2nd-order Padé approximation (Kianfar et al., 2012); a
4th-order Padé approximation was adopted to permit a finite-dimensional model
of the vehicle dynamics for the vehicle actuator delay (Öncü et al., 2014); in
Ploeg et al. (2014a), both the vehicle and communication delays were described
by a 3rd-order Padé approximation for the H∞ controller synthesis. Although a
higher order Padé approximation would lead to a more accurate representation,
the resulting system is more complex. Consequently, it is necessary to provide
a method to choose an approximation of time delays with a suitable order, from
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both an individual vehicle stability perspective and a string stability perspective
such that (string) stability properties of the controlled system with the exact
delays are as expected.

Finally, in CACC studies that take time delay into account, the delay is
generally defined as constant, or considered as uncertain while the upper bound
value of the time delay is in fact used in the controller design (di Bernardo
et al., 2015; Gao et al., 2016). However, although a larger communication delay
potentially may lead to a more rigorous requirement to guarantee the string
stability property, considering all possible time delays in the controller synthesis
can provide a more comprehensive understanding of the relation between string
stability behavior and time delays. Therefore, it is desirable to analyze and
design CACC systems while taking uncertainty in the time delay into account.
This leads to robust control methods, using a suitable rational approximation of
the time delays mentioned earlier.

1.3 Objectives and contributions

Given the aforementioned challenges, this thesis focuses on the analysis and
controller design in view of both the vehicle actuator delay and communication
delay, for a string stable CACC system. The specific objectives are defined as
follows:

� Utilize the Smith predictor to compensate for time delays in vehicle ac-
tuation and communication in order to reduce the minimum string stable
time gap in the scope of the constant time gap policy. In order to com-
pensate for the communication delay, re-locate the controllers, such that
effectively putting the communication time delay in series with the plant
to be controlled.

� Experimentally validate the theoretical results regarding the minimum
string stable intervehicle distance in a CACC-equipped vehicle platoon.

� Propose a criterion for a suitable approximation of the time delays from
both an individual vehicle stability perspective and a string stability per-
spective, thereby extending the range of controller design methods that are
applicable, and the resulting controller can guarantee the desired CACC
properties with time delays in practice.

To address these objectives, the following contributions have been made,
corresponding to the challenges mentioned in Section 1.2.2.

1. Smith predictor compensating for vehicle actuator delays

A Smith predictor that compensates for the vehicle actuator delay has been
proposed. As a result, individual vehicle stability does not depend on the
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vehicle actuator delay. Moreover, the minimum string stable time gap
has been reduced by more than 15 %. In addition, 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 in a platoon of two CACC vehicles.

2. Master-slave control function with the Smith predictor compen-
sating for communication delays

Next to compensating the vehicle actuator delay, a novel CACC strategy
in which the Smith predictor is applied to compensate for communica-
tion time delay, has been developed. Based on the one-vehicle look-ahead
CACC topology, the control functions have been innovatively re-located,
i.e., the controller of a CACC-equipped vehicle is, in fact, located on its
preceding vehicle in the same CACC platoon. As a result, the information
flow is bidirectional, in which the preceding vehicle also receives informa-
tion from the follower vehicle. This follower vehicle, however, does not
affect the motion of the preceding vehicle. Consequently, the communi-
cation time delay has been set in series with the plant to be controlled,
and thus allows for the application of a Smith predictor to compensate
for communication delays, resulting in an extremely small minimum string
stable time gap of 0.05 s. Simulation experiments have been carried out to
demonstrate the feasibility of the proposed Smith predictor based CACC
systems with the master-slave control function.

3. Approximations of time delays

Rational approximations of time delays allow for a large set of controller
design approaches for CACC. Criteria of choosing suitable Padé approxi-
mations of both vehicle actuator and communication delays have been pre-
sented such that a low order approximation is obtained, which preserves
the (string) stability properties of the CACC system. Ranges of controller
parameters that lead to individual vehicle stability, and the values of the
minimum string-stable time gaps, are compared with approximated and
exact delays, respectively. With the results of this method, time-domain
simulations are conducted to validate that the selected order Padé approx-
imation with the given CACC string is suitable for design and analysis of
CACC systems.

4. µ-synthesis with uncertain time delays

The time delays are not constant in practice. In order to analyze a CACC
system with uncertain delays, µ-synthesis has been applied. Consequently,
it is possible to design CACC systems robust to the uncertain time delays,
which leads to less conservatism than only taking the maximum value
of delays into account. The resulting CACC system guarantees string
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stability of the CACC platoon in realistic cooperative driving situations
with uncertain communication delays.

1.4 Outline of the thesis

This thesis is organized as follows. Chapter 2 presents a method that actively
compensates for the vehicle actuator delay with a Smith predictor, which is based
on Xing et al. (2019). With the common one-vehicle look-ahead topology and
constant time gap policy, the Smith predictor is applied to loosen the time gap
requirement for string stability. In addition, the resulting scheme leads to indi-
vidual vehicle stability independent of the vehicle actuator delay. The resulting
decreased minimum string stable time gap is theoretically and experimentally
validated.

In Chapter 3, the control functions of CACC have been re-located in order to
put the wireless communication delay in series with the vehicle to be controlled.
In this chapter, a Smith predictor can be used to compensate for the communica-
tion delays. The rearrangement of the controller components has been presented,
which can be characterized as a master-slave system. Compensating for the com-
munication delays results in an extremely short minimum string stable time gap.
Simulations have been conducted with this control function.

Next, Chapter 4, which is directly based on Xing et al. (2016), presents a
method to determine the lowest possible order of the Padé approximation, which
is sufficiently accurate in view of both individual vehicle stability and string
stability properties. The procedure is illustrated with a Proportional-Derivative
controller, followed by a time-domain simulation validation.

With a suitable approximation of time delays, a µ-synthesis method has
been presented considering time delay uncertainties in Chapter 5. The resulting
CACC system guarantees string stability of the vehicle platoon with vehicles in
view of uncertain communication delays.

Finally, Chapter 6 summarizes the main conclusions of this thesis regarding
the Smith predictor compensating for delays, approximations of time delays,
and µ-synthesis of uncertain delays, and presents recommendations for future
research.



Chapter 2

Smith Predictor Compensating
for Vehicle Actuator Delays

1

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 communica-
tion delay have a significant effect on the (string) stability properties. Therefore,
a Smith predictor has been applied to compensate for the vehicle actuator de-
lay, 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 vehicle 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 distur-
bances into account. The results are experimentally validated using a platoon
of two passenger vehicles, illustrating the practical feasibility of this approach.

2.1 Introduction

Adaptive Cruise Control (ACC) systems have penetrated into the market, re-
lieving the driver’s task by automatically keeping a desired intervehicle distance
(Marsden et al., 2001). 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 leading to traffic jams
(Ploeg et al., 2011). In addition, safety challenges such as rear-end collisions can

1This chapter is based on Xing et al. (2019).
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be efficiently prevented in a string stable platoon (Stanger and del Re, 2013a).
Therefore, string stability is worthwhile considering in the design of a vehicle
platoon. However, in ACC-equipped vehicle platoons, the string stable behav-
ior is only obtained at large intervehicle distances, which do not improve road
throughput (Seiler et al., 2004; Milanés et al., 2014). To improve highway capac-
ity, cooperative ACC (CACC) systems have been developed, in which wireless
vehicle-to-vehicle communications are employed (Naus et al., 2010; Shladover
et al., 2015). As a result, shorter intervehicle distances can be achieved while
guaranteeing string stability. Therefore, highway capacity could be close to dou-
ble with a 100% market penetration of CACC compared to with only manually
driven or only ACC controlled vehicles (Shladover et al., 2012).

String stability is affected by vehicle dynamics (Naus et al., 2010), informa-
tion flow topology and the quality of intervehicle sensing and communication
(Li et al., 2017; Xu et al., 2014; Dolk and Heemels, 2017), and the intervehicle
spacing policy (Brackstone and McDonald, 1999). In particular, both communi-
cation delay and vehicle actuator delay, which inherently exist in CACC platoons
(Ploeg et al., 2011; Milanés et al., 2014), can significantly compromise string sta-
bility. Various CACC strategies considering time delays have been developed,
which indicate the need of substantially restricting the delays in order to guar-
antee string stability (Naus et al., 2010; Öncü et al., 2014; Ploeg et al., 2011;
Massera Filho et al., 2017; Santini et al., 2017).

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 actu-
ator delays (di Bernardo et al., 2015; Mazzola et al., 2016; Harfouch et al., 2017;
Petrillo et al., 2018), or even assumed a delay-free intervehicle communication
(Middleton and Braslavsky, 2010; Stanger and del Re, 2013b; Kayacan, 2017).
In the studies where vehicle actuator or communication delays are ignored, a
sufficiently large, rather than a minimum string-stable time gap is selected in
the controller design, such that CACC platoons can be string stable with certain
time delays in practice (Rajamani and Shladover, 2001; Bu et al., 2010). 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 design
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 Naus et al. (2010); Milanés and Shladover (2014), needs more
attention to arrive at a shorter intervehicle distance. In Xing et al. (2016), 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 increased 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. In-
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dividual 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 (Swaroop and Hedrick, 1999). Individual
vehicle stability is affected by the vehicle dynamics, and particularly the vehicle
actuator delay (Hedrick et al., 1993; Barooah et al., 2009; Liu and Xu, 2015).

To deal with time delay, Proportional Integral Derivative (PID), Model Pre-
dictive Control (MPC), and the Smith predictor are the most common ap-
proaches. 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 (Åström and Hägglund, 2000; Normey-Rico, 2007). MPC can also be
used to avoid the effects of time delay. However, synthesis and analysis of string-
stable behavior with MPC is difficult to obtain because of the finite horizon used
(Dunbar and Caveney, 2012; Kianfar et al., 2012; Camacho and Alba, 2013). 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 accu-
rate (Normey-Rico, 2007; Normey-Rico and Camacho, 2008). 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 excep-
tions in the ACC controller design, which are closely related to CACC systems.
In ACC, a Smith predictor has been applied to compensate for the vehicle ac-
tuator delay (Yanakiev and Kanellakopoulos, 2001), while string stability was
not significantly improved. In Bekiaris-Liberis et al. (2018), a predictor-based
design method was proposed in an ACC scheme, which is a modification of the
Smith predictor (Manitius and Olbrot, 1979). The control law required the in-
formation 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 performance related coefficients according to complex
theoretical analyses.

Since wireless communication is utilized, the control function 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 compensate for time delays in a series connection with the
plant to be controlled.

To improve both string stability and individual vehicle stability characteris-
tics, this chapter applies a Smith predictor to compensate for the vehicle actuator
delay in CACC systems. The underlying objective here is to decrease the min-
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Figure 2.1: CACC-equipped vehicle string.

imum allowable time gap, thus increasing road throughput. Furthermore, the
Smith predictor-based controller allows for larger ranges of gains to guarantee
individual vehicle stability. 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 chapter is as follows. The next section presents the model
of a CACC control vehicle string. Section 2.3 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.

2.2 CACC string

A homogeneous CACC string, as shown in Fig. 2.1, is considered, where qi, vi and
ui are the position, velocity, and desired acceleration of vehicle i, respectively;
li 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 (Hedrick et al.,
1994). The resulting vehicle dynamics readq̇i(t)v̇i(t)

ȧi(t)

 =

 vi(t)
ai(t)

− 1
τ ai(t) + 1

τ ui(t− θa)

 (2.1)

where ai is the actual acceleration of vehicle i; θa and τ are the vehicle actuator
delay and time constant representing the longitudinal vehicle response, respec-
tively. This model sufficiently describes the longitudinal vehicle dynamics in
view of CACC systems (Liu et al., 2001; Milanés and Shladover, 2014; Lidström
et al., 2012; Ploeg et al., 2014a). The vehicle model parameters used in this
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thesis have been shown to be very adequate based on the experimental model
identification (Ploeg et al., 2011). Note that time delays cannot be compensated
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−θas

1

s2(τs+ 1)
(2.2)

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−θas (2.3a)

G(s) =
1

s2(τs+ 1)
(2.3b)

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

In CACC platoons, the wireless intervehicle link is generally employed for
feedforward purposes. In our case, the feedforward input is the desired acceler-
ation ui−1 of the preceding vehicle. Considering communication delay θc, the
received feedforward input of vehicle i is

ui−1,c(t) = ui−1(t− θc). (2.4)

Note that packet loss is neglected in the theoretical analysis. In Dolk and
Heemels (2017), event-triggered control strategies were proposed to guarantee
desired stability and performance criteria in the presence of packet losses.

A constant time gap spacing policy is utilized, which is the most common
spacing policy to improve string stability, see Naus et al. (2010) and the refer-
ences contained therein. According to this spacing policy, the desired intervehicle
distance reads

dr,i(t) = r + hvi(t) (2.5)

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 assump-
tion. The actual intervehicle distance di reads

di(t) = qi−1(t)− qi(t)− li. (2.6)

To realize the vehicle-following objective, the intervehicle distance error ei, de-
fined as

ei(t) = di(t)− dr,i(t) (2.7)

should asymptotically converge to zero. To this end, a PD controller is most
widely adopted, especially in experimental applications (Milanés et al., 2014;
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Figure 2.2: Block scheme of the CACC system.

Ploeg et al., 2011). In addition, it is assumed that there is no initial error in
this CACC platoon, i.e., ei(t0) = 0. Here the algorithm in Ploeg et al. (2011)
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). (2.8)

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

ξi(t) = ui−1(t− θc) + kpei(t) + kdėi(t) (2.9)

where kp and kd represent the proportional and derivative gains, respectively.
Without loss of generality, choose r = li = 0 when analyzing individual vehicle
stability and string stability. Thus, the control structure can be depicted as in
Fig. 2.2, where H(s), Dc(s) and K(s) represent the Laplace transforms,

H(s) = hs+ 1 (2.10a)

Dc(s) = e−θcs (2.10b)

K(s) = kp + kds, (2.10c)

respectively.

2.3 Smith predictor for Vehicle actuator delay

By applying a Smith predictor, it is aimed to eliminate the actuator delay Da(s)
in the feedback loop in Fig. 2.2. In this way, individual vehicle stability will
become independent of the vehicle actuator delay and string stability can be
guaranteed with a smaller time gap.

The Smith predictor is first introduced in Section 2.3.1, following the appli-
cation of the Smith predictor on CACC in Section 2.3.2. Then, in Section 2.3.3
and Section 2.3.4, individual vehicle stability and string stability of the Smith
predictor-based CACC are analyzed, respectively. The virtual delay-free vehicle
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Figure 2.3: Block diagram of a Smith predictor.

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 2.3.5. The effect of packet loss is shown with simu-
lations in Section 2.3.6. In Section 2.3.7, the Smith predictor is modified to be
robust to exogenous acceleration disturbances.

2.3.1 Smith predictor introduction

The Smith predictor, proposed in Smith (1959), is the most common time delay
compensating controller. Numerous generalizations and modifications of the
Smith predictor have been presented, see Niculescu (2001) and the references
therein. The Smith predictor structure is shown in Fig. 2.3. 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
. (2.11)

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 process P0(s). In the ideal situation of perfect modeling (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. (2.12)

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
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Figure 2.4: Control block of a Smith predictor-based CACC vehicle string.
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vehicle string, with accurate vehicle dynamics.

Fig. 2.2, since communication delay is not in a series connection with the plant
to be controlled.

2.3.2 Smith predictor-based CACC

According to the Smith predictor strategy, two feedback loops are added to
the scheme in Fig. 2.2, resulting in the Smith predictor-based block in Fig. 2.4.
Ĝ(s) and D̂a(s) represent the estimated delay-free vehicle dynamics and actuator
delay, respectively. 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 (2.13)

Ksp(s) = ksp,p + ksp,ds. (2.14)



2.3 Smith predictor for Vehicle actuator delay 21

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. 2.5.
According to the experiment for vehicle dynamics identification (Ploeg et al.,
2011, 2014a), 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 chapter, and the focus is on analysis of the simplified control scheme.
Acceleration disturbances due to the road friction and slope, and weather/wind
will be considered in Section 2.3.7. Note that it is possible to estimate slowly
time-varying delays in a Smith predictor-based scheme (Lai and Hsu, 2010).

In Fig. 2.5, 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. 2.5, while the actual vehicle information
is used in the original CACC block scheme as shown in Fig. 2.2. 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) (2.15)

v̄i(t) := vi(t+ θa). (2.16)

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

di,sp(t) := qi−1(t)− q̄i(t) (2.17)

and the desired distance as dr,i,sp:

dr,i,sp(t) := hspv̄i(t). (2.18)

The tracking error ei,sp follows as

ei,sp(t) = di,sp(t)− dr,i,sp(t)

= [qi−1(t)− q̄i(t)]− hspv̄i(t). (2.19)

The actual (real) intervehicle distance di(t) is given in (2.6). Subtracting
both sides of (2.6) and (2.17), di,sp(t) relates to di as follows:

di(t)− di,sp(t) = q̄i(t)− qi(t). (2.20)

Hence, di > di,sp (assuming the vehicles drive in forward direction). 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 difference is referred to as the tracking latency, being inherent to
the application of the Smith predictor in this setting. The effect of the tracking
latency will be discussed in Section 2.3.5.
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2.3.3 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. Employ-
ing the Smith predictor allows for individual vehicle stability to be independent
of the vehicle actuator delay.

