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Abstract There exists an inherent trade-off among vehicle following performance
indices (position, speed, acceleration and jerk) of any vehicle following system. The
use of unrealistic information flow topology (IFT) affects the overall performance
of a convoy. This chapter proposes an improved IFT of the two-vehicle look-ahead-
plus-rear-vehicle control, which aimed to mitigate the trade-off with a wider range of
control regions and to provide acceptable performance simultaneously. The proposed
improved topology has explored the single vehicle’s dynamic equations and derived
the external uncertainties which are modeled together as a unit. The vehicle model
is then integrated into the control strategy in order to improve the performance of
the convoy. Changes in parameters of the improved convoy are compared with the
most widely used conventional convoy topologies (one-vehicle look-ahead and the
two-vehicle look-ahead). The results showed that the proposed following vehicle
control topology has improved performance of an increase in the inter-vehicular
spacing by 19.45 and 18.20%, reduce in both acceleration and jerk by 20.28, 15.17,
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25.09 and 6.25% as against the conventional, respectively. This signifies that the
proposed vehicle follower will always remain in between the rear-vehicle and the
predecessor-vehicle for safety, and it also gave more ride comfort due to the achieved
low acceleration and jerk in the following vehicle.

Keywords Following topology · Passenger’s comfort · Road vehicle · Vehicle
dynamics · Vehicle safety

1 Introduction

Rise in population in urban areas resulted in high demand for highway travel. So
building of more highways to meet with this challenge is never the solution to this
growth in traffic density. It was projected that transportation of goods alone will
almost double by 2020 as compared to 2012. The traffic problem is not only a main
problem of the metropolis, but it is also common in small urban and rural areas [1].

The deployment of self-driving vehicles on the highway has the potential of
playing important role in intelligent traffic systems by minimizing the issues asso-
ciated with traffic congestion, facilitating people’s safety, reducing energy wastage,
maximizing ride comfort and cutting down fuel consumption [2]. Several vehicle
convoy models and controllers were proposed in the literature [3, 4]. Vehicle control
strategies need vehicles in the same convoy to move at a stable agreement in speed
while maintaining the desired inter-vehicular spacing with respect to the neighboring
vehicles within the convoy. Furthermore, it has to ensure stable string which is the
ability of the controlled vehicle to move along the convoy without amplifying the
oscillation of the leading vehicle upstream and also to provide minimum jerk in the
control vehicle [2].

To achieve string stability, desired inter-vehicular spacing and ride comfort, the
vehicle convoy must comply with either of the control policies, the variable spacing
or the constant spacing. It is of importance to know that ride comfort is the third-
order differential of the displacement of the vehicle, which is called as the jerk of the
vehicle. In the variable spacing policy, the inter-vehicle spacing is large (a function
of velocity), which is applicable for low traffic density conditions. This technique
facilitates string stability using onboard information. This implies that vehicles do
not rely largely on information from other vehicles. While constant spacing policy
dependsmostly on inter-vehicle communication, this policy facilitates string stability
with little spacing and it is generally applicable in high traffic density conditions [2].
To achieve desired spacing, the timeheadwaywould play a significant role [5] in inter-
vehicular spacing and to avoid collision with the vehicles of the convoy. The constant
time headway (CTH) describes the desired inter-vehicular spacing is proportional to
the control vehicle’s speed, and the constant of proportionality from the CTH policy
is referred to as the time headway (h) [6, 7]. To achieve the passenger’s comfort, the
control vehicle’s jerk must be minimized to not more than one-third of the vehicle’s
acceleration (not more than 5 ms−3) [8, 9]. The smaller the vehicle’s jerk, the more
comfortable are the passengers in the vehicle [10].
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String stability is mostly achieved in situations where errors (spacing and infor-
mation flow) are not amplified within the convoy as vehicles move. For the perfect
cancellation of such errors, the errors must have the same sign so as to avoid collision
within the convoy [11–13]. The concept of vehicle convoy refers to a string of vehi-
cles that aims to keep a specified, but not necessarily constant inter-vehicle distance
with respect to either of the two policies discussed above.