In the original control structure shown in Fig. 2.2, 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)
. (2.21)

Then individual vehicle stability is determined by the denominator of (2.21).
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 (Xing
et al., 2016). Adopting the vehicle parameters identified in experiments (Ploeg
et al., 2011), 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. (2.22)

Then, the allowable ranges for the PD controller gains kp and kd to keep indi-
vidual vehicle stability can be numerically found, as shown in Fig. 2.6, 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. 2.5), 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)
. (2.23)

Apparently, the vehicle actuator delay is eliminated from the characteristic equa-
tion. 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 (2.23), it follows that the individual vehicle is stable for

ksp,p > 0 and ksp,d > τksp,p (2.24)

With the same parameters, which result in the stability condition (2.22) for
the original system, the individual vehicle stability requirement with the Smith
predictor reads

ksp,d > 0.05. (2.25)
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Figure 2.6: 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.

In the Smith predictor-based scheme, the range of ksp,p and ksp,d to keep indi-
vidual vehicle stability is shown in Fig. 2.6, 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.

2.3.4 String stability

The influence of the Smith predictor on string stability can be analyzed as fol-
lows. In the frequently applied performance-oriented approach, string stability
is characterized by the amplification in the upstream direction of the signal of in-
terest (Naus et al., 2010; Ploeg et al., 2011). Denote the string stability transfer
function as S(s), which describes 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 (2.26)

with the frequency ω ∈ R+. The string stability transfer functions for the
original control structure in Fig. 2.2 and the Smith predictor-based scheme in
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Fig. 2.5, denoted as Sorg and Ssp, respectively, read

Sorg =
1

H

Dc +DaGK

1 +DaGK
(2.27)

Ssp =
1

Hsp

Dc +DaGKsp

1 +GKsp
. (2.28)

The minimum time gaps for the original scheme (2.27) and the Smith predictor-
based scheme (2.28), which are denoted as hmin(kp, kd) and hsp,min(ksp,p, ksp,d),
respectively, can be numerically calculated (Xing et al., 2016). In the experimen-
tal setting, the wireless communication update frequency is 25 Hz, and the maxi-
mum communication delay θc = 0.04 s is taken into account (Ploeg et al., 2014a).
The vehicle parameters are τ = 0.1, θa = 0.2 s (Ploeg et al., 2011). Considering
individual vehicle stability and the speed of response (Ploeg et al., 2011; Naus
et al., 2010), 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, respectively, in view of string stability analyses.

The minimum string-stable time gaps as a function of the controller gains are
presented without and with the Smith predictor in Fig. 2.7(a) and (b), respec-
tively. In Fig. 2.7(a), the minimum string-stable time gap hmin increases with
increasing kp and decreasing kd, while Fig. 2.7(b) indicates that hsp,min increases
with increasing ksp,p and ksp,d. hmin is bigger than 0.3 s. However, hsp,min can
be chosen as small as 0.02 s while still yielding string stability. Note that, as
mentioned before, the actual intervehicle 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.

2.3.5 Effect of tracking latency

The tracking latency corresponds to the difference between the virtual interve-
hicle distance di,sp and the actual distance di (see (2.20)). Since, however, the
actual distance determines the road throughput and safety, it is necessary to an-
alyze 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 (2.19) converges to zero. Thus,

d∗i,sp(t) = d∗r,i,sp(t) = hspv̄
∗
i (t). (2.29)

Note that ·∗(t) denotes the corresponding variable ·(t) in the stationary condi-
tion. Substituting (2.20) into (2.29), the actual intervehicle distance reads

d∗i (t) = hspv̄
∗
i (t) + q̄∗i (t)− q∗i (t). (2.30)
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Figure 2.7: The minimum string-stable time gaps.

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 (2.31)

q̄∗i (t) = q∗i (t+ θa) = q∗i (t) + θav
∗
i (2.32)

respectively. Substituting (2.31) and (2.32) into (2.30), results in the actual
intervehicle distance:

d∗i (t) = (hsp + θa)v∗i (t) (2.33)

which depends on the Smith predictor-based time gap hsp and the vehicle actu-
ator delay θa.
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Now, the condition that a Smith predictor-based controller can improve the
CACC string stability property, can be derived. From (2.33), 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, (2.34)

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). (2.35)

Choosing h = 0.3 s and hsp,min = 0.05 s to meet the string stability requirement
according to Fig. 2.7, the improvement of intervehicle 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 distance have been
analyzed in the stationary situation. Next, let us consider the transient behavior,
i.e., ai 6= 0. After checking the difference of the tracking latency between the
steady-state and transient situations, it will be compared with the improvement
(2.35).

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 (2.36)

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 (2.37)

respectively. Assuming the spacing error is zero, the actual intervehicle distance
reads

di(t) = hspv̄i(t) + q̄i(t)− qi(t). (2.38)

Substituting (2.36) and (2.37) into (2.38), the actual intervehicle distance di
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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. (2.39)

It follows that the largest possible intervehicle distance in the Smith predictor-
based CACC scheme occurs when ai equals its maximum positive value. As-
suming ai = 2 m/s

2
, hsp = 0.05 s, and θa = 0.2 s, (2.39) becomes

di(t) = (hsp + θa)vi(t) + 0.06. (2.40)

Comparing (2.33) and (2.40), it follows that the increase of di between the
situations from constant to non-constant velocities is 0.06 m. Thus, the in-
tervehicle 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 = −10 m/s
2

for example). This situation is relevant in view of
safety. (2.39) becomes

di(t) = (hsp + θa)vi(t)− 0.3. (2.41)

Thus, di with non-constant velocities is decreased by 0.3 m compared to that with
a constant velocity, which is less than the velocity-dependent distance (hsp +
θa)vi(t), if vi(t) > 1.2 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 8.03 m by d∗improved = 1.97 m/s.

2.3.6 Packet Loss

With a wireless communication update frequency of 25 Hz, there is little effect
of packet loss on string stability in the original CACC system (Lei et al., 2011).
To check whether the main result from Lei et al. (2011) also holds for the system
with Smith predictor, simulation results of the proposed CACC system are shown
in Fig. 2.8, to compare the responses of the follower vehicle with and without
packet loss. Packet loss is realized in a stochastic way, that one packet is dropped
according to a loss probability with uniform 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
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Figure 2.8: 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).

ksp,d = 0.7 as in Ploeg et al. (2011). The communication delay is chosen as
0.04 s, and the time gap is designed to be 1 s. Fig. 2.8 shows the follower vehicle
responses to the same leading vehicle 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.

2.3.7 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. The approximated acceleration in the Smith predictor and
the measured acceleration will be used 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
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Figure 2.9: Control block of a modified Smith predictor-based CACC
vehicle string, considering acceleration disturbances.

the actual vehicle.
Considering the disturbance δi in the CACC scheme in Fig. 2.9, the measured

actual acceleration ai reads

ai(s) =
e−θas

τs+ 1
[ui(s) + δi(s)]. (2.42)

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

âi(s) =
e−θas

τs+ 1
ui(s). (2.43)

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)
τs+1 − 1

1 + Da(s)M(s)
τs+1

. (2.44)

Inspired by Matausek and Micic (1996) and Astrom et al. (1994),

M(s) =
1

1 + 1
τs+1

1
θas+1 −

1
τs+1e

−θas
(2.45)

is chosen in order to guarantee stability of (2.44), 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 (2.45), (2.44) is
stable, given that individual vehicle stability is guaranteed. Here, the third term
e−θas

τs+1 in the denominator of (2.45) is actually the transfer function from ui to âi,
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Figure 2.10: Experimental vehicle platoon, consisting of two CACC-
equipped passenger vehicles.

and the second term is a first-order approximation of e−θas

τs+1 , which can decrease
the effect of the possible non-constant disturbance. Furthermore, lims→0 Fδ = 0
with (2.45), which proves that there will no steady-state error with a constant
disturbance.

2.4 Experimental Validation

The controllers with and without the modified Smith predictor have been im-
plemented in a platoon of two passenger vehicles, equipped with a prototype
CACC system as shown in Fig. 2.10. 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 (Ström, 2011), allowing for
communication of the vehicle motion and controller information between the
CACC vehicles with an update rate of 25Hz (Ploeg et al., 2014a); see Ploeg
et al. (2011) 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 communi-
cated 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.
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2.4.1 Frequency Response Experiments

For the sake of reproducibility of the experiments, the leading vehicle is pro-
grammed to track a predefined velocity trajectory which has been designed as a
random-phase multisine excitation input (Pintelon and Schoukens, 2012). This
signal needs to excite the frequency range of interest for the assessment of string
stability. Here, the frequency values {0.01, 0.02, 0.03, ..., 0.3}Hz are chosen with
weighted amplitudes as in Öncü et al. (2014). Then, the leading vehicle con-
troller in Ploeg et al. (2014a) 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 Ploeg et al. (2011).

Fig. 2.11 shows the similarity between the theoretical (black) and experimen-
tal (gray) frequency response magnitudes of the string stability transfer func-
tion Sorg and Ssp, despite the noise level due to estimation inaccuracy. Since
the communication delay θc = 0.04 s is considered, in Fig. 2.11(a), the theoret-
ical 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. In Fig. 2.11(b),
it appears that string stability is guaranteed with the Smith predictor-based
controller and hsp = 0.05 s. Therefore, 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 the minimum string-stable time gap is pursued. The esti-
mated 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.
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Figure 2.11: Frequency response magnitudes: estimated and theoretical
magnitudes are represented with dashed gray and solid black lines, re-
spectively.
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2.4.2 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. 2.12
and Fig. 2.13 show the time responses with the original and Smith predictor-
based CACC schemes, respectively. 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. 2.12(c) and Fig. 2.13(c) indicates
that applying the proposed Smith predictor-based CACC controller reduces the
minimum string-stable intervehicle 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 validate
(2.5), (2.33), and (2.35). Intervehicle distance errors as shown in Fig. 2.12(d)
and Fig. 2.13(d) 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 and the actual acceleration ai, the disturbance δi
appears to be a constant offset, approximately, with a magnitude of 0.05 m/s

2
,

which is mainly due to effects of the rolling resistance.
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Figure 2.12: 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.
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Figure 2.13: Measured time responses with the Smith predictor (a) the
acceleration and (b) the velocity (black: first vehicle, gray: follower), (c)
the intervehicle distance, and (d) the intervehicle distance error.
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2.5 Conclusions and discussion

In this chapter, a Smith predictor has been applied to compensate for the ve-
hicle 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 reduction of the
string-stable intervehicle distance is theoretically analyzed. In our CACC con-
figurations, the minimum string-stable time gap has been decreased by more
than 15 %. In addition, 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.



Chapter 3

Compensation of Communication
Delays in CACC

1

Abstract Cooperative adaptive cruise control (CACC) employs intervehicle
wireless communications to safely drive at short intervehicle distances, which
improves road throughput. The underlying technical requirement to achieve this
benefit is formulated by the notion of string stability, requiring the attenuation
of the effects of disturbances in upstream direction. The wireless communication
delay, however, significantly compromises string stability. In order to compen-
sate for time delays, a Smith predictor can be applied. For application of a
Smith predictor, the time delay needs to be in a series connection with the plant
to be controlled, which is realized by introducing a master-slave architecture for
CACC. As a result, information exchange appears to become bidirectional, while
the control scheme still follows the one-vehicle look-ahead strategy. In this way,
the minimum string-stable intervehicle distance can be significantly decreased.
The results are validated using simulations with a platoon of CACC-equipped
vehicles.

3.1 Introduction

THE number of road vehicles has significantly increased in the past decades,
raising public awareness regarding limited road capacity. Meanwhile, many ad-
vanced driver assistance systems have been developed to meet an increasing
societal demand to improve driving comfort and/or traffic safety. Adaptive
cruise control (ACC) systems, for instance, relieve the driver’s task by automat-
ically keeping a desired intervehicle distance, which results in a vehicle platoon

1This chapter is based on Xing et al. (2019a).
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(Marsden et al., 2001). For a vehicle platoon, an important requirement is
string stability, which is defined as attenuation of the effects of disturbances
introduced by downstream vehicles, in upstream direction (Ploeg et al., 2014b).
A string-stable vehicle platoon prevents amplifications of variations in velocities
and intervehicle distances along the vehicle platoon, which will compromise road
throughput, and potentially lead to traffic jams. In addition, a string-stable ve-
hicle platoon can be beneficial for safety, and for fuel consumption, particularly
for heavy-duty vehicles (Ramakers et al., 2009).

However, in ACC-equipped vehicle platoons, string-stable behavior is only
obtained at large intervehicle distances, which does not improve road through-
put (Seiler et al., 2004; Milanés et al., 2014). Therefore, to improve highway
capacity, cooperative ACC (CACC) systems have been developed, in which wire-
less vehicle-to-vehicle (V2V) communications are employed (Naus et al., 2010;
Shladover et al., 2015). As a result, shorter intervehicle distances can be achieved
while guaranteeing string stability. Highway capacity could be close to double
with a 100% market penetration of CACC compared to only manually driven or
only ACC controlled vehicles (Shladover et al., 2012).

The main factors that affect string stability include vehicle dynamics (Naus
et al., 2010), the intervehicle spacing policy (Brackstone and McDonald, 1999),
information flow topology (Li et al., 2017), and the quality of intervehicle sensing
and communication (Öncü et al., 2014; Xu et al., 2014). In particular, commu-
nication delay, which inherently exists in V2V communications, can significantly
compromise string stability (Öncü et al., 2014; Naus et al., 2010). That is due
to the fact that the CACC functionality relies to a large extent on the vehicle
information transmitted by wireless communication, e.g., the position, velocity,
actual and desired acceleration.

To eliminate the effects of communication delays in CACC, information-
updating algorithms have been proposed in Liu et al. (2001) and Fernandes and
Nunes (2012), in which an upper level information controller manages all vehicles
in a platoon to update each vehicle’s controller simultaneously with the delayed
information. However, the performance of individual vehicles is sacrificed, and
it is hardly possible to have all the vehicle controllers updated at exactly the
same time in practice (Liu et al., 2001). Moreover, a centralized controller is not
suitable for a platoon due to the challenges of gathering the information of all
vehicles in a platoon and solving a large-scale optimization problem (Li et al.,
2017). Therefore, most CACC applications employ distributed controllers.

Numerous distributed CACC strategies considering communication delays
have been developed, e.g., linear controllers, robust controllers, sliding model
controllers and model predictive controllers, which indicate the need of substan-
tially restricting the delays in order to guarantee string stability (Dunbar and
Caveney, 2012; Kianfar et al., 2012; Milanés and Shladover, 2014; Ploeg et al.,
2014a; Gao et al., 2016; Tuchner and Haddad, 2017; Massera Filho et al., 2017;
Santini et al., 2017; Zegers et al., 2018; di Bernardo et al., 2015; Mazzola et al.,
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2016; Tak et al., 2016; Harfouch et al., 2017; Petrillo et al., 2018). Considering
direct compensation for delays, Proportional Integral Derivative (PID), Model
Predictive Control (MPC), and the Smith predictor are the most general ap-
proaches. However, PID, which can predict the future error with the derivative
action, allows for easy analysis, rather than synthesis of string-stable behavior
(Åström and Hägglund, 2000; Normey-Rico, 2007). Synthesis and analysis of
string-stable behavior with MPC is difficult to perform because of the finite
horizon used (Dunbar and Caveney, 2012; Kianfar et al., 2012; Camacho and
Alba, 2013). On the other hand, a Smith predictor allows for relatively straight-
forward synthesis and analysis of string-stable behavior. In addition, a Smith
predictor is not computationally demanding (as opposed to MPC), and can be
applied as an add-on to existing CACC controllers.

The Smith predictor, proposed in Smith (1959), is known to handle large time
delays very well in the sense of stability and performance (Normey-Rico, 2007;
Normey-Rico and Camacho, 2008; Richard, 2003). Many generalizations and
modifications of the Smith predictor have been presented considering a variety
of aspects (Bahill, 1983; Matausek and Micic, 1996; Zhong, 2006). In case of
ACC/CACC systems, there have been some studies to compensate for vehicle
actuator delay to reduce the string-stable intervehicle distances (Yanakiev and
Kanellakopoulos, 2001; Bekiaris-Liberis et al., 2018; Xing et al., 2019).

However, a Smith predictor has not been used to compensate for the commu-
nication delay in CACC systems. That is due to the fact that a Smith predictor
can only be applied to compensate for time delays if the latter are in a series
connection with the plant to be controlled. In most CACC strategies, a vehicle
receives information from other vehicles in the platoon, and generates the de-
sired action by its local controller. Therefore, the communication delay is in the
feedforward loop, in which case the Smith predictor cannot be employed. As
a solution, in this chapter, it is proposed to re-locate the controller, effectively
putting the communication delay in series with the system to be controlled. The
controller of a CACC-equipped vehicle is located in its preceding vehicle. There-
fore, a master-slave control strategy is actually introduced to the CACC system,
thus allowing for the application of a Smith predictor on communication delays,
which results in extremely short string-stable distances. The applicability of the
Smith predictor-based CACC framework is demonstrated with simulations.

The outline of this chapter is as follows. The next section introduces a one-
vehicle look-ahead CACC strategy. Section 3.3 presents a CACC system based
on a master-slave strategy, in which the Smith predictor can be applied. In
the fourth section, we analyze stability and string-stable performance of the
proposed CACC structure. Simulation results are shown in Section 3.5, upon
which Section 3.6 presents the robust performance. The last section summarizes
the main conclusions.



40 Chapter 3. Compensation of Communication Delays in CACC

Figure 3.1: CACC-equipped string of vehicles with the one-vehicle look-
ahead topology.

3.2 Modeling and Control of a CACC string

In this section, we focus on the modeling and control of CACC with a one-
vehicle look-ahead topology, which is practically feasible for CACC. As shown
in Fig. 3.1, a homogeneous CACC string composed of n vehicles is assumed in
this chapter, where li, qi, vi and ui are the length, position, velocity, and desired
acceleration of vehicle i, respectively.

A simplified vehicle model is often adopted for CACC design, obtained
through the feedback linearization of a nonlinear vehicle model (Hedrick et al.,
1994). The resulting vehicle dynamics readq̇i(t)v̇i(t)

ȧi(t)

 =

 vi(t)
ai(t)

− 1
τ ai(t) + 1

τ ui(t− θa)

 , (3.1)

where ai is the actual acceleration of vehicle i, θa represents the vehicle actuator
delay, and τ is a time constant representing the longitudinal vehicle dynamics.
Consequently, the transfer function G(s) from the desired acceleration ui to
position qi reads

G(s) =
qi(s)

ui(s)
= e−θas

1

s2(τs+ 1)
(3.2)

where s ∈ C is the Laplace variable, ui(s) and qi(s) denote the Laplace transform
of ui(t) and qi(t), respectively. Note that, with a slight abuse of mathematical
notation, ·(s) denotes the Laplace transform of the corresponding time-domain
variable ·(t).

A constant time gap spacing policy is utilized, which is the most common
spacing policy to improve string stability, see Naus et al. (2010) and the ref-
erences contained therein. Then the desired intervehicle distance dr,i between
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vehicle i−1 and i involves a standstill distance ri and a velocity-dependent part:

dr,i(t) = ri + hvi(t) (3.3)

where h is the time gap, being identical for all vehicles in this homogeneous
CACC string. The actual intervehicle distance di reads

di(t) = qi−1(t)− qi(t)− li. (3.4)

To realize the vehicle-following objective, the intervehicle distance error ei, de-
fined as

ei(t) = di(t)− dr,i(t) (3.5)

should asymptotically converge to zero, with the first vehicle driving at a con-
stant velocity. To this end, the controller in Ploeg et al. (2011) is adopted, where
a pre-compensator with input ξi is introduced according to

u̇i(t) = − 1

h
ui(t) +

1

h
ξi(t). (3.6)

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

ξi(t) = ui−1,c(t) + kpei(t) + kdėi(t) (3.7)

where kp and kd represent the controller parameters; ui−1,c(t) is the received
desired acceleration of the preceding vehicle, which suffers from the wireless
communication delay θff, reading

ui−1,c(t) = ui−1(t− θff). (3.8)

Without loss of generality, we choose ri = li = 0 when analyzing stability
and string stability. Hence, the control structure can be depicted as in Fig. 3.2,
where H(s), K(s) and Dff(s) represent the Laplace transforms,

H(s) = hs+ 1 (3.9a)

K(s) = kp + kds (3.9b)

Dff(s) = e−θffs. (3.9c)

Here, we introduce string stability of this one-vehicle look-ahead CACC sys-
tem, adopting the so-called performance-oriented approach (Naus et al., 2010;
Ploeg et al., 2011), which is characterized by the amplification in upstream di-
rection of the signal of interest. Therefore, the string stability transfer function
S(s) describes the relation between a relevant (scalar) signal of vehicle i and the
corresponding signal of its preceding vehicle. A CACC system of interconnected
vehicles is string stable if

sup
ω
|S(jω)| ≤ 1. (3.10)
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Figure 3.2: Block scheme of the one-vehicle look-ahead CACC system.

Considering for instance the desired acceleration, the transfer function Sorg(s)
from ui−1 to ui reads

Sorg(s) =
1

H(s)
· Dff(s) +G(s)K(s)

1 +G(s)K(s)
(3.11)

for the original CACC scheme in Fig. 3.2. Note that the transfer function is the
same for the velocity, acceleration, intervehicle distance and distance error in a
homogeneous CACC string.

In the case of zero communication delay, (3.11) reduces to

Sorg(s) =
1

H(s)
· 1 +G(s)K(s)

1 +G(s)K(s)
=

1

H(s)
. (3.12)

Hence, (3.10) is fulfilled for any non-negative time gap, i.e., h ≥ 0 s. However, as
previously stated, a communication delay inherently exists in reality, which plays
a significant role in view of string stability. With θff > 0, a certain minimum
time gap hmin is required to meet the string stability criterion (3.10), since a
bigger time gap h results in smaller magnitudes of 1

H(s) and, hence, Sorg(s) in

(3.11).

3.3 Smith Predictor with Master-Slave CACC
Strategy

The communication delay plays a key role in designing a string-stable time gap in
the CACC system as presented in the previous section. To actively compensate
for the delay with a Smith predictor, it is necessary to put the delay in series
with the system to be controlled, while the communication delay Dff is not in
series with G (the vehicle to be controlled) in the original CACC scheme as
shown in Fig. 3.2. To this end, a master-slave architecture for CACC systems



3.3 Smith Predictor with Master-Slave CACC Strategy 43

G

Dfb

Kms

Hms

H−1

msui−1

ui

ei

qiξi
G

qi−1

qi + hmsviei;c

Vehicle i− 1 Vehicle i

Dff

ui;c

+
+

−

+

Figure 3.3: CACC scheme with a master-slave control strategy.

is introduced in this section. Based on this control strategy, we apply a Smith
predictor to compensate for the wireless communication delays and analyze the
resulting system with respect to string stability.

3.3.1 CACC with Master-Slave Control Strategy

In this section, communication delay is put in series by re-arranging the controller
structure, as will be explained next. The proposed master-slave CACC strategy
is shown in Fig. 3.3. Here, the preceding vehicle i − 1 (in the dashed block)
acts as a master, while the vehicle i serves as a slave (in the dotted block). This
master-slave CACC strategy is derived from the original CACC scheme as shown
in Fig. 3.2, with the preceding vehicle i− 1 in the dashed block and the vehicle
i in the dotted block. The modification from the original CACC scheme can be
described as follows.

Firstly, the controller for vehicle i (slave) is re-located into the preceding
vehicle i− 1 (master), which is a fundamental characteristic of the master-slave
strategy. Consequently, the desired acceleration of vehicle i is generated in the
preceding vehicle i− 1, which is defined as ui,c. Vehicle i receives desired accel-
eration ui, which suffers from a feedforward communication delay θff, yielding

ui(t) = ui,c(t− θff). (3.13)

Secondly, due to the re-arrangement of the controller, the intervehicle dis-
tance error ei,c needs to be transmitted to the preceding vehicle i − 1 by the
“feedback communication”. Here, the desired intervehicle distance of vehicle i
reads

dr,i,ms(t) = hmsvi(t), (3.14)
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Figure 3.4: Wireless communication topology and information flow in a
master-slave CACC architecture.

where hms represents the time gap in this master-slave CACC strategy. There-
fore, the intervehicle distance error to be communicated ei,c is

ei,c(t) = di(t)− dr,i,ms(t). (3.15)

Note that a feedback communication delay θfb is induced, leading to that vehicle
i− 1 receives the distance error ei according to

ei(t) = ei,c(t− θfb). (3.16)

In the master-slave strategy depicted in Fig. 3.3, H(s), K(s), Dff(s) and Dfb(s)
represent the Laplace transforms,

Hms(s) =hmss+ 1 (3.17a)

Kms(s) =kms,p + kms,ds (3.17b)

Dff(s) =e−θffs (3.17c)

Dfb(s) =e−θfbs, (3.17d)

where kms,p and kms,d are the controller parameters. The subscripts of θff and
θfb indicate the direction of information communication.

Note that the controller of vehicle i is partly executed on vehicle i−1, which
requires that vehicle i − 1 should be reliable. In fact, in the common CACC
structure (see Fig. 3.2), vehicle i also relies on vehicle i− 1 in the sense that the
desired acceleration of vehicle i−1 is used by vehicle i. Therefore, a master-slave
CACC does not significantly increase intervehicle dependency.

This master-slave CACC strategy can be realized in practice with the bidirec-
tional communication as shown in Fig. 3.4. However, this master-slave strategy
is still a one-vehicle look-ahead approach, since the controller of vehicle i only
uses information of vehicle i and the preceding vehicle i− 1.
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Figure 3.5: Minimum string-stable time gaps hms,min(θff) and hmin(θff),
with θfb = θff.

In the master-slave CACC strategy, the string stability transfer function from
ui−1 to ui reads

Sms =
1

Hms
· Dff(1 +DfbGKms)

1 +DffDfbGKms
. (3.18)

The Laplace variable s is omitted here for the sake of readability. Similar to
the case of (3.11), the magnitude of Sms decreases with an increasing time gap
hms. Therefore, to fulfill the criterion (3.10), there exists a minimum string-
stable time gap hms,min, which depends on the communication delays. Here,
the minimum string-stable time gap hmin for the original one-vehicle look-ahead
CACC and hms,min for the master-slave CACC can be calculated with given
values of the communication delay. To this end, we adopt the vehicle parameters
identified in experiments (Ploeg et al., 2011), being: τ = 0.1 and θa = 0.2 s.
The controller parameters kp = kms,p = 0.2 and kd = kms,d = 0.7 according to
Ploeg et al. (2011) are used. Fig. 3.5 shows hmin (gray) and hms,min (black) as
functions of the communication delay, for the original and for the master-slave
CACC, respectively, where the feedback delay θfb is chosen equal to θff for the
sake of simplicity. Fig. 3.5 has been obtained by taking a fixed value for the
communication delay and then searching for the smallest value of the time gap,
such that supω |S(jω)| = 1. From the figure, both hms,min and hmin increase
with increasing communication delay. Apparently, introducing the master-slave
architecture leads to a larger minimum string-stable time gap than that of the
original scheme. However, the master-slave strategy allows for a Smith predictor
approach. This appears to greatly reduce the minimum string-stable time gap,
as will be shown in the next section.
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Figure 3.6: Block diagram of a Smith predictor.

3.3.2 Smith Predictor with Master-Slave Control Strategy

In this section, firstly, the Smith predictor is briefly introduced. Secondly, the
application of the Smith predictor to the master-slave CACC strategy will be
described.

The Smith predictor structure is shown in Fig. 3.6. The controlled plant is
denoted by P (s), which is assumed to consist of a delay-free part P0(s) and a
time delay e−θs. x, y and δ represent the reference, the plant output, and the dis-
turbance, respectively. In case of without a Smith predictor, the complimentary
sensitivity transfer function T (s) from x to y reads

T (s) =
C(s)P0(s)e−θs

1 + C(s)P0(s)e−θs
. (3.19)

In the Smith predictor-based scheme, the plant output y is adapted to ysp, by
adding two feedback loops (in the dotted block) from the controller output u
through a process P0(s)e−θs, and a delay-free process P0(s). The essence of a
Smith predictor is that a delay-free plant output is estimated, which is then used
for feedback control. The difference between the delayed estimated output and
the actual plant output is used for correcting the model mismatch. In the ideal
situation of perfect modeling (P (s) = P0(s)e−θs), the Smith predictor-based
complimentary sensitivity reads

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

1 + C(s)P0(s)
e−θs. (3.20)

In view of stability analysis, the main advantage of the Smith predictor approach
is that the time delay is eliminated from the feedback loop.

According to the Smith predictor approach, two feedback loops are added
to the scheme in Fig. 3.3, resulting in the Smith predictor-based structure in
Fig. 3.7. The Smith predictor is shown in a dashed block, which is a part of
the controller located at vehicle i− 1. Note that the Smith predictor is applied
to the error in this specific case, instead of the plant output as shown in the
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Figure 3.7: Smith predictor compensating for feedforward communication
delay in a master-slave CACC strategy.

general scheme in Fig. 3.6. However, it does not change the principle of the
Smith predictor. Hsp and Ksp are introduced in this Smith predictor-based
CACC system according to

Hsp(s) = hsps+ 1 (3.21a)

Ksp(s) = ksp,p + ksp,ds (3.21b)

with the Smith predictor-based time gap hsp, and controller parameters ksp,p

and ksp,d.
The two added feedback loops are introduced as follows. The input of the

Smith predictor is ui,c, which is generated in vehicle i − 1. One loop in Block
I is an estimated plant with feedforward communication delay, as P0(s)e−θs in
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Figure 3.8: Smith predictor-based control scheme in a master-slave
CACC, when the values of vehicle parameters and communication delay
are exactly known.

Fig. 3.6. q̂i, v̂i, êi and êi,c are the estimated position, velocity, intervehicle
distance error and communicated error, respectively. The other loop in Block
II is free of the feedforward communication delay, as P0(s) in Fig. 3.6. q̄i, v̄i,

and ēi represent the corresponding predicted states given that D̂ff is eliminated.
The output of the Smith predictor is the difference of êi,c and ēi,c. Ĝ, D̂ff and

D̂fb represent the estimated vehicle dynamics, feedforward delay and feedback
delay, respectively.

In the case that G, Dff and Dfb are exactly known, i.e., Ĝ = G, D̂ff = Dff

and D̂fb = Dfb, êi,c = ei,c, block I in Fig. 3.7 will compensate for the response
of the real vehicle, leaving only block II in the control loop as shown in Fig. 3.8.
Consequently, the string stability transfer function from ui−1 to ui reads

Ssp =
1

Hsp
· Dff +DffDfbGKsp

1 +DfbGKsp
=

Dff

Hsp
. (3.22)

The string stability criterion (3.10) is then fulfilled with any time gap hsp ≥ 0,
i.e., the minimum string-stable time gap hsp,min is zero. Note that a large feed-
forward communication delay may compromise safety, although string stability
is guaranteed. According to the experiment for vehicle dynamics identification
(Ploeg et al., 2014a, 2011), vehicle actuator delay θa = 0.2 s and the time con-
stant τ = 0.1 appears to be invariant. The vehicle dynamics are considered to
be exactly known in this chapter.

In this section, a Smith predictor has been applied to compensate for com-
munication delay on the proposed master-slave CACC system in view of string
stability. The performance of this master-slave CACC will be further analyzed
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in the next section. In particular, the actual intervehicle distance is concerned
in Section 3.4.2 due to the difference between the predicted position q̄i and the
actual position qi(t).

3.4 Performance of Master-Slave CACC with
Smith Predictor

In this section, we analyze the performance of the master-slave CACC, in which
a Smith predictor is applied to compensate for the feedforward communication
delay.

3.4.1 Individual Vehicle Stability

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 (Swaroop and Hedrick, 1999). We assume
there is no model uncertainty here. The stability analyses of the Smith predictor-
based CACC with model uncertainties is beyond the scope of this chapter.

Individual vehicle stability can be analyzed with the characteristic polyno-
mial of the relevant string stability transfer functions. According to (3.11),
(3.18), and (3.22), the characteristic polynomials read

F := 1 +GK (3.23a)

Fms := 1 +DffDfbGKms (3.23b)

Fsp := 1 +DfbGKsp (3.23c)

for the original, the master-slave, and the Smith predictor-based CACC sys-
tems, respectively, with no occurrence of pole-zero cancellation. The vehicle
parameters of the previous section (τ = 0.1, θa = 0.2 s) are used. The update
frequency of the wireless link is 25 Hz, which leads to a maximum communication
delay of 0.04 s in the experimental setting (Ploeg et al., 2014a), assuming that
there is no significant delay in the transmitter and/or receiver. Then, the al-
lowable ranges for the controller gains {kp, kd}, {kms,p, kms,d} and {ksp,p, ksp,d},
to achieve individual vehicle stability for the original, the master-slave, and the
Smith predictor-based CACC systems, respectively, can be numerically found.
Individual vehicle stability conditions can be derived with the Routh-Hurwitz
criterion by replacing the time delay by a 3rd-order Padé approximation, which
is sufficient for the frequency range of interest for the vehicle and CACC (Xing
et al., 2016). The results are shown in Fig. 3.9. {kp, kd}, {kms,p, kms,d} and
{ksp,p, ksp,d} should be within the area bounded by the solid dark curve, solid
gray curve, and dashed dark curve, respectively. Here, the maximum stabil-
ity ranges of the proportional gains are 0 < kp < 6.69, 0 < kms,p < 4.01,



50 Chapter 3. Compensation of Communication Delays in CACC

Figure 3.9: Ranges of controller gains to guarantee individual vehicle
stability: {kp, kd}, {kms,p, kms,d}, and {ksp,p, ksp,d} in the area bounded
by the solid dark curve, the solid gray curve, and the dashed dark curve,
respectively. Here τ = 0.1, θa = 0.2 s, and θff = θfb = 0.04 s, and the
3rd-order Padé approximation of the time delay is used.