Researchers have been working in the area of vehicle convoy topology control
with the aim to come up with the optimum topology, which will give an improved
controlled vehicle communication, string stability, chattering free and maximize
passengers comfort. Dunbar and Caveney [14] modeled the limited range (LR)
following topology using the distributed receding horizon control of vehicle platoons.
The LR model was tested to monitor the performance indices (stability and string
stability), hence itwas observed that the platoons suffered fromchatteringphenomena
and slinky effect which are of importance to the optimum performance. Moreover,
the communication among the vehicles in the platoons will never be possible on high
speed due to the use of sensors on board of limited range; as a result of this, vehicles
must be close together before the topology will be effective. Hence the need for an
improved topology will cater for the said lapses. The art of topology experienced a
remarkable improvement when vehicle following are modeled to be able to commu-
nicate using the unidirectional (UD) following [15–17] and the bidirectional (BD)
following [16]. Though the vehicles in both the UD and BD are using distributive
controllers, in this formation vehicles can only communicate with the immediate
vehicle, and by doing that the information on other vehicle in the formation are not
known. This leads to unnecessary poor communication and high jerk that affects the
performance of the topology, hence an improvement is necessary.

An enhancement was achieved by [16]when bidirectional leader (BDL) following
and two predecessor leader (TPL) following were implemented, whereby bidirec-
tional communication between the leader and the follower occurs, and the two
followers take orders from the lead vehicle, respectively [18]. The shortcomings
of this research work are due to the fact that the formation does not allow any
autonomous control of the vehicles but that the vehicles to be only following the lead
vehicle. Consequently, any inherent instability in the lead vehicle will be amplified
within the string and causes slinky effect and passengers’ discomfort. Therefore, the
need for improvement in the topologies is necessary.

The most recent topology is the two-look-ahead following by [19, 20], which
permits the controlled vehicle to be able to receive information from both the prede-
cessor and the leader. This topology leads to new knowledge in the area of convoy
system. Cook and Sudin [20] recorded stable string and acceptable speed with good
jerk but the topology does not fullymimic humandriving habit, and it uses distributive
control, whereby each vehicle has a built-in controller. Hence an improved topology
is needed to achieve the full human driving habit and robust convoy that can lead to
stable string, comfort and autonomous control of desire vehicle within the convoy.

This chapter introduces vehicle following control using an improved information
flow topology (IFT) for vehicle convoy,where the controlling vehicle is expected to be
controlled at consensual speed and to maintain desired space with the independent
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vehicles, and also to greatly reduce jerk. The proposed following vehicle control
topology ensures the information flow from the leader, predecessor and the rear
vehicle to the controlled vehicle, where the control vehicle utilizes the information
received to adjust in speed and position in the convoy. A dynamic model for the
proposed following vehicle is implemented to facilitate realistic, free slinky-effect,
high passenger’s comfort and safe spacing. The proposed following vehicle would
utilize the IFT of the two-vehicle look-ahead plus rear-vehicle and is then compared
with the conventional (one-vehicle and two-vehicle look-ahead) convoy to ascertain
its dynamic parameters (relative position, speed, acceleration and jerk) performance.

Section 2 of this chapter describes the mathematical modeling of single-vehicle
dynamics. The analysis of the proposed following vehicle convoy dynamics model
is shown in Sect. 3. Section 4 provides a discussion on the results obtained. Finally,
Sect. 5 concludes and gives possible future work.

2 Single-Vehicle External Dynamics

From the Newton’s Second Law of Momentum, the acting force can be mathemat-
ically expressed as Eq. (1), which is stated as the rate of change in momentum of a
body is directly proportional to the applied force in the direction of the applied force
[21, 22];

−→
F = d

dt

(
m−→v )

(1)

where �F is the force acting on the object at time t in a specific direction, m is the
mass of the object and �v is the object’s speed.

The fundamental law also stands for both translational and rotational motion. In
the translational motion, the summation of all external forces acting on the object in
a specific direction is equal to the product of its mass and acceleration in the same
direction at a fixed mass [23];

i=∞∑

i=1

−→
F xi = m−→a x (2)

where −→a x is the acceleration in the forward direction x and
−→
F xi is the i th force

acting on the object in the same direction as x .
For a vehicle moving in the horizontal direction only, the external forces consid-

ered include the aerodynamic drag force, friction drag and the rolling resistance.
Equation (3) gives the actual acceleration performance of the vehicle with respect to
external disturbances.
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max = Fx − Fd − Ff d − Frr (3)

where Fd is the aerodynamic drag force, Ffd is the viscous friction drag force and
Frr is the rolling resistance force.

2.1 Aerodynamic Drag

The impact of aerodynamic forces produced on a vehicle comes from two major
sources, namely, drag and viscous friction. The aerodynamic drag Fd from air resis-
tance depends on the changes in the squared velocity value of the vehicle (v2) [24]
as given in Eq. (4).

Fd α v2 (4)

The complete expression for the aerodynamic drag is given in (5) [24–26]:

Fd = 1

2

(
Cd Aρav

2
)

(5)

where Cd is the non-dimensional drag coefficient, A is the frontal area of the vehicle
as shown in Fig. 1 and ρa is the density of the ambient air (1.225 kg/m3).