0 < ksp,p < 5.09; The actual stability range depends on the value of the dif-
ferential gain, as can be seen in the figure. It is reasonable that increasing
communication delay increases the total value of time delay in the characteristic
polynomials, which leads to a smaller range of the proportional and differential
gains in view of individual vehicle stability.

3.4.2 Effect of Tracking Latency

In this section, we assume that communication delay is exactly known. Ac-
cording to the CACC scheme as shown in Fig. 3.8, the predicted position q̄i
reads

q̄i(t) := qi(t+ θff). (3.24)

Similarly, the predicted velocity v̄i yields

v̄i(t) := vi(t+ θff). (3.25)
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The objective of the controller is to regulate ēi,c to zero, which implies the
delayed error ēi also approaches zero, see Fig. 3.8. ēi,c reads,

ēi,c(t) = qi−1(t)− q̄i(t)− hspv̄i(t), (3.26)

which indicates that the controller aims to control a virtual distance d̄i =
qi−1(t) − q̄i(t), rather than the actual distance di(t) = qi−1(t) − qi(t), to a
desired value. Given the fact that q̄i(t) > qi(t) for a forward driving platoon, it
follows that d̄i(t) < di(t). Hence, the actual distances di(t) will converge to a
value that is larger than the desired distance. This difference is referred to as
“tracking latency” ∆qi, defined as

∆qi(t) := di(t)− d̄i(t) = q̄i(t)− qi(t), (3.27)

which is the additional distance due to the Smith predictor scheme. This tracking
latency will be investigated in the remainder of this section.

Firstly, a stationary condition is considered, and vehicle i drives at a constant
velocity v∗i . Here, ·∗(t) denotes the corresponding variable ·(t) in this stationary
condition. Consequently, (3.24) and (3.25) can be re-written as

q̄∗i (t) = q∗i (t+ θff) = q∗i (t) + θffv
∗
i (3.28a)

v̄∗i (t) = v∗i (t+ θff) = v∗i . (3.28b)

Substituting (3.28) into (3.26), leads to

q∗i−1(t)− q∗i (t)− hspv
∗
i − θffv

∗
i = 0, (3.29)

i.e., q∗i−1(t)− q∗i (t) = hspv
∗
i + θffv

∗
i . Therefore, the actual stationary intervehicle

distance d∗i reads

d∗i (t) = q∗i−1(t)− q∗i (t) (3.30)

= (hsp + θff)v∗i

Consequently, the actual time gap h∗sp,a in this Smith predictor-based CACC
system is

h∗sp,a = hsp + θff, (3.31)

which corresponds to the earlier conclusion that the actual stationary distance
is larger than the desired value.

Now we can compare the minimum string-stable time gaps for the original
and Smith predictor-based CACC systems. When the minimum string-stable
time gap hsp = hsp,min = 0 is selected for the Smith predictor-based CACC
system, the minimum actual time gap reads h∗sp,min,a = θff. Considering the
upper bound of the communication delay θff = 0.04 s as mentioned before,
h∗sp,min,a = 0.04 s is much smaller than minimum time gap hmin ≈ 0.35 s in



52 Chapter 3. Compensation of Communication Delays in CACC

the original CACC scheme as shown in Fig. 3.5. In other words, despite the
fact that the tracking latency introduces an additional intervehicle distance, the
minimum string-stable distance h∗sp,min,av

∗
i is still significantly smaller than that

in the original CACC system. In a highway scenario, for example, with a station-
ary velocity v∗i = 120 km/h = 33.33 m/s, the stationary distance thus reduces
from 0.35× 33.33 = 11.66 m to 0.04× 33.3 = 1.33 m.

Having analyzing the tracking latency in the stationary situation, we now
consider the transient behavior, i.e., ai 6= 0. The predicted velocity and position
read

v̄i(t) = vi(t+ θff) = vi(t) +

∫ t+θff

t

ai(γ) dγ (3.32a)

q̄i(t) = qi(t+ θff)

= qi(t) +

∫ t+θff

t

vi(λ) dλ

= qi(t) +

∫ t+θff

t

(
vi(t) +

∫ λ

t

ai(γ) dγ

)
dλ

= qi(t) + θffvi(t) +

∫ t+θff

t

∫ λ

t

ai(γ) dγ dλ. (3.32b)

Substituting (3.32) into (3.26) leads to

ēi,c(t) = qi−1(t)− qi(t)− θffvi(t)−
∫ t+θff

t

∫ λ

t

ai(γ) dγ dλ

− hsp

(
vi(t) +

∫ t+θff

t

ai(γ) dγ

)
. (3.33)

Focusing on the effect of the Smith predictor, the distance error is assumed to
be zero. Thus, the actual intervehicle distance di(t) reads

di(t) = qi−1(t)− qi(t)

= (hsp + θff)vi(t) + hsp

∫ t+θff

t

ai(γ) dγ

+

∫ t+θff

t

∫ λ

t

ai(γ) dγ dλ. (3.34)

It follows that the largest possible intervehicle distance in the Smith predictor-
based CACC scheme occurs when ai equals its maximum positive value. Con-
sidering a constant acceleration ai(t) = a′i, (3.34) leads to

di(t) = (hsp + θff)vi(t) + a′ihspθff +
1

2
a′iθ

2
ff. (3.35)
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With the minimum string-stable time gap hsp = hsp,min = 0, a′i = 4 m/s
2

and
θff = 0.04 s, di(t) = θffvi(t) + 0.0032. Compared to (3.30), the increase of
di between the stationary and transient situations is 0.0032 m, which can be
neglected with respect to the nominal distance, being in the order of meters.

Similarly to analyzing the largest possible intervehicle distance, we can con-
sider the situation with respect to the shortest intervehicle distance for the sake
of preventing collisions, which happens with the maximum deceleration. Taking
a′i = −10 m/s

2
for example, (3.34) becomes

di(t) = θffvi(t)− 0.008 (3.36)

with the minimum string-stable time gap hsp = hsp,min = 0. Therefore, there
will no safety risk even if an emergency brake occurs.

In summary, applying a Smith predictor to compensate for the feedforward
communication delay in a master-slave CACC system can significantly decrease
the minimum string-stable intervehicle distance, even considering the tracking
latency.
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3.5 Simulation Results

To validate the theoretical results, simulations are conducted with the original
controller and the Smith predictor-based controller for a CACC string with four
vehicles. The desired acceleration for the leading vehicle is set as a trapezoidal
acceleration profile, as shown in Fig. 3.10. All vehicles in this CACC string start
from vi(0) = 0 m/s at the desired distance, being equal to the standstill distance
r = 2.5 m. The PD controller gains are set the same for both cases: kp = ksp,p =
0.2 and kd = ksp,d = 0.7 as in Ploeg et al. (2011). The communication delay θff

and θfb are assumed to be known, and equal to 0.04 s in this section.
Fig. 3.11 shows the time responses of four vehicles with h = 0.3 s, which is

smaller than the minimum string-stable time gap as shown in Fig. 3.5. Conse-
quently, the CACC-equipped vehicles are string unstable, i.e., the magnitudes
of the acceleration and other signals in upstream direction are amplified. In
Fig. 3.11(c), di increases from 2.5 m at vi(0) = 0 m/s to 10 m at vi = 25 m/s,
which corresponds to the desired intervehicle distance in (3.3).

Having compensated for feedforward communication delay, the time responses
with hsp = 0.05 s are presented in Fig. 3.12. The responses of vehicle 1 and 2 are
omitted in Fig. 3.12 for reasons of readability. In fact, hsp = 0 s can be chosen to
guarantee string stability according to (3.22), while hsp = 0.05 s is selected here
to keep the simulation responses readable. It can be observed that the accel-
eration and the velocity smoothly respond to those of the preceding vehicles in
Fig. 3.12(a) and (b), respectively. Fig. 3.12(d) indicates that the intervehicle dis-
tance error is extremely small, whereas Fig. 3.12(c) shows that the intervehicle
distance is 4.75 m at 25 m/s, which corresponds to (3.30). Comparing Fig. 3.11
and Fig. 3.12, it is clear that with the proposed Smith predictor-based CACC
controller, a much smaller string-stable intervehicle time gap can be realized.

0 5 10 15 20 25
-1

0

1

2

3

4

Figure 3.10: Desired acceleration of the leading vehicle in a CACC pla-
toon.
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Figure 3.11: Time responses with the original CACC controller. θff =
θfb = 0.04 s and h = 0.3 s.
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Figure 3.12: Time responses with the Smith predictor-based CACC con-
troller. θff = θfb = 0.04 s and hsp = 0.05 s.
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Figure 3.13: hsp,min as a function of θff and θfb, given different selected

θ̂ff and θ̂fb

3.6 Robust String Stability Considering Uncer-
tain Communication Delays

In practice, the wireless communication delay is uncertain, and has an upper
bound. As already mentioned, the maximum communication delay is θff,max =
θfb,max = 0.04 s in the experimental setting (Ploeg et al., 2014a). In this section,
we analyze the effect of communication delay uncertainty on string stability in
the proposed control structure in, and determine the suitable value of communi-
cation delays that should be chosen in the Smith predictor for a small minimum
string-stable time gap. Here, we assume that the vehicle parameters in this
homogeneous CACC system are accurately known.

With the variable communication delays θff and θfb, and estimated commu-
nication delays θ̂ff and θ̂fb, the string stability transfer function from ui−1 to ui
for the CACC structure in Fig. 3.7 reads

Ssp,u =
1

Hsp
· Dff(1 +DfbGKsp)

1 + (D̂fb +DffDfb − D̂ffD̂fb)GKsp

, (3.37)

while (3.22) holds for the plant with exactly known communication delay. Here,
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D̂ff = e−θ̂ffs and D̂fb = e−θ̂fbs. θ̂ff and θ̂fb are constant values in the proposed
Smith predictor-based scheme, and thus θ̂ff and θ̂fb should be selected such that
the minimum string-stable time gap can be as small as possible. Considering
θff, θfb ∈ (0, 0.04] s, Fig. 3.13 shows the minimum string-stable time gap hsp,min

as a function of the variable communication delay according to (3.37), given a

selected set of θ̂ff and θ̂fb. Fig. 3.13 clearly suggests that choosing the Smith
predictor delays θ̂ff and θ̂fb equal to the maximum possible value of the real
delays, overall leads to a very low minimum string-stable time gap. In fact, if θ̂ff

and θ̂fb are chosen smaller than θff,max and θfb,max, the remaining part of delays

can still significantly compromise string stability. With θ̂ff = θff,max = 0.04 s,
the resulting minimum string-stable time gap is hsp,min = 0.022 s according to
Fig. 3.13(a).

Simulations with respect to uncertain wireless communication delay are con-
ducted here to validate the theoretical results. In the time-domain simulations,
the desired acceleration for the leading vehicle is set as in Fig. 3.10. Parameters
are the same as in Fig. 3.12, except for the actual communication delays, which
are set to θff = θfb = 0.01 s. θ̂ff = θ̂fb = 0.04 s are chosen, according to Fig. 3.13.
The time responses vehicles 0 and 3 are shown in Fig. 3.14. In Fig. 3.14(a) and
(b), the acceleration and the velocity of the last vehicle reach those of the leading
vehicle slower than in Fig. 3.12(a) and (b), respectively, which is due to the fact
that the estimated communication delays in the Smith predictor are larger than
the actual delays. Consequently, the intervehicle distances in Fig. 3.14(c) show
a slight overshoot compared to the desired intervehicle distance in (3.30). How-
ever, the signals in Fig. 3.14 attenuate in downstream direction, which indicates
that the CACC platoon is string stable.
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Figure 3.14: Time responses with the Smith predictor-based CACC con-
troller. θff = θfb = 0.01 s, θ̂ff = θ̂fb = 0.04 s, and hsp = 0.05 s.
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3.7 Conclusion

In this chapter, a Smith predictor was employed to compensate for the communi-
cation delay in a homogeneous CACC system, in order to take more advantage
of CACC in view of the road throughput. A master-slave control strategy is
applied, based on re-arranging the communication delays, such that they are in
series with the controlled plant, which allows for the application of a Smith pre-
dictor. Consequently, an extremely small minimum string-stable time gap was
realized, even considering tracking latency which is due to fact that the actual
intervehicle distance is larger than the predicted distance. Even under communi-
cation delay uncertainty, the proposed control strategy performs adequately, in
terms of yielding a small string-stable time gap. This can be realized by choosing
the delays in the Smith predictor according to the maximum possible commu-
nication delay. The minimum string-stable time gap can retain very small while
being robust to uncertain communication delays, by selecting maximum time
delays in the Smith predictor. Simulations of CACC-equipped vehicles with the
proposed strategy has been conducted, resulting in a string stable platoon with
a time gap of 0.05 s, which validates the theoretical results.



Chapter 4

Padé Approximation of Delays in
CACC Based on String Stability

Requirements
1

Abstract Cooperative Adaptive Cruise Control (CACC) improves road through-
put by employing inter-vehicle wireless communications. The inherent commu-
nication time delay and vehicle actuator delay significantly limit the minimum
inter-vehicle distance in view of string stability requirements. Hence, controller
design needs to consider both delays, which result in a non-rational transfer
function representation of the CACC-controlled string. Padé approximations
can be applied to arrive at a finite-dimensional model, which allows for many
standard control methods. The objective is to provide a method to decide for
the lowest possible order of the Padé approximation, which is sufficiently accu-
rate in view of CACC (string) stability analysis. The constant time gap strategy
and a one-vehicle look-ahead topology are adopted to develop a CACC stable
string. First, based on the stable controller parameter region, a suitable order
of Padé approximations of the vehicle actuator delay can been carried out in
view of individual vehicle stability. Then, the minimum string-stable time gaps
for a CACC system with both exact and approximated delays have been com-
pared. The procedure with a Proportional-Derivative (PD) controller to choose
the approximation order of delays has been given, followed by the time-domain
simulation validation.

1This chapter is based on Xing et al. (2016).
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4.1 Introduction

Advanced Driver Assistance systems have significantly developed in the last
decades. Adaptive Cruise Control (ACC) systems are penetrating into the mar-
ket. Equipped with radar or camera to detect the preceding vehicle, ACC sys-
tems relieve the drivers’ task by automatically keeping a desired inter-vehicle
distance (Marsden et al., 2001). To realize a shorter inter-vehicle distance and,
consequently, to improve highway capacity, Cooperative ACC (CACC) systems,
which use wireless inter-vehicle communications, have been developed (Naus
et al., 2010; Shladover et al., 2012). String stability, which refers to the at-
tenuation of the effects of disturbances in upstream direction of the string of
vehicles, is a primary requirement for a CACC string to prevent traffic jams
while increasing highway throughput. Furthermore, string stability is beneficial
for safety and for fuel consumption particularly for commercial vehicles (Stanger
and del Re, 2013a).

However, imperfections induced by the wireless communication, such as de-
lays, sampling intervals, packet loss and communication constraints, can affect
string stability (Heemels and van de Wouw, 2010). Thus, it is critical to take
communication delays into account to design and analyze a CACC string.

The influence of communication delay on string stability has been well-known
in the literature. In Liu et al. (2001), for instance, the effects of communication
delays from lead and preceding vehicles were analyzed through a partial frac-
tion expansion approach. Naus et al. (2010) derived a necessary and sufficient
frequency-domain condition for string stability, considering communication de-
lay. Ploeg et al. (2011) presented theoretical analysis and experimental results,
indicating that the existence of communication delay compromises string stabil-
ity. In the Grand Cooperative Driving Challenge 2011 (Lidström et al., 2012;
Güvenç et al., 2012; Geiger et al., 2012; Kianfar et al., 2012), the information of
vehicles was communicated at 10 Hz. In the GCDC 2016 (Englund et al., 2016),
vehicle motion data update frequency was required to be 25 Hz.

In a CACC string, besides wireless communication delays, there is also the
vehicle actuator delay, which not only affects individual vehicle stability (Hedrick
et al., 1993), but also has effects on string stability. From recent experiments
on vehicle model validation (Ploeg et al., 2011; Milanés et al., 2014), there is
an observable vehicle actuator delay value, which cannot be ignored. In Kianfar
et al. (2012), the vehicle actuator delay and actuator response lag were taken
into account when designing CACC systems. Xiao et al. (2008) presented a
requirement for minimum time gap to guarantee string stability, considering
parasitic vehicle delays and phase lags. Based on the Lyapunov-Razumikhin
theorem, Huang and Ren (1997) constructed a conservative upper bound for the
vehicle actuator delay to guarantee individual vehicle stability, and derived a
condition for string stability.

Hence, both the vehicle actuator delay and the wireless communication delay
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are of utmost importance in view of string stability in CACC systems.

However, considering time delays leads to a non-rational transfer function,
which poses a problem for many controller design methods. To deal with the
non-rational representation of time delays, some studies have paid attention to
the applications of approximations for time delays. As an example, Morbidi
et al. (2013) analytically studied sufficient conditions for string stability with
communication and actuator delays, while the delays were approximated with
Maclaurin series expansions under the assumption that the product of the de-
lay and the frequency was sufficiently small. However, Padé approximation is
more frequently used for systems with time delays, since it often gives a better
approximation of the delay system than the Maclaurin series of the same order,
and it may still result in a suitable representation, whereas the Maclaurin series
of the same order does not converge (Golub and Van Loan, 1989).