Equation (5) shows that the aerodynamic drag of a vehicle is determined by the
size of the vehicle’s frontal area A, while the drag coefficient Cd depends on the
vehicle’s shape for which the aerodynamic quantity is characterized. The vehicle’s
frontal area contributes to the effect of the aerodynamic on the vehicle, which can
be seen from Eq. (5) [24, 25]. Hence, the aerodynamic drag can also be reduced by
decreasing the frontal area of the vehicle where it has direct contact with the wind
and also to give shape with easy free airflow [26].

The frontal of each individual car class has been drastically shrunk to its lowest
limit according to theEurope car class type [27].An agreeable formula for an estimate
in the vehicle frontal area has been arrived by all manufacturers [27] as in Eq. (6);

A ≈ 0.81 × bt × ht (6)

where bt and ht are as shown in Fig. 1.
Table 1 presents some values for the frontal area of some selected car classes [25].
Reducing the aerodynamic drag through changes in the vehicle shape is deter-

mined experimentally from wind tunnel tests. Its definition comes from (5)
as:
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Fig. 1 Definition of the
frontal area A of a vehicle

Table 1 Car classification and estimated area

Car class Mini Medium size Upper medium size Full size

Frontal area A (m−2) 1.8 1.9 2.0 2.1

Cd = Fd

( 12ρav2) × A
(7)

where 1
2ρav2 is the dynamic pressure.

The drag coefficients of various bodies vary with each other [27, 28]. The typical
modern car achieves a drag coefficient of between 0.30 and 0.35 [29]. A four-
wheel-drive vehicle, with larger, flatter shape, typically achieves a drag coefficient of
between 0.35 and 0.45. Less-powerful engines with the same maximum speed will
be obtained from lower Fd [25].

2.2 Viscous Friction Drag

Viscous friction is another form of aerodynamic drag. The viscous friction drag
happens when two things (surface of object and airflow) rub together as the object
is moving through it. The viscous friction drag can be estimated as in Eq. (7):

Ff d = 1

2
(Cd f × ρ f × bt × l × v2) (8)

where Cdf is the non-dimensional friction drag coefficient and l is the characteristic
length, the chord width of an airfoil.

The friction drag coefficient Cdf depends on the type of airflow through the
vehicle’s body. The airflow is defined by the Reynolds number (Re) as in Eq. (9):
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Table 2 Classification of friction drag coefficient under three Reynolds number conditions

Type of flow Laminar flow
(Re < 5 × 105)

Turbulent flow
(5 × 105 < Re < 107)

Even higher Re

(Re > 107)

Cdf value 2.656√
Re

0.148
5√Re

0.91
(log Re)2.58

Re = vl

υ
(9)

where υ is the kinematic viscosity that depends on pressure and temperature, which
is expressed as in Eq. (10) [25]:

υ = μ

ρ f
(10)

For incompressible fluids at standard sea level the values for μ and υ are 1.7894
× 10−5 Nsm−2 and 1.4607 × 10−5 m2 s−1, respectively [25]. The dynamic viscosity
of the fluid is represented by μ and ρ f represents the fluid density.

To simplify our analysis the frictional drag coefficientCdf is classified under three
conditions of Re, as tabulated in Table 2.

2.3 Rolling Resistance Force

Rolling resistance Frr is the force that acts on the tire while in contact with the
surface, which resists the motion of the tire. When the tire moves on the road, it is
always deformed at the bottom. The energy spent on such a deformation process
on the tire while rolling can be translated into a frictional force, which is called the
rolling resistance [30].

The rolling resistance force can be expressed mathematically as in Eq. (11):

Frr = Crr × mg cos θ (11)

where Crr is the rolling resistance coefficient, g is the acceleration of free fall due to
gravity and θ is the slope angle. The typical value for the rolling resistance coefficient
is between 0.01 and 0.02 inclusive [31, 32].
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2.4 Simplified Vehicle Dynamics

The simplified vehicle dynamic model is used in the simulation of this chapter
because it provides an acceptable actual speed as compared with the desired speed
[15, 33–35]. In the simplified model, the internal dynamics is represented as a lag
function according to Liu et al. [33], in which the vehicle acceleration is obtained
after some time delay τ from the given Eq. (12). Liu et al. [33] come up with a value
of 0.2 s as τ to represent the vehicle’s characteristics of the propulsion systems,
which include the engine, transmission, wheels and any other internal controllers.

τ ȧ + a = u (12)

where τ is the time delay constant, ȧ is the vehicle jerk, a is the vehicle acceleration
and u is the command signal of acceleration.