Padé approximations of time delays have been applied in CACC systems in
some publications. In Kianfar et al. (2012), a linear controller was designed,
where vehicle actuator delay was approximated by a 2nd-order Padé approxima-
tion in a CACC string. In Öncü et al. (2014), a 4th-order Padé approximation
was adopted to permit a finite-dimensional model of the vehicle dynamics in
view of the vehicle response delay. In Ploeg et al. (2014a), both the vehicle
and communication delays were described by a 3rd-order Padé approximation.
Although a higher order Padé approximation leads to a more accurate represen-
tation, the resulting system is more complex. Thus, it is necessary to explicitly
motivate a suitable order of the Padé approximation used in CACC systems. In
addition, a too high-order Padé approximation may cause numerical problems,
e.g., in Ploeg et al. (2014a), increasing the Padé approximation order for both
delays by n leads to an increment of the controller order by 2n, which will require
an additional order-reduction step in the H∞ controller synthesis to make the
controller applicable in practice.

This chapter focuses on a procedure to find a suitable (low) order for the ap-
proximation for the delays in view of both individual vehicle stability and string
stability. To this end, firstly, to preserve a similar (individual) stability property
of both the CACC system with approximated delays and the one with exact
delays, both systems should have approximately the same range of controller
parameters that lead to stability. Next, in view of string stability, the minimum
time gap for the approximated CACC system with selected order should be close
to the one of the original system, where a variety of vehicle model parameters
and communication delays have to be considered.

Based on a particular PD controller, the selected order of the Padé approx-
imation of the delays is possibly also suitable when designing other controllers
for CACC systems, which has been illustrated with a comparison of the PD
controller as applied in this chapter and the H∞ controller from Ploeg et al.
(2014a). Thus, in CACC systems, the method proposed in this chapter can be
used to decide on the order of Padé approximations, with many other linear
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Figure 4.1: CACC-equipped string of vehicles.

controllers including robust controllers with regards to model uncertainties.

The outline of this chapter is as follows. The next section introduces a model
of CACC-controlled vehicle string with both the vehicle actuator delay and the
wireless communication delay. The third section presents a method to pursue
the appropriate order of the Padé approximation in view of string stability, in the
frequency-domain. In the fourth section, the proposed Padé approximation order
is validated by means of time-domain simulations. The last section summarizes
the conclusions.

4.2 CACC with Delays

4.2.1 Delays in a CACC String

A homogeneous CACC string is considered in this chapter, as shown in Fig. 4.1,
where li, qi, vi and ui are the length, position, velocity, and desired acceleration
of vehicle i, respectively; dr,i represents the desired distance between vehicle
i and its preceding vehicle i − 1, and di is the actual inter-vehicle distance.
Focusing on the analysis of delays in a CACC system, a one-vehicle look-ahead
topology is adopted. It has been shown in Ploeg et al. (2014a) that a one-vehicle
look-ahead topology leads to smaller admissible time gaps than a multiple-vehicle
look-ahead topology below a certain break-even communication delay. In a ho-
mogeneous vehicle string, the wireless communication delay θc and the vehicle
length l are independent of the vehicle index i.

Due to non-linear dynamics of engine and drive train, aerodynamic drag, and
rolling resistance, feedback linearization is often adopted to arrive at a simplified
model for CACC design (Hedrick et al., 1994). However, time delays cannot be
omitted. Adopting Ploeg et al. (2011), the acceleration ai of vehicle i follows

τ ȧi(t) + ai = ui(t− θa) (4.1)
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where θa represents the vehicle actuator delay, and τ is a time constant, rep-
resenting the longitudinal vehicle response. Both τ and θa are set identical for
both acceleration and brake situations, for the sake of simplicity. In addition,
considering a model gain kg with a nominal value of 1, the Laplace transfer
function from the desired acceleration Ui to the position Qi reads,

Qi(s)

Ui(s)
= Da(s)G(s) = e−θas

kg
s2(τs+ 1)

(4.2)

where s ∈ C is the Laplace variable. Here, the representations of vehicle dynam-
ics

Da(s) = e−θas (4.3a)

G(s) =
kg

s2(τs+ 1)
(4.3b)

are adopted to make it clear when replacing the exact delay by its Padé approx-
imations. This model can adequately describe the longitudinal vehicle dynamics
in view of CACC systems (Lidström et al., 2012; Kianfar et al., 2012; Ploeg
et al., 2014a). Note that, both τ and kg are uncertain in practice. Thus, a
variety of vehicle parameters will be considered in the next of this chapter to
pursue a suitable order of Padé approximations.

In a CACC system, the wireless inter-vehicle link is employed for feedforward
purposes. In this case the feedforward input is the desired acceleration of the
preceding vehicle, i.e., ui−1 (see Section 4.2.2). Although the wireless commu-
nication time delay has decreased largely with the recent developments of both
software and hardware (Englund et al., 2016; Ploeg et al., 2014a), it still has
a significant effect on string stability of CACC systems. Thus, considering the
wireless communication θc, the actual feedforward input of vehicle i is

ui−1,c(t) = ui−1(t− θc) (4.4)

where θc consists of the total time delay due to queuing, contention, transmission,
and propagation. Note that other network effects in wireless communication,
such as packet loss and sampling intervals, are not taken into account in this
chapter.

4.2.2 CACC controller

In a CACC string, each vehicle (except the leading one) aims to keep a desired
distance dr,i to its preceding vehicle. The constant time gap policy is utilized,
which is the most common one to improve string stability, see Naus et al. (2010)
and the references contained therein. Consequently, the desired inter-vehicle
distance involves a standstill distance and a velocity-dependent part:

dr,i(t) = r + hvi(t) (4.5)
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Figure 4.2: Block scheme of the CACC system.

where h is a constant time gap, and r is the standstill distance, which are
identical for all vehicles in the string. Pursuing a small value of h can increase
traffic throughput. However, inherent time delays in the wireless communication
yield a lower bound for the time gap from a string-stability perspective (Naus
et al., 2010; Ploeg et al., 2011).

The actual inter-vehicle distance di reads

di(t) = qi−1(t)− qi(t)− li (4.6)

which is measured by the radar sensor. To realize the vehicle-following objective,
the inter-vehicle distance error ei, defined as

ei(t) = di(t)− dr,i(t) (4.7)

should asymptotically converge to zero. To this end, a variety of controllers have
been proposed (Stanger and del Re, 2013a; Lidström et al., 2012; Güvenç et al.,
2012; Hedrick et al., 1993; Huang and Ren, 1997; Ploeg et al., 2014a; Desjardins
and Chaib-draa, 2011). However, a linear PD controller is most widely adopted,
especially in experimental applications (Ploeg et al., 2011; Milanés et al., 2014).
Here, the algorithm in Ploeg et al. (2011) is adopted, where the Routh-Hurwitz
stability criterion is applied to analyze the stability of PD controlled CACC sys-
tems with no vehicle actuator delay. The control structure is briefly introduced
as follows.

With kg = 1, the third derivative of (5.5) reads,

...
e i(t) = −1

τ
ëi(t)−

1

τ
ξi(t) +

1

τ
ui−1(t− θc) (4.8)

where a new input ξi is defined as,

ξi(t) := hu̇i(t) + ui(t). (4.9)

To stabilize the error dynamics, the control law for ξi follows,

ξi(t) = ui−1(t− θc) + ωpei(t) + ωdėi(t). (4.10)
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In the Laplace domain, a standard PD controller reads,

K(s) = ωp + ωds (4.11)

where ωp and ωd represent the proportional and derivative parameters, respec-
tively. ωp is designed to be ω2

d for notational and analytic convenience, (see

also Naus et al. (2010); Öncü et al. (2014)), which can reduce an overflow of
controller parameters in the sequel.

Consequently, the control structure with both wireless communication delay
θc and vehicle actuator delay θa can be depicted as in Fig. 4.2, where H(s) and
Dc(s) represent the Laplace transforms,

H(s) = hs+ 1 (4.12a)

Dc(s) = e−θcs. (4.12b)

4.2.3 Comparison of PD and H∞ controllers

In order to determine a suitable approximation order of time delays in CACC
systems, it is needed to consider a variety of vehicle parameters and commu-
nication delays. Although controller design is not pursued in this chapter, PD
controllers can perform similar to other linear controllers in the frequency-range
of interest for this particular application, such as an H∞ controller (Ploeg et al.,

Figure 4.3: Comparison of PD and H∞ controllers.
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2014a). To motivate this statement, Fig. 4.3 shows the magnitudes of the H∞
feedback controller in Ploeg et al. (2014a) and the PD controller (4.11) with
ωd = 0.5 and 0.7. At frequencies higher than 10 rad/s, PD controllers can-
not eliminate the signal noise as the H∞ controller, which has a higher order.
However, the similarity in both frequency responses indicates that the method to
choose a suitable order of Padé approximations with one particular PD controller
can be used for other linear controllers, although the resulting approximation
order may be different.

4.3 CACC Stability Based on Padé Approxima-
tion

In this section, the suitable orders of the Padé approximations of both the ac-
tuator and the communication delays are examined in view of individual vehicle
stability and string stability.

4.3.1 Padé approximation

Padé approximations of a delay yield a finite-dimensional model with a rational
transfer function, of which the expressions with the same order of the numerator
and the denominator are as follows:

e−Ts ∼=
∑p
k=0 βk(−Ts)k∑p
k=0 βk(Ts)k

(4.13)

where T ∈ {θa, θc} represents the time delay, and p is the order of the Padé
approximation. The coefficients βk are given by

βk =
(2p− k)!p!

(2p)!k!(p− k)!
. (4.14)

Increasing the order can lead to a better approximation, while the resulting
model is more complex. The 1st-, 2nd-, 3rd-, and 4th-order Padé approximations
of e−Ts are represented as

P1(s) =
1− 1

2Ts

1 + 1
2Ts

(4.15a)

P2(s) =
1− 1

2Ts+ 1
12 (Ts)2

1 + 1
2Ts+ 1

12 (Ts)2
(4.15b)

P3(s) =
1− 1

2Ts+ 1
10 (Ts)2 − 1

120 (Ts)3

1 + 1
2Ts+ 1

10 (Ts)2 + 1
120 (Ts)3

(4.15c)

P4(s) =
1− 1

2Ts+ 3
28 (Ts)2 − 1

84 (Ts)3 + 1
1680 (Ts)4

1 + 1
2Ts+ 3

28 (Ts)2 + 1
84 (Ts)3 + 1

1680 (Ts)4
. (4.15d)
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Figure 4.4: Frequency-domain responses of vehicle dynamics with exact
and approximated delays.

Then, the frequency-domain responses for the exact and approximated trans-
fer functions from the desired acceleration ui to the position qi, i.e., Da(s)G(s)
are shown in Fig. 4.4, with τ = 0.1 s and θa = 0.5 s as an example. In the
frequency-domain responses, the magnitudes of exact and approximated models
have hardly visible differences, which are smaller than 0.02 dB, while the phases
differ for the higher frequencies. Since choosing a suitable order of the Padé
approximation mainly depends on the system dynamics, it is necessary to apply
a large range of parameters, to find an approximation order leading to the suf-
ficiently similar stability properties as the aforementioned CACC system with
exact delays.

Next, the individual-vehicle-stable PD controller parameter regions and the
minimum string-stable time gaps with the exact and approximated models will
be checked, respectively.

4.3.2 Individual vehicle stability

Individual vehicle stability, as mentioned in the previous section, requires that
the system should have a stable equilibrium. With the selected order Padé
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approximation of the delays, the resulting CACC system and the one with ex-
act delays should have approximately the same (individual) stability properties.
Thus, the PD controller parameter region for which the approximated system
is stable, needs to be close enough to the stable PD controller parameter re-
gion for the system with the exact time delay. We start with a 2nd-order Padé
approximation, due to the inaccuracy of the 1st-order Padé approximation.

Considering the control structure shown in Fig. 4.2, the transfer function
from the desired acceleration to the inter-vehicle distance error reads,

C(s) =
Da(s)G(s)(1−Dc(s))

1 +Da(s)G(s)K(s)
. (4.16)

It is clear that the communication delay θc occurring in the feedforward loop
does not influence individual vehicle stability in the presented CACC structure.

Firstly, the stable PD controller region is considered in case of the CACC
model with exact delays. Making use of the Nyquist stability criterion, the
PD controller parameter region to guarantee individual vehicle stability can be
graphically determined. In Fig. 4.2, the open loop transfer function reads

L(s) = Da(s)G(s)K(s) (4.17)

which should not clock-wise encircle the point (−1, 0) since the system is stable.
Next, considering the CACC system with the Padé approximated time delays,

the Routh-Hurwitz stability criterion can be applied to calculate the stable PD
controller region. In case of ideal vehicle dynamics, where no vehicle actuator
delay exists, i.e., θa = 0, it follows that the CACC string can be stabilized for
0 < ωd < 1

τ (Öncü et al., 2011). Now, consider θa > 0. Substituting (4.3),
(4.11) and (4.13) in (4.16), finite-dimensional transfer functions are obtained,
such that the Routh-Hurwitz stability criterion can be applied. The roots of the
denominator of (4.16), i.e.,

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

=1 +
kg(ωp + ωds)

∑p
k=0 βk(−θas)

k

s2(τs+ 1)
∑p
k=0 βk(θas)k

(4.18)

should be in the left half of the complex plane to achieve stable systems. Thus, it
requires a positive ωd limited to a maximum value ωd,max to guarantee individual
vehicle stability, i.e., leading to the stable PD controller parameter region

ωd ∈ (0, ωd,max(θa, τ)). (4.19)

This stability region thus includes the case of θa = 0, with ωd,max(0, τ) = 1
τ .

Applying 2nd-, 3rd-, and 4th-order Padé approximations of e−θas, respectively,
the corresponding values of ωd,max(θa, τ) can be obtained.
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Table 4.1: Stable PD controller gains ωd,max(θa, τ) without the vehicle
actuator delay; and with the vehicle actuator delay, and its 2nd-, 3rd-,
and 4th-order Padé approximations.

ωd,max(θa, τ)
case τ=0.1 τ=0.3 τ=0.5

θa=0 10 3.333333 2

exact delay θa=0.1 3.7732 2.0830 1.4577
2nd-order Padé of θa=0.1 3.776279 2.083767 1.458203
3rd-order Padé of θa=0.1 3.771906 2.083407 1.458121
4th-order Padé of θa=0.1 3.776158 2.083763 1.458203

exact delay θa=0.3 1.7980 1.2577 0.9840
2nd-order Padé of θa=0.3 1.800136 1.258760 0.984279
3rd-order Padé of θa=0.3 1.793552 1.257302 0.983764
4th-order Padé of θa=0.3 1.799742 1.258719 0.984271

exact delay θa=0.5 1.1909 0.9157 0.7546
2nd-order Padé of θa=0.5 1.191522 0.916885 0.755256
3rd-order Padé of θa=0.5 1.185621 0.914896 0.754381
4th-order Padé of θa=0.5 1.191091 0.916803 0.755232

As a result, Table 4.1 shows the maximum PD controller gain ωd,max(θa, τ) in
view of individual vehicle stability with parameters θa ∈ {0.1, 0.3, 0.5} s and τ ∈
{0.1, 0.3, 0.5} s. Here, the model gain is assumed with the nominal value kg = 1.
With different kg = k̄g, the values of ωd,max(θa, τ) with exact and approximated
delays change with the same proportion, which has no effect on the accuracy
of Padé approximations. Note that adopting the Padé approximations does
not guarantee that the resulting ωd,max(θa, τ) is smaller than the one obtained
from the Nyquist mapping of the model with exact delays. Table 4.1 indicates
that the values of ωd,max(θa, τ) for CACC systems with 2nd- and 4th-order Padé
approximations are slightly larger than these for the system with the exact delay,
whereas representing the CACC system with 3rd-order Padé approximations
results in smaller values of ωd,max(θa, τ) except the cases of θa = 0.1 s and τ ∈
{0.3, 0.5} s. However, in spite of the inaccuracy of graphical Nqyuist methods
and the calculations from the Routh-Hurwitz criterion, the values of ωd,max(θa, τ)
for 2nd-, 3rd-, and 4th-order approximated CACC systems are all sufficiently close
to the one for the original system. Since a smaller value of ωd,max(θa, τ) will
never compromise stability of the original system, it is reasonable to apply the
3rd-order Padé approximation on the vehicle actuator delay in a CACC system.

In the next subsection, the suitable order Padé approximation will be checked
from a string stability perspective.
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4.3.3 String stability

Since the constant time gap policy is introduced to achieve string stability, the
minimum string-stable time gap is chosen as the string stability property to
arrive at the lowest possible Padé approximation order. In other words, the
minimum string-stable time gaps for the CACC system with approximated de-
lays and with exact delays should be sufficiently close. To this end, a range
of values for the parameters of the vehicle actuator delays, the communication
delays, and the PD controller gain are considered. Because of the results of the
previous section, it is started with the 3rd-order Padé approximation to find the
suitable order in view of string stability.