Re-arranging Eq. (12) yield expression for the vehicle’s jerk as:

ȧ = 1

τ
(u − a) (13)

The simplified model of Eq. (13), which considers only the internal dynamics of
the vehicle, can be represented by the equivalent block diagram as in Fig. 2.

Next, is to include the effect of external dynamics; themodificationwill be in Fig. 2
to achieve Fig. 3. By integrating the acceleration performance, the speed and position
of the vehicle can be obtained, respectively. Figure 3 gives the representation of the
actual acceleration aact performance considered, which is the difference between
the acceleration obtained from the vehicle propulsive force apro and that from the
external drag forces adra. This can be represented mathematically as in Eq. (14):

aact = apro − adra (14)

Fig. 2 Simplified vehicle
model without external
dynamics
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Fig. 3 Overall simplified vehicle dynamics

Reference [25] suggested typical values of a modern vehicle as follows: A is
2.0 m2, m is 1000 kg, Crr is 0.015, b is 1.4 m and l is 3.0 m for moderate vehicle
[25]. These values will be used in the overall simplified vehicle dynamics in Fig. 3
and incorporated into the following vehicle topology.

3 Following Vehicle Convoy Dynamics

In the conventional unidirectional and two-vehicle look-ahead control scenarios,
each rigid body mass is assumed to be connected only to its immediate predecessor
or two-ahead, respectively. By so doing, the communication range in the conven-
tional vehicle following topology would be limited to only one-vehicle or two-ahead,
respectively. This limits the information received by the following vehicle and may
lead to chattering, high jerk, passenger’s discomfort and unstable string [24].

The proposed topology controls the following vehicle in a convoy using the
information of both the preceding vehicle, the vehicle in front of the preceding
vehicle and the vehicle at the back of the following vehicle called the rear-vehicle.
Figure 4 shows the proposed topology in mass-spring-damper form. The improved
convoy operation is considered in a longitudinal dimension where no lane change is
permitted. Equation (15) presents the proposed topology derived from Fig. 4 using
mass-spring-damper. In the conventional unidirectional and two-vehicle look-ahead
control scenarios, each rigid body mass is assumed to be connected only to its imme-
diate predecessor or two-ahead, respectively. By so doing, the communication range
in the conventional vehicle following topology would be limited to only one-vehicle
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Fig. 4 Representation of the proposed control strategy

or two-ahead, respectively. This limits the information received by the following
vehicle and may lead to chattering, high jerk, passenger’s discomfort and unstable
string [24].

The proposed topology is to control the following vehicle in a convoy using
the information of both the preceding vehicle, the vehicle in front of the preceding
vehicle and the vehicle at the back of the following vehicle called the rear-vehicle.
Figure 4 shows the proposed topology in mass-spring-damper form. The improved
convoy operation is considered in a longitudinal dimension where no lane change is
permitted. Equation (15) presents the proposed topology derived from Fig. 4 using
mass-spring-damper.

mẍi = Kp1(xi−1 − xi ) + Kv1(ẋi−1 − ẋi ) + Kp2(xi−2 − xi )

+ Kv2(ẋi−2 − ẋi ) + Kp3(xi+1 − xi ) + Kv3(ẋi+1 − ẋi ) (15)

The vehicle mass is represented by m, xi , xi−1, xi−2 and xi+1 stands for the
instantaneous positions of the i, (i−1), (i−2) and (i+ 1)th vehicle, respectively, along
the X-axis. ẋi , ẋi−1, ẋi−2 and ẋi+1 are the corresponding velocities of the vehicles, ẍi
is the acceleration of the ith vehicle, Kp1, Kp2, Kp3, Kv1, Kv2 and Kv3 are the spring
and damper constants, respectively.

The control signal (ui) has a direct influence on the force applied to the vehicle
of mass m [36].

ẍi = f (ẋi , ui ) (16)

The simplified model can be expressed as in Eq. (17), where ui is the signal
received to accelerate or decelerate the following vehicle. The amount of the
controlled vehicle’s acceleration is the same as the magnitude of the control signal
[36]:

ẍi = ui (17)

Hence, because the following (ith) vehicle has no influence on the independent
vehicles [36] ((i−1), (i−2) and (i + 1)th) of the samemass, Eq. (18) is obtained from
Eq. (15) as:
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ui = Kp1(xi−1 − xi ) + Kp2(xi−2 − xi ) + Kp3(xi+1 − xi )

+ Kv1(ẋi−1 − ẋi ) + Kv2(ẋi−2 − ẋi ) + Kv3(ẋi+1 − ẋi ) (18)