In the widely applied performance-oriented approach, string stability is char-
acterized by the amplification in upstream direction of the signal of interest
(Naus et al., 2010; Ploeg et al., 2011). Define the string stability transfer func-
tion as S(s), which describes the relation between a relevant (scalar) signal of
vehicle i and the corresponding signal of its preceding vehicle i − 1. In CACC
systems, the signals of interest generally involve the inter-vehicle distance error,
the acceleration, the velocity, and the position. Then the system of CACC-
controlled vehicles is string stable if

sup
ω
|S(jω)| ≤ 1 (4.20)

with the frequency ω ∈ R+.
Let Ei(s), Ui(s), Vi(s), and Qi(s) represent the Laplace transforms of the

inter-vehicle distance error, the vehicle input (desired acceleration), the veloc-
ity, and the position of vehicle i, respectively. The velocity is chosen in view
of traffic analysis (Ploeg et al., 2011). The position has to be considered for
heterogeneous traffic (Naus et al., 2010), whereas the acceleration is concerned
for vehicle throttle/brake constraints, and the inter-vehicle error presents the
vehicle following accuracy. Under the assumption of homogeneous traffic, the
string stability transfer function S(s) does not depend on the choice of the signal,
yielding,

S(s) =
Ei(s)

Ei−1(s)
=

Ui(s)

Ui−1(s)
=

Vi(s)

Vi−1(s)
=

Qi(s)

Qi−1(s)

=
1

H(s)
· Dc(s) +Da(s)G(s)K(s)

1 +Da(s)G(s)K(s)
. (4.21)

Substituting (5.2), (4.11), (4.12) and (4.21) in (5.12) yields

∣∣ 1

hjω + 1

∣∣ · ∣∣e−θcjω +
kg

(jω)2(τjω+1)e
−θajω(ωp + ωdjω)

1 +
kg

(jω)2(τjω+1)e
−θajω(ωp + ωdjω)

∣∣ ≤ 1 (4.22)

to realize string stability.
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In the case without communication delay, (5.12) reduces to

sup
ω
| 1

hjω + 1
| ≤ 1 (4.23)

which is fulfilled for any non-negative time gap, i.e., h ≥ 0 s. However, as previ-
ously stated, in reality a communication delay exists, which plays a significant
role in designing the time gap for string stability.

When θc > 0 s, the magnitude of the string stability transfer function can be
expressed as

|S(jω)| = 1√
(hω)2 + 1

∣∣M(jω)

N(jω)

∣∣ (4.24)

where

M(jω) = e−θcjω +
kg

(jω)2(τjω + 1)
e−θajω(ωp + ωdjω) (4.25a)

N(jω) = 1 +
kg

(jω)2(τjω + 1)
e−θajω(ωp + ωdjω) (4.25b)

from which it follows that string stability can be guaranteed for h ≥ hmin, where

hmin = sup
ω

(√|M(jω)
N(jω) |2 − 1

ω

)
. (4.26)

Substituting (4.15) and (4.25) in (4.26), results in an approximated minimum
time gap hmin,p, where p represents the order of Padé approximation.

To judge the quality of Padé approximations for the vehicle actuator delay
and the communication delay, the minimum string-stable time gap is adopted
as the criterion in the sense that the system with approximated delays should
yield a minimum time gap hmin,p which is close to hmin. Note that hmin,p is
not guaranteed to be larger than hmin. The values of vehicle actuator lag τ ∈
[0.1, 0.5] s and model gain kg ∈ [0.5, 1.5] s are adopted, so that different vehicle
dynamics are considered. It is necessary to compare the values of hmin and
hmin,p with a range of vehicle actuator delays and communication delays. Thus,
θa ∈ [0.1, 0.5] s is considered. In view of the communication delay, the vehicle
motion data update frequency varies from 10 Hz in the GCDC 2011 (Lidström
et al., 2012; Güvenç et al., 2012; Geiger et al., 2012; Kianfar et al., 2012) to 25 Hz
in Ploeg et al. (2014a), with the development of both hardware and software.
In the GCDC 2016 (Englund et al., 2016), the same update rate as in Ploeg
et al. (2014a) was used. Thus, the communication delay indeed is θc

∼= 0.02 s.
In this chapter, the range θc ∈ [0.02, 0.1] s is taken into account. The upper
bound θc = 0.1 s, also mentioned as a communication requirement in Englund



74 Chapter 4. Padé Approximation of Delays in CACC

(a) (b)

(c)

Figure 4.5: (a) The minimum string-stable time gap hmin for CACC with
exact delays; difference hmin − hmin,p of (b) the 3rd-order Padé approx-
imation and of (c) the 4th-order Padé approximation, with τ = 0.3 s,
θa = 0.3 s, θc ∈ [0.02, 0.1] s, kg = 1, and ωd ∈ [0.1, 1.0].

et al. (2016), which tolerates more calculation time due to complex controllers
or more information communicated.

Firstly, with a constant vehicle actuator delay θa = 0.3 s, the vehicle param-
eters τ = 0.3 s and kg = 1, and a range of communication delay θc ∈ [0.02, 0.1] s
are chosen, in order to judge the quality of Padé approximations with different
PD controller parameters. Table 4.1 indicates that ωd,max(θa, τ) = 1.2577 for
the system with an exact time delay. Thus, selecting ωd ∈ [0.1, 1.0] for the
sake of individual vehicle stability, Fig. 4.5 shows the minimum time gap hmin

with the nominal value of 1 s, and the minimum string-stable time gap difference
hmin − hmin,p. Time gaps above the surface in Fig. 4.5(a) will guarantee string
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(a) (b)

(c)

Figure 4.6: (a) The minimum string-stable time gap hmin for CACC with
exact delays; difference hmin − hmin,p of (b) the 3rd-order Padé approxi-
mation and of (c) the 4th-order Padé approximation, with τ ∈ [0.1, 0.5] s,
θa ∈ [0.1, 0.5] s, θc = 0.1 s, kg = 1, and ωd = 0.6.

stability of the CACC string. Fig. 4.5(b) and (c) indicate that the difference
hmin − hmin,p is less than 5.0 × 10−8 s and 3.0 × 10−11 s for 3rd- and 4th-order
Padé approximations, respectively, which are sufficiently small. Hence, there is
no necessity to consider a higher order Padé approximation.

Then, choosing the maximum communication delay θc = 0.1 s, it is analyzed
how the vehicle parameters τ and kg influence the accuracy of the Padé ap-
proximations. The PD controller parameter ωd = 0.6 is selected, considering
the controller comparison in Section 4.2.3 and the individual vehicle stability
requirement in Table 4.1. Fig. 4.6 shows hmin and hmin−hmin,p as a function of
τ ∈ [0.1, 0.5] s and θa ∈ [0.1, 0.5] s, while kg = 1 is adopted. With kg ∈ [0.5, 1.5]
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(a) (b)

(c)

Figure 4.7: (a) The minimum string-stable time gap hmin for CACC with
exact delays; difference hmin − hmin,p of (b) the 3rd-order Padé approx-
imation and of (c) the 4th-order Padé approximation, with τ = 0.3 s,
kg ∈ [0.5, 1.5], θa ∈ [0.1, 0.5] s, θc = 0.1 s, and ωd = 0.6.

and τ = 0.3 s, hmin and hmin − hmin,p are presented in Fig. 4.7. Both Fig. 4.6
and Fig. 4.7 indicate that vehicle parameters indeed affect the quality of Padé
approximations, i.e., hmin−hmin,p increases with increasing kg and τ . This may
seem counter-intuitive, but realize that, although hmin − hmin,p would increase
with smaller τ when only accounting for the same frequency, different values of
τ lead to the corresponding hmin at different frequencies. Thus, the frequency
also influences the values of hmin − hmin,p.

Finally, both time delays are considered with a range of values, i.e., θc ∈
[0.02, 0.1] s and θa ∈ [0.1, 0.5] s. According to Fig. 4.6 and 4.7, kg = 1.5 and
τ = 0.5 s are adopted to check the difference hmin−hmin,p. ωd = 0.6 can still keep
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(a) (b)

(c)

Figure 4.8: (a) The minimum string-stable time gap hmin for CACC with
exact delays; difference hmin − hmin,p of (b) the 3rd-order Padé approx-
imation and of (c) the 4th-order Padé approximation, with τ = 0.5 s,
kg = 1.5, θa ∈ [0.1, 0.5] s, θc ∈ [0.02, 0.1] s, and ωd = 0.6.

individual vehicle stability (ωd,max(θa, τ) ∼= 0.6596, with θa = 0.5 s, τ = 0.1 s and
kg = 1.5), while the stable margin gets smaller than that in Table 4.1 with kg = 1.
The numerical results are shown in Fig. 4.8. In Fig. 4.8(a), with exact delays,
the minimum time gap hmin increases with both the vehicle actuator delay and
the wireless communication delay. In Fig. 4.8(b) and (c), the differences of the
minimum time gap for the 3rd- and 4th-order Padé approximated delays are less
than 1.0×10−6 s and 1.0×10−9 s, respectively. Note that different PD controller
gains can be used to pursue the driving comfort or to decrease the inter-vehicle
distance error, whereas the resulting difference hmin − hmin,p has the similar
accuracy level. Therefore, adopting the 3rd- and 4th-order Padé approximations
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in this CACC setting is sufficient in view of string stability.
If independent proportional and derivative parameters are considered, nu-

merical analyses of the quality of Padé approximations involve one more param-
eter, and rather complex simulation study is required. However, the procedure
proposed in this chapter can also be followed.

In the given setting of the CACC system, taking a 3rd-order Padé approx-
imation for both the vehicle actuator delays and the communication delays is
suitable from the perspective of string stability properties.

4.4 Simulation in time-domain

To validate the accuracy of the selected order Padé approximation by the pro-
posed method, time-domain simulations have been carried out for a CACC string
with four vehicles. In this particular case, the 3rd-order Padé approximation is
chosen according to the simulation results in Section 4.3. The standstill distance
is set as r = 5 m and the length of vehicle as l = 3 m. Since larger delays can
show the difference between models with the exact and with approximated de-
lays more clearly, θa = 0.5 s and θc = 0.1 s are chosen. The value of the model
gain kg = 1 is chosen. Considering a smaller τ = 0.1 s leads to a faster response
of the vehicle model. The PD controller gain is chosen as ωd = 0.6 and the time
gap as h = 1 s to guarantee string stability.

In view of string stability, the vehicle acceleration is the most significant
disturbance. In addition, the accuracy of approximations of delays is the most
sensitive to the step response. Thus, in the time-domain simulations, the desired
acceleration for the leading vehicle is set as

u0 =

{
1 m/s

2
5 s 6 t 6 20 s

0 other.
(4.27)

The initial velocity of all vehicles in this CACC string is vinitial = 20 m/s. All
vehicles start with the desired distance. The acceleration duration is set as 15 s
in order to create enough time for the followers to reach the desired acceleration.

Fig. 4.9 shows the time responses of the CACC string with exact delays. It
is observable that there is a slight overshoot in the acceleration responses in
Fig. 4.9(a). Note that the time gap from the string stability criterion (5.12)
does not guarantee the absence of overshoot in time-domain (Ploeg et al., 2011,
2014b). The velocity, inter-vehicle distance, and the distance error responses
in Fig. 4.9(b), (c), and (d), respectively, clearly show that this system is string
stable.

Applying the 3rd-order Padé approximation for both the communication de-
lay and the vehicle actuator delay, results in the approximated responses ai,3,
vi,3, di,3. The differences between the CACC string responses with exact delays
and the ones with approximated delays are shown in Fig. 4.10, for vehicle i = 1,
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Figure 4.9: Time responses of (a) the acceleration ai, (b) the velocity vi,
(c) the inter-vehicle distance di, and (d) the distance error ei of CACC
with exact delays.

2, and 3, which are CACC-controlled. We zoom in around t = 5 s, when the
acceleration changes and the largest difference occurs. Similar results around
t = 20 s are omitted here. In Fig. 4.10, all differences decrease with the the vehi-
cle number i increasing, due to the sting stable performance. Thus, the responses
of the first follower vehicle 1 in the string are considered. In Fig. 4.10(a), the

acceleration differences reach 0.015 m/s
2
, which is much smaller than the step

input of 1 m/s
2
. Accounting for the velocities in Fig. 4.10(b), the difference due

to the 3rd-order Padé approximation of delays is less than 1 × 10−3 m/s. The
differences of inter-vehicle distances and the distance errors are smaller than
4× 10−4 m and 1× 10−3 m as shown in Fig. 4.10(c) and (d), respectively, which
are even less than the possible measurement noise of the inter-vehicle distance.
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Figure 4.10: Differences of time responses of (a) the acceleration ai−ai,3,
(b) the velocity vi − vi,3, (c) the inter-vehicle distance di − di,3, and (d)
the distance error ei − ei,3, between the CACC models with exact delays
and with 3rd-order Padé approximated delays.
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4.5 Conclusion

In a CACC-controlled vehicle string, the communication delay and vehicle actu-
ator delay inherently exist. Adopting a Padé approximation for the delays leads
to a rational transfer function representation of the CACC string, which allows
many controller design methods. Choosing a low order of Padé approximation,
which is accurate enough, can significantly promote the controller design. In
this chapter, a method to arrive at a low possible Padé approximation order
was proposed, based on the individual vehicle stability and the string stability
properties for the system with exact delays and with approximated delays. We
used a particular PD controller as an example when judging the quality of Padé
approximations for a given CACC string. However, the same method can be
used in case of other linear controllers. From the individual vehicle stability
perspective, it was arrived at a suitable order Padé approximation based on the
requirement of similar regions for the system with exact delays and the system
with approximated delays. The values of the minimum string-stable time gaps
for the CACC model were chosen as the string stability criterion to find the suit-
able approximation order. Different values of vehicle dynamics parameters have
been considered. With the results of this method, time-domain simulations were
conducted to validate that the selected order Padé approximation was suitable
for the given CACC string.





Chapter 5

Robust CACC in the Presence of
Uncertain Delays

1

Abstract Cooperative adaptive cruise control (CACC) employs intervehicle
wireless communication to safely drive at short intervehicle distances, which
improves road throughput. The underlying technical requirement to achieve
this benefit is formulated by the notion of string stability, requiring the atten-
uation of the effects of disturbances in upstream direction. However, wireless
communication delays significantly compromise string stability (see Chapter 4).
In addition, the time delay is uncertain due to the inherent characteristics of
wireless communication. Therefore, a controller design method is desired for a
string-stable CACC system, which considers uncertain communication delays.
To this end, the string stability requirement is integrated into a µ synthesis
approach. Being different from only considering the upper bound of the time
delays, as in Chapter 2, the whole range of time delay is taken into account
in the controller design, and thus explicitly guaranteeing string stability for all
possible communication delays. The results are validated with simulations.

5.1 Introduction

The number of road vehicles has significantly increased in the past decades,
raising public awareness regarding limited road capacity. Meanwhile, many ad-
vanced driver assistance systems have been developed to meet an increasing
societal demand to improve driving comfort and/or traffic safety. Adaptive
cruise control (ACC) systems, for instance, relieve the driver’s task by automat-
ically keeping a desired intervehicle distance, which results in a vehicle platoon

1This chapter is based on Xing et al. (2019b).
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(Marsden et al., 2001). Employing wireless vehicle-to-vehicle communications,
Cooperative ACC (CACC) systems have been developed to improve highway
capacity (Naus et al., 2010; Shladover et al., 2015).

The vehicle-following objective is an essential requirement to CACC, which is
related to safety and comfort for an individual vehicle in the platoon. From the
vehicle platoon perspective, an important requirement is string stability, which is
defined as attenuation of the effects of disturbances introduced by downstream
vehicles, in upstream direction (Ploeg et al., 2014b). A string-stable vehicle
platoon prevents amplification of variations in velocities and intervehicle dis-
tances along the vehicle platoon, which will compromise road throughput, and
potentially lead to traffic jams. In addition, a string-stable vehicle platoon can
be beneficial for safety, and for fuel consumption, particularly for heavy-duty
vehicles (Ramakers et al., 2009).

However, due to the fact that the CACC functionality heavily depends on the
communicated information, the imperfections of communication, such as time
delay and packet loss, will seriously compromise string stability (Lei et al., 2011;
Xu et al., 2014; Öncü et al., 2014; Ploeg et al., 2011). There have been plenty of
studies analyzing the influences of communication delay on string stability per-
formances (Öncü et al., 2014; Naus et al., 2010; Ploeg et al., 2011; Massera Filho
et al., 2017; Santini et al., 2017; Xing et al., 2019), which indicates the necessary
to consider delays in the controller design and validation.

Various types of controllers that realize string-stable behavior have been pro-
posed in the literature. However, since it leads to various difficulties in controller
synthesis in the presence of time delay, some studies assumed a delay-free inter-
vehicle communication (Middleton and Braslavsky, 2010; Stanger and del Re,
2013b; Kayacan, 2017), and then examined the string-stable behavior with time
delay. In view of a CACC system, a proportional-derivative-like controller and a
sliding-mode controller are the most common approaches (Swaroop et al., 2001;
Ploeg et al., 2011; Naus et al., 2010; Ploeg et al., 2014b). However, with these
controller synthesis methods, the string stability requirement has to be met a
posteriori, i.e., by carefully tuning the controller parameters after the synthesis
process.

In order to include string stability in the controller design, model predictive
control and H∞ synthesis have been applied in CACC systems with time delays
(Dunbar and Caveney, 2012; Kianfar et al., 2012, 2014; Ploeg et al., 2014a; Kay-
acan, 2017; Gao et al., 2016). The upper bound of the communication delay is
utilized to guarantee string stability in these studies, due to the fact that a larger
value of time delay may compromise string stability more seriously. However,
considering all possible time delays in the controller synthesis can provide a more
comprehensive understanding of the relation between string stability behavior
and time delays.