Using a fixed spacing policy, the control strategy of the proposed model was
presented in Eq. (18). It was evident in [37–41] that the slinky-effect is associated
with the fixed spacing policy. Moreover, different inter-vehicular spacing is required
for different convoy speed [36]. This is to avoid collision and to give enough time for
the controlling vehicle to adjust for sudden changes in the speed of the neighboring
vehicles in the convoy. Due to this control challenging problem, a promising policy
is necessary; hence the choice of the speed-dependent policy was employed in the
proposed model. An improved control signal was achieved by incorporating the
constant time headway policy as shown in Eq. (19).

ui = Kp1(xi−1 − xi − hẋi ) + Kp2(xi−2 − xi − 2hẋi ) + Kp3(xi+1 − xi − hẋi )

+ Kv1(ẋi−1 − ẋi ) + Kv2(ẋi−2 − ẋi ) + Kv3(ẋi+1 − ẋi ) (19)

The speed-dependent spacing is represented by hẋi from Eq. (19). The product
of the headway in s and the controlled vehicle’s speed are combined to produce
displacement, which is inserted in the spring’s component as shown in Eq. (19). The
product was used in the spring component of the rear and predecessor-vehicle and
double of the product was used in the lead-vehicles spring component. The policy
used is to create space between the vehicles and to discourage the means of collision.
The convoy speed is directly proportional to the vehicle’s inter-vehicular spacing
[10]. At constant speed, it is assumed that the distance between the leader vehicles
(xi−2) and the third (controlling) vehicle (xi ) will be double than that between the
fourth (rear) vehicle (t) and the controlling vehicle, or from the second (predecessor)
vehicle (xi−1) to the controlling vehicle [10].

Since the following vehicle topology is dependent on the information received
from the (i − 1), (i − 2)th vehicle look-ahead and the one-rear (i + 1)th vehicle, the
control signal coming to the controlled vehicle can be re-written from Eq. (19) as
[42]:

ui =
n=2∑

Ψ =1

(
KpΨ (xi−Ψ − xi − Ψ hẋi ) + KvΨ (hẋi−Ψ − ẋi )

)

+
∑

Ψ =1

(+Kp3(xi+Ψ − xi − Ψ hẋi ) + Kv3(ẋi+Ψ − ẋi )
)

(20)

For a more compact form, the control signal can be best represented as follows:

ui =
n=2∑

Ψ =1

(
KpΨ (δim1 − Ψ hẋi ) + KvΨ (ẋi−Ψ − ẋi )

)
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+
∑

Ψ =1

(+Kp3(δim2 − Ψ hẋi ) + Kv3(ẋi+Ψ − ẋi )
)

(21)

whereby δim1 and δim2 can be written as the following expressions:

δim1 =
2∑

Ψ =1

xi+Ψ − xi − Ψ L (22)

δim2 =
∑

Ψ =1

xi+Ψ − xi − Ψ L (23)

εi = xi−1 − xi − L (24)

where ε is the inter-vehicular spacing, L is the length of the vehicle including desired
spacing. L is the same for each vehicle since the homogeneous type of convoy is
assumed, though it may not always be satisfied in practice where the heterogeneous
type of vehicle convoy also exists.

Taking the Laplace transform of Eq. (20) gives:

S2Xi = Kp1
(
Xi−1 − Xi − hsXi

) + Kp2
(
Xi−2 − Xi − 2hsXi

) + Kp3
(
Xi+1 − Xi − hsXi

)

+ Kv1s
(
Xi−1 − Xi

) + Kv2s
(
Xi−2 − Xi

) + Kv3s
(
Xi+1 − Xi

)
(25)

Re-arranging for Xi from Eq. (25) gives,

Xi =
(
Kv1s + Kp1

)
Xi−1 + (

Kv2s + Kp2
)
Xi−2 + (

Kv3s + Kp3
)
Xi+1

s2 + (
Kv1 + Kv2 + Kv3 + (

Kp1 + 2Kp2 + Kp3
)
h
)
s + Kp1 + Kp2 + Kp3

(26)

Equation (30) gives the reducing form of Eq. (26) to a single-pole system as shown
in the following steps:

Xi =
Kv1

(
s + Kp1

Kv1

)
Xi−1 + Kv2

(
s + Kp2

Kv2

)
Xi−2 + Kv3

(
s + Kp3

Kv3

)
Xi+1

s2 + (
Kp1 + 2Kp2 + Kp3

)
hs + Kv1

(
s + Kp1

Kv1

)
+ Kv2

(
s + Kp2

Kv2

)
+ Kv