This chapter focuses on systematically designing a controller, in which uncer-
tain communication delay is a priori included in the design specification. To this
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Figure 5.1: CACC-equipped string of vehicles with the one-vehicle look-
ahead topology.

end, µ synthesis (Doyle, 1982; Skogestad and Postlethwaite, 2007) is employed
to design a robust controller with respect to the uncertain communication delay
in a CACC system. The motivation for adopting µ synthesis is twofold: first, it
allows to take uncertainty in time delay into account; second, the string stability
requirement naturally fits in the µ synthesis approach.

The outline of this chapter is as follows. The next section presents a CACC
model with the control structure, followed by introducing string stability condi-
tions. Section 5.3 introduces the µ synthesis approach, upon which the actual
controller synthesis is performed in Section 5.4. The simulation results obtained
with the designed controllers are presented in Section 5.5. Discussions on the
worst case of communication delay are given in Section 5.6. Section 5.7 summa-
rizes the main conclusions.

5.2 Modeling of a CACC string

In this section, the vehicle model, the constant time gap spacing policy, the
CACC control structure are introduced, based on a one-vehicle look-ahead in-
formation topology, and the string stability condition. As shown in Fig. 5.1, a
homogeneous string of n CACC-equipped vehicles is assumed in this chapter,
where li, qi, vi and ui are the length, position, velocity, and desired acceleration
of vehicle i, respectively.

5.2.1 Individual Vehicle Model

A simplified vehicle model is often adopted for CACC design, obtained through
feedback linearization of a nonlinear vehicle model (Hedrick et al., 1994). The
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resulting vehicle dynamics readq̇i(t)v̇i(t)
ȧi(t)

 =

 vi(t)
ai(t)

− 1
τ ai(t) + 1

τ ui(t− θa)

 , (5.1)

where ai is the actual acceleration of vehicle i, θa represents the vehicle actuator
delay, and τ is a time constant representing the longitudinal vehicle dynamics.
This linear model is derived from the nonlinear vehicle model, including the
powertrain, the aerodynamic drag and the rolling resistance, by using input-
output feedback linearization method (Ploeg et al., 2011). Furthermore, the
vehicle model parameters are assumed to be accurately known, given that there
is lower-level driveline controller, which takes into account the actual vehicle
mass and the estimated drag forces. Hence, the attention can be paid on the
communication delay uncertainties in the rest of this chapter.

Describing the vehicle dynamics in the Laplace domain, the transfer function
G(s) from the desired acceleration ui to position qi reads

G(s) =
qi(s)

ui(s)
= e−θas

1

s2(τs+ 1)
(5.2)

where s ∈ C is the Laplace variable, ui(s) and qi(s) denote the Laplace transform
of ui(t) and qi(t), respectively. Note that, with a slight abuse of mathematical
notation, ·(s) denotes the Laplace transform of the corresponding time-domain
variable ·(t). G(s) is identical for all vehicles due the the homogeneity assump-
tion. According to the experimental identification (Ploeg et al., 2011), θa = 0.2 s
and τ = 0.1 s are fixed, and used for controller synthesis and simulations in this
chapter.

5.2.2 Spacing policy

A constant time gap spacing policy is utilized, which is the most common spacing
policy to improve string stability properties, see Naus et al. (2010) and the ref-
erences contained therein. Note that if wireless communication is without delay,
string stability can be guaranteed with a one-vehicle look-head topology com-
bined with a constant distance spacing policy (Naus et al., 2010; Lei et al., 2011).
However, network-induced imperfections such as communication delay require
an extra velocity-dependent distance to guarantee string stability (Öncü et al.,
2014). Then the desired intervehicle distance dr,i between vehicle i− 1 and i, as
shown in Fig. 5.1, involves a standstill distance r and a velocity-dependent part:

dr,i(t) = r + hvi(t) (5.3)

where h is the time gap, being identical for all vehicles in this homogeneous
CACC string. The actual intervehicle distance di reads

di(t) = qi−1(t)− qi(t)− li. (5.4)
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To realize the vehicle-following objective, the intervehicle distance error ei, de-
fined as

ei(t) = di(t)− dr,i(t) (5.5)

should asymptotically converge to zero at a constant velocity of the preceding
vehicle. Without loss of generality, choose r = li = 0 when analyzing stability
and string stability. In the Laplace domain, the distance error reads

ei(s) = qi−1(s)−H(s)qi(s) (5.6)

in which the spacing policy transfer function H(s) is defined as

H(s) = hs+ 1. (5.7)

5.2.3 CACC Control Structure

The one-vehicle look-ahead communication topology is adopted, i.e., one vehicle
can receive the information of its preceding vehicle by wireless communication.
In this way, there is less load on the communication bandwidth, and thus packet
loss rate will be kept low as to not significantly compromise string stability.
Hence, the effect of packet loss is ignored in this chapter. Inspired by Ploeg
et al. (2011, 2014a), the desired acceleration of each vehicle i is generated by the
following control structure in the Laplace domain

ui(s) = H−1(s)(Kfb(s)ei(s) +Kff(s)ui−1,c(s)). (5.8)

where ui−1,c(s) denotes the communicated input ui−1(s) from the preceding ve-
hicle, and Kfb(s) and Kff(s) represent the feedback and feedforward controllers,
respectively. H−1(s) is introduced to cancel the spacing policy transfer function
H(s) in the feedback loop (see (5.6)). ui−1,c(s) is received through wireless in-
tervehicle communication with a time delay θc, and hence the transfer function
from ui−1(s) (see Fig. 5.1) to ui−1,c(s) reads,

ui−1,c(s) = Dcui−1(s). (5.9)

with communication delay Dc = e−θcs in the Laplace domain. θc is assumed
identical for all vehicles in the CACC platoon.

5.2.4 String Stability

CACC systems are able to improve highway throughput due to vehicle-to-vehicle
(V2V) communication of information in a platoon by reducing the intervehicle
distance. However, it is necessary to attenuate the effects of disturbances along
a string of CACC-equipped vehicles. This property is known as string stabil-
ity, which relates to the attenuation of the effect of disturbances in upstream
direction in a vehicle platoon.
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String stability has been analyzed a variety of ways, see Ploeg et al. (2014b)
and the references therein. Here, string stability of this one-vehicle look-ahead
CACC system is introduced, adopting the so-called performance-oriented ap-
proach (Ploeg et al., 2011; Naus et al., 2010), which is characterized by the
amplification in upstream direction of the signal of interest. Therefore, the
string stability transfer function S(s) describes the relation between a relevant
(scalar) signal of vehicle i and the corresponding signal of its preceding vehicle.
Choosing the intervehicle distance error ei, which represents the vehicle following
performance, the string stability transfer function S(s) is thus

S(s) =
ei(s)

ei−1(s)
. (5.10)

Under the assumption of homogeneous traffic, S(s) does not depend on the
choice of the signal or on the vehicle index, yielding,

S(s) =
ei(s)

ei−1(s)
=

ui(s)

ui−1(s)
=

vi(s)

vi−1(s)
=

qi(s)

qi−1(s)
. (5.11)

Then the string stability condition can be formulated as

sup
ω
|S(jω)| ≤ 1, (5.12)

which renders attenuation of the L2 signal norms, i.e., energy dissipation along
the string. After introducing µ synthesis in Section 5.3, it will be shown that
the string stability condition can be easily included in the controller design
requirements as needed for µ synthesis in Section 5.4.

5.3 Introduction of µ synthesis

The structured singular value µ was introduced to study structured uncertainty
in linear models (Doyle, 1982; Doyle et al., 1982; Doyle, 1985). It is a function
which provides a generalization of the singular value of a given complex matrix
with a variety of uncertainty descriptions in an H∞ sense (Fan et al., 1991;
Skogestad and Postlethwaite, 2007). The structured singular value µ is an ef-
fective tool for the analysis of robust performance with a given controller. Next
to analysis of uncertain systems, the structured singular value can also be em-
ployed to synthesize controllers in the presence of uncertainties; This is referred
to as µ-synthesis. This section first briefly presents the µ synthesis framework.
Then, the modeling of time delay, especially the uncertainty weighting function,
is introduced.

5.3.1 General µ Synthesis Framework

A general control configuration with uncertainty is shown in Fig. 5.2, where P is
the generalized plant after rearranging the uncertainty ∆ and the controller K,
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Figure 5.2: General framework for µ-synthesis.

which are isolated from P and interconnected with P through a feedback loop.
The inputs to the generalized plant P are: the outputs u∆ of the uncertainty
block ∆, the exogenous inputs w, e.g., disturbances, measurement noise and
reference signals, and the controller outputs u. The outputs of the generalized
plant P are the inputs y∆ of the uncertainty block ∆, the control outputs z, and
the measurements v, i.e., the controller inputs. Thus, the plant can be expressed
as follows, y∆(s)

z(s)
v(s)

 = P (s)

u∆(s)
w(s)
u(s)

 . (5.13)

Considering u∆(s) = ∆(s)y∆(s), it can be obtained that(
z(s)
v(s)

)
= P̃ (s)

(
w(s)
u(s)

)
. (5.14)

The objective is to find a controller K(s) according to

u(s) = K(s)v(s) (5.15)

The controlled system can then be described by

z(s) = N(s)w(s) (5.16)

with

N(s) = P̃11(s) + P̃12(s)K(s)(I(s)− P̃22(s)K(s))−1P̃21(s), (5.17)

N(s) is known as the (lower) linear fractional transformation (LFT) (Skogestad
and Postlethwaite, 2007). The goal of µ synthesis is to find a controller K(s)
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which, firstly, robustly stabilizes the closed-loop system, i.e., for all specified un-
certainties u∆(s) = ∆(s)y∆(s), and, secondly minimizes ||N(s)||H∞ . Since the
string stability condition (5.12) is also concerned with minimizing the infinity
norm of the string stability transfer function, the µ synthesis method naturally
fits the CACC controller design requirements. The inputs and outputs of the ve-
hicle platoon in this framework, which corresponds to w and z, will be presented
in Section 5.4.

5.3.2 Modeling Uncertain Delays

Design and analysis of robust control systems by use of µ synthesis requires
frequency dependent weights to define uncertainty. In this chapter, the focus is
on the effect of uncertain communication delays on stability and string stability
of CACC systems. Since real perturbations cannot be used with the present
µ synthesis algorithm (Fan et al., 1991; Wang et al., 1994), it is common to
use upper bounds on delays, which results in a rational plant with complex
perturbations.

Consider a delay Dc(s) = e−θcs, to be modeled with a nominal model, an un-
certain weighting function Wu(s), and a norm-bounded normalized uncertainty
|∆(s)| ≤ 1. The nominal model can be chosen either with an average value of
time delay, or as a delay-free model. In the former case, a rational approxi-
mation of the time delay is needed to allow for application of the µ synthesis
method. The approximation may cause significant deterioration in the robust
performance (Wang and Skogestad, 1993), since additional uncertainty is intro-
duced by the approximation. On the other side, choosing a delay-free nominal
model is not only simpler for controller design, but may also leads to better
robust performance (Wang et al., 1994). In fact, although there is a larger un-
certainty set with a delay-free nominal model, a delay dependent model may
lead to more conservative results than a delay-free nominal model.

Given a chosen nominal model, the uncertain delay has to be approximated
to yield a proper rational transfer function to use µ-synthesis (Wang et al.,
1994). Next, the weighting function Wu(s) for the uncertain delay is presented.
Consider a delay-free nominal model for instance. In this case, the uncertain
delay Dc(s) is represented by

Dc(s) = 1 +Wu(s)∆(s), (5.18)

where ∆ ∈ C is the uncertainty in the complex plane, and |∆(s)| ≤ 1. Then,

|Dc(s)− 1| = |Wu(s)||∆(s)|, (5.19)

Given |∆(s)| ≤ 1, it follows that

|Wu(s)| ≥ |Dc(s)− 1|, (5.20)
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Figure 5.3: Responses of weighting functions and Dc(s)−1 with θc = 0.1 s
as an example.

which yields the main requirement for choosing the weighting function Wu(s).
First, considering 0 ≤ ∆ ≤ 1 as a real valued perturbation, the first-order Padé
approximation of Dc(s) reads

Dc(s) = e−θc∆s ∼=
1− θc∆s

2

1 + θc∆s
2

= 1− θc∆s

1 + θc∆s
2

. (5.21)

By setting ∆ in the denominator of (5.21) equal to 1, the remaining ∆ can
become complex and the approximation is obtained as follows

Dc(s) ∼= 1− θcs

1 + θcs
2

∆, |∆| ≤ 1. (5.22)

However, choosing the weighting function Wp,u(s) = θcs

1+ θcs
2

does not meet (5.20),

in particular for intermediate frequencies (from 10 rad/s to 100 rad/s in Fig. 5.3).
By tuning the parameters for the weighting functions (Lundström et al., 1991),
the first, second, and third order weighting functions can be found respectively
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as follows

W1,u(s) =
θcs

θcs/3.465 + 1
(5.23)

W2,u(s) =
θcs(2× 0.21522θcs+ 1)

(0.2152θcs+ 1)2
(5.24)

W3,u(s) =
θcs

θcs/2 + 1

(θcs/2.363)2 + 1.676(θcs/2.363) + 1

(θcs/2.363)2 + 1.370(θcs/2.363) + 1
. (5.25)

W1,u(s) is obtained from Wp,u(s) by increasing the magnitude of Wp,u(s) at high
frequencies without changing the value at low frequencies; W2,u(s) is a refine-
ment when setting ∆ in the denominator of (5.21) equal to 0; W3,u(s) is obtained
by covering the mismatch between Wp,u(s) and |Dc(s)− 1| with a second-order
transfer function. The magnitude responses of these weighting functions and of
Dc(s)− 1 are shown in Fig. 5.3 with θc = 0.1 s, which indicates these functions
all meet the requirement (5.20). Note that more complicated weighting func-
tions (with higher order and tighter upper bound) cannot guarantee more robust
performance, i.e., smaller structured singular value (Wang et al., 1994).

5.4 µ synthesis for String-Stable CACC

Having formulated the control problem and casted the control problem into the
µ synthesis framework, the block scheme of a CACC-controlled vehicle is shown
as in Fig. 5.4. Note that the transfer function Dc(s) from ui−1(s) to ui−1,c(s)
is expressed by 1 + Wu(s)∆(s), according to (5.18). Here, a delay-free nominal
model is used. Kµ(s) = (Kfb(s) Kff(s)) represents the controller to be designed.
Next, the signals in view of µ synthesis framework are introduced as shown in
Fig. 5.4. First, the input of the uncertain block is weighted by Wu(s):

y∆(s) = Wu(s)ui−1(s), (5.26)

with u∆(s) = ∆(s)y∆(s). It can be noted that the weighting function Wu(s) is
thus regarded part of the plant model. In Fig. 5.4, a new input ξi(s) to vehicle
i is introduced as

ξi(s) := H(s)ui(s). (5.27)

Substituting (5.8) to (5.27), it leads to

ξi(s) = Kfbei(s) +KffDcui−1(s). (5.28)

The inputs v(s) and output u(s) of the controller for the CACC scheme read,

v(s) =

(
ei(s)

ui−1,c(s)

)
(5.29)
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Figure 5.4: CACC scheme with uncertain communication delay.

u(s) = ξi(s). (5.30)

Then, the exogenous input is

w(s) = ui−1(s). (5.31)

Consider the string stability transfer function S(s) = ui(s)
ui−1(s) . Taking ui(s) as an

exogenous output thus leads to the inclusion of the string stability transfer func-
tion S(s) in the LTF N(s) from (5.16). Consequently, minimizing ||N(s)||H∞
implies minimizing S(s) in order to obtain string stability according to (5.12).

In order to achieve the vehicle following objective, the other exogenous output
is the weighted intervehicle distance error ei,w(s) as shown in Fig. 5.4,

ei,w(s) = We(s)ei(s) (5.32)

with the weighting function We(s), which can be utilized to make trade-offs
between vehicle following performance (the value of intervehicle distance error
and the convergence speed) and string stability. Thus, the outputs z(s) reads,

z(s) =

(
ui(s)
ei,w(s)

)
. (5.33)

Then, the control plant from (u∆ w(s)u(s))T to (y∆ (z(s) v(s))T reads,
y∆(s)
ui(s)
ei,w(s)
ei(s)

ui−1,c(s)

 =


0 Wu(s) 0
0 0 1

H(s)

0 We(s)G(s) −We(s)G(s)
0 G(s) −G(s)
1 1 0


 u∆(s)
ui−1(s)
ξi(s)

 , (5.34)
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which matches up with (5.13). Substituting u∆(s) = ∆(s)y∆(s) = Wu(s)∆(s)ui−1(s)
into (5.34), it leads to

ui(s)
ei,w(s)
ei(s)

ui−1,c(s)

 =


0 1

H(s)

We(s)G(s) −We(s)G(s)
G(s) −G(s)

1 +Wu(s)∆ 0

(ui−1(s)
ξi(s)

)
, (5.35)

which corresponds to (5.14). The µ synthesis control problem is to compute a
robust stabilizing controller Kµ(s), such that ||N(s)||H∞ is minimized, where(

ui(s)
ei,w(s)

)
=

(
S(s)

We(s)L(s)

)
ui−1(s) =: N(s)ui−1(s). (5.36)

Here, the sensitivity transfer function L(s) from ui−1(s) to ei(s) reads,

L(s) =
ei(s)

ui−1(s)
=
G(s)(1−Kff(s)Dc(s))

1 +Kfb(s)G(s)
. (5.37)

The string stability complementary sensitivity function S(s) in (5.11) can be
written as,

S(s) =
ui(s)

ui−1(s)
=

1

H(s)
· Kff(s)Dc(s) +Kfb(s)G(s)

1 +Kfb(s)G(s)
. (5.38)

Next, the µ synthesis controller is presented according to given vehicle dynam-
ics and wireless communication characteristics. The vehicle model parameters
in this chapter are accurately known and fixed, being θa = 0.2 s and τ = 0.1
s. The vehicle actuator delay is expressed by a 3rd-order Padé approximation
(Xing et al., 2016), since the model in the µ synthesis method must be ratio-
nal. A 3rd-order Padé approximation is sufficiently accurate in view of CACC
(string) stability analysis, while a higher order Padé approximation leads to a
more complex system. According to Ploeg et al. (2014a), the maximum possible
wireless communication delay is θc = 0.04 s in practice, which is due to the fact
that the update rate of wireless communication is 25 Hz. The first order uncer-
tainty weighting function (5.23) is selected θc = 0.04 s due to its simplicity, while
a higher-order function could be used if it later appears important to decrease
conservatism (Skogestad and Postlethwaite, 2007). The performance weighting
function is chosen as follows

We(s) =
s+ 0.2

s+ 0.01
. (5.39)

Note that We(s) is chosen in the µ synthesis approach to satisfy the vehicle
following performance objective. Here, a design time gap h = 0.5 s is chosen
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Figure 5.5: Frequency response magnitudes of the controller: Kfb solid
and Kff dashed.

(Kayacan, 2017; Ploeg et al., 2014a). Then a robust controller can be obtained
with µ synthesis. After order reduction, the controller reads

Kfb(s) =
189.35(s+ 9.998)(s+ 2.004)(s+ 1.359)(s2 + 0.3173s+ 0.02825)

(s+ 0.1339)(s2 + 5.264s+ 10.29)(s2 + 18.35s+ 701)
(5.40)

Kff(s) =
6.9406(s+ 2.001)(s+ 0.1342)(s2 + 23.76s+ 518.2)

(s+ 0.1339)(s2 + 5.264s+ 10.29)(s2 + 18.35s+ 701)
. (5.41)

Fig. 5.5 shows the controller magnitudes. The magnitude ofKff(s) is very close to
1 for frequencies that approach 0. This is as expected from the earlier chapters,
whereKff(s) = 1 was taken for all frequencies. The magnitude ofKff(s) decreases
significantly at higher frequencies. The magnitude of Kfb(s) is around 0.15 when
the frequency is lower than 0.1 rad/s. Given the selected communication time
delays from the uncertain range as {0, 0.01, 0.02, 0.03, 0.04} s, the frequency
responses of WeL(s) and string stability complementary sensitivity S(s) are
shown in Fig. 5.6 and Fig. 5.7, respectively. Fig. 5.7 confirms that supω |S(jω)| ≤
1. The magnitudes of S(s) with different delays are close to each other due to
the small interval of the selected delay set. The singular values of N(s) with
different time delays are shown in Fig. 5.8, which indicates that ||N(s)||H∞ ≤ 1
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is obtained. Fig. 5.9 shows that the vehicle following objective can be achieved
in the stable CACC platoon with the frequency response of L(s) in (5.37).
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Figure 5.6: Frequency responses
of the sensitivity transfer func-
tion WeL(s) (dark-light gray
solid: θc =0.04, 0.03, 0.02, 0.01
s; dark dashed: θc = 0).
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5.5 Simulation Experiments

Simulations with the proposed controller are conducted with respect to uncertain
wireless communication delay in this section to validate the theoretical results.
In the time-domain simulations, the desired acceleration for the leading vehicle
is set as

u0 =

{
1 m/s

2
5 s 6 t 6 20 s

0 other.
(5.42)

The initial velocity of all vehicles in this CACC string is vini = 20 m/s. The
standstill distance is set as r = 5 m. All vehicles start at the desired distance.
Although the CACC communication delay is time-varying in practice, especially
with a large amount of transmitters/receivers, previous sections prove that string
stability can be guaranteed with all possible delays. In this section, the time-
domain responses of a CACC platoon with selected values of delay are presented,
which explicitly illustrate the effect of a specific delay on the string-stable per-
formance. The communication delay θc is chosen as 0.02 s for a CACC platoon
of four vehicles (Vehicle 0 represents the leading vehicle), while Fig. 5.10 shows
the time responses of the acceleration, the velocity, the intervehicle distance, and
the error. With θc = 0.04 s, the time responses of a CACC platoon are shown
in Fig. 5.11.

In the simulation results, there are no overshoots in the acceleration, the
velocity, and the intervehicle distance, which confirms that string stability is
guaranteed with the proposed controller. In addition, it is shown that the am-
plitude of the intervehicle distance error decreases along the string. Furthermore,
the vehicle following objective is obtained according to the intervehicle distance
responses.
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Figure 5.10: Time responses of CACC with θc = 0.02 s.
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Figure 5.11: Time responses of CACC with θc = 0.04 s.
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In the controller design process, h = 0.5 s is chosen, whereas the weighting
function (5.23) is determined using θc = 0.04 s. However, applying µ synthesis
can lead to a conservative controller as (5.40) and (5.41), due to the fact that
the utilized D − K iteration procedure is not guaranteed to converge to the
minimum µ value. Thus, time delays exceeding θc = 0.04 s and smaller time
gaps are adopted to evaluate the resulting controller in terms of string stability.
In Fig. 5.12, θc = [0.08, 0.16, 0.24, 0.32, 0.40] s are adopted, which shows the
controller can guarantee string stability with θc = 0.08 s. In Fig. 5.13, h =
[0.1, 0.2, 0.3, 0.4, 0.5] s are selected, when θc = 0.04 s. It is indicated that string
stability can be kept with h = 0.4 s, which is the minimum string-stable time
gap given the proposed controller.
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Figure 5.12: Frequency re-
sponses of the string stability
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fer function S(s) (dark-light gray
solid: θc =0.40, 0.32, 0.24, 0.16,
0.08 s. h = 0.5 s for all frequency
responses.
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Figure 5.14: Frequency responses of the string stability function S(s)
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5.6 Discussions

Although many studies take the maximum communication delay into account to
analyze CACC string stability or design controllers, analytical derivation of the
worst case of time delay is rather complex. It is difficult to indicate whether the
largest communication may be the worst case for the string stability requirement
(5.12). The communication delay θc, which exists in the numerator of (5.12),
presents a unit circle in the frequency domain. Thus, it is likely that after θc

exceeding one value, the magnitude of (5.12) will decrease. In fact, given the
proposed controller in this chapter, the larger time delay will not always lead
to a larger maximum magnitude of S(s) in (5.38), as shown in Fig. 5.14 with
θc = 4, 6, 8 s. Fig. 5.14 indicates that θc = 6 s results in the worst case in terms
of string stability. Indeed, θc = 6 s is an extreme case in view of the value of
communication delay. However, this example illustrates that the worst-case time
delay for string stability is not necessarily the largest time delay. In addition,
it will be more complicated to figure out the worst-case communication delay
if other uncertainties such as in vehicle dynamics, or heterogeneous vehicles are
also concerned. Therefore, considering a range of θc instead of the maximum
value in this chapter allows for explicitly guaranteeing string stability.

5.7 Conclusion

A µ synthesis approach has been applied for CACC platoons with uncertain
wireless communication delays. It was shown that it is possible to explicitly
include the string stability requirement into the controller design specifications.
By modeling the delay uncertainty, the controller was solved by means of µ
synthesis, guaranteeing string stability for the CACC system. This systematic
method also allows for taking other uncertainties into account in CACC systems
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than the communication delay considered in this chapter. Time response sim-
ulations have been carried out to validate the proposed method with different
communication delays, which confirmed the theoretical results.



Chapter 6

Conclusions and
recommendations

This chapter summarizes the main conclusions from this thesis in Section 6.1
and identifies topics for future research as a result thereof in Section 6.2.

6.1 Conclusions

The number of road vehicles has significantly increased in the past decades,
which requires a more effective use of the road capacity. To this end, cooper-
ative adaptive cruise control (CACC) systems have attracted more attention,
since application of vehicle-to-vehicle (V2V) communication of information in
a platoon can significantly reduce the intervehicle distances. CACC, as an au-
tomatic distance control system, needs to meet two main requirements: First,
the follower vehicle must accurately follow its preceding vehicle with the desired
intervehicle distance, and second, string stability must be guaranteed, which pre-
vents amplification of disturbances in upstream direction. A string-stable CACC
platoon can not only increase highway throughput and avoid traffic jams, but
can also be beneficial for safety and for fuel consumption, particularly for heavy-
duty vehicles. However, there is a minimum time gap for the CACC system to
guarantee string stability, which can be significantly compromised by time delays
induced by both the vehicle driveline and wireless communication. Consequently,
compensating for both the vehicle driveline delay and communication delay is a
potential way to take full advantage of CACC in view of pursuing a minimum
string-stable intervehicle distance.

Since various controller approaches require rational approximations of time
delay, the approximation method of time delay should be sufficiently accurate
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without raising the complexity of controller design. Moreover, the controller
design method is required to be robust to delay uncertainty, while the string
stability requirement is preferred to be a priori included in the controller design
specifications.

Although the vehicle driveline delay can dramatically influence both individ-
ual vehicle following performance and string stability, seldom a compensator has
been applied to pursue a smaller string-stable intervehicle distance for CACC
in practice. In Chapter 2, application of a Smith predictor, which compensates
for the vehicle actuator delay, appears to be possible to improve the potential
of CACC. 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 position of the follower vehicle with delay lags behind
that of the follower model in the predictor. It has been shown that the poten-
tial reduction of the string-stable intervehicle distance depends on the specific
CACC vehicle dynamics. Moreover, with modification of the Smith predictor-
based CACC scheme, the resulting system is robust to exogenous acceleration
disturbances. Experiments have been carried out to validate the theoretical
analysis, while the minimum string-stable time gap is decreased by more than
15 % with the communication and vehicle conditions in the test.

Furthermore, the application of a Smith predictor to compensate for the
communication delay, as presented in Chapter 3, shows a significant reduction
of the minimum string-stable time gap, which is inspired by the aforementioned
compensation for the vehicle actuator delay. However, a Smith predictor cannot
be simply applied to the communication delay, since it can only compensate for
time delays in a series connection with the plant to be controlled. Therefore,
a novel master-slave control strategy has been presented, which allows for the
application of a Smith predictor. This approach is based on re-arranging the
communication delays, such that time delays are in series with the controlled
plant. Consequently, an extremely small minimum string-stable time gap has
been realized, even considering tracking latency. By choosing the delays in the
Smith predictor according to the maximum possible communication delay, it is
also indicated that the proposed control strategy performs adequately in terms
of robustness with respect to communication delay uncertainty. Theoretical
analysis and simulations show that a string-stable platoon with a time gap of
0.05 s is possible with the proposed strategy.

When there is no accurate model of the vehicle obtained for the Smith predic-
tor, other approaches may be desired to deal with time delay in CACC. However,
time delay poses a problem for many controller design methods, since it leads to
non-rational transfer functions. Adopting a Padé approximation for the delays
leads to a rational transfer function representation of the CACC string, which
allows many controller design methods. In Chapter 4, it has been shown that
choosing low-order Padé approximations of both vehicle actuator and commu-
nication delays is possible, while preserving the (string) stability properties of
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the CACC system. From an individual vehicle stability perspective, a suitable
order Padé approximation has been obtained based on the requirement of similar
regions of control parameters for the system with exact delays and the system
with approximated delays. Regarding string stability, the order of the Padé ap-
proximation could be derived from the requirement to obtain the same minimum
string-stable time gap as for the original system. Although a PD controller is
applied as an example, the same method can be used in case of other linear
controllers. As a consequence, rational approximations of time delays allow for
a large set of controller design approaches for CACC.

In CACC studies that take communication delay into account, the delay
is generally defined as constant, or considered as uncertain while the upper
bound value of the communication delay is in fact used in the controller design.
However, it is not necessarily true that worst-case string stability occurs with
the maximum communication delay. Therefore, a µ synthesis approach has
been applied, as described in Chapter 5, which allows for the explicit inclusion
in the controller design specification of the string stability requirement. The
vehicle actuator delay is represented by a suitable Padé approximation. As a
result, the controller could guarantee string stability for any delay within the
uncertainty bounds. Time response simulations have been carried out to validate
the proposed method with different communication delays, which confirm the
theoretical results. In addition, the minimum string-stable time gap of 0.4 s is
derived with the designed controller, which is a little higher than with the PD
controller. The minimum string-stable time gap increase is the cost to robustness
to uncertain delay.

6.2 Recommendations

The CACC platoon considered in this thesis assumes a linear vehicle model,
which is derived from the nonlinear vehicle model by using feedback lineariza-
tion. Considering the case in which feedback linearization is absent for a CACC-
equipped vehicle, it is recommended to represent the vehicle dynamics by a linear
model with uncertainties on the response lag, the acceleration gain, and even
the vehicle actuator delay. Moreover, the vehicles are more likely to be hetero-
geneous in a practical platoon, especially if the CACC platoon consists of both
heavy-duty trucks and passenger vehicles. The vehicle dynamics uncertainties
and heterogeneity of a platoon may be captured in a robust vehicle following
controller, such as the µ synthesis approach in Chapter 5.

Another factor significantly influencing string stability is the spacing policy.
In this thesis, the constant time gap spacing policy is adopted, which prescribes
the desired intervehicle distance to be linearly depending on the velocity of the
follower vehicle. However, the constant time gap spacing policy does not really
correspond to human driving behavior. For practical application of CACC,
driver acceptance is an important aspect. Finding a spacing policy which mimics
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driver behavior, could effectively increase drive acceptance of CACC, and thus
further encourage development of CACC systems. A spacing policy considering
driving scenarios such as highway geometry, weather condition, vehicle dynamics,
driver characteristics (e.g., age, gender) may provide a more satisfying driving
experience.

Furthermore, a minimum string-stable time gap is pursued in this thesis,
in order to improve highway capacity with CACC systems. However, normal
drivers do not feel comfortable at very short intervehicle distances, no matter
which spacing policy is adopted. Therefore, driver acceptance and trust of CACC
in such a scenario requires more attention. Drivers may need a training process
to get familiar with extremely short intervehicle distances. Human machine
interfaces (including, e.g., video and audio) should provide all possible real-time
vehicle following status such as acceleration and velocity of the preceding and
ego vehicles, and actual time gap, based on the driver requirements.

The results of this thesis apply to a one-vehicle look-ahead communication
topology, while most proposed methods can be extended to CACC platoons with
other communication topologies. If one vehicle can receive information from
more vehicles in a platoon rather than only the preceding vehicle, it is possible
to take more advantage of wireless communication in view of guaranteeing string
stability. For example, when predecessor-following communication fails or delay
exceeds a certain threshold, multiple-vehicle look-ahead communication topology
can still keep the platoon driving with a short string-stable intervehicle distance.

Application of V2V wireless communication aims to improve highway capac-
ity by decreasing the intervehicle distance without compromising safety. There
are three aspects of safety to be considered in CACC: Firstly, in view of input-
output behavior safety, the intervehicle distance of the first two leading vehicles
in a string-stable CACC platoon not exceeding the closest distance limitation
can theoretically guarantee safety for the other vehicles. That is due to the
fact that the intervehicle distance will not be amplified in downstream direction.
Secondly, rear-end collision avoidance needs to be carefully taken into account
in the controller design for the sake of aggressive deceleration. Thirdly, safety
of a CACC platoon is subjected to initial condition disturbances. Therefore, an
initialization function should be integrated to CACC systems for gentle platoon
connections.

CACC can significantly increase highway capacity when its market penetra-
tion reaches moderate to high percentages. However, the V2V communication
channel may be overloaded when a large number of vehicles share the same ITS-
G5 communication channel. As a result, collisions of transmitted packets cause
packet loss and enlarge communication delay, which will not only compromise
string stability, but also result in safety risks. To cope with this, event-triggered
control systems may be applied, in which information is only transmitted when
necessary, and thus, the communication load will be decreased. Alternatively,
cellular communication can be employed for CACC. Cellular networks are com-
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mercially available, which eases the implementation and accelerates the deploy-
ment of V2X communications. The wide network bandwidth of cellular networks
can meet high data capacity demand. In addition, Cellular networks using the
sidelink technology also allow for direct communication between vehicles. With
the fast development of 5G, it becomes promising to introduce cellular commu-
nication to CACC, which can provide at least a hybrid channel with a similar
communication delay.
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Taş, Ö. Ş., Salscheider, N. O., Poggenhans, F., Wirges, S., Bandera, C., Zofka, M. R.,
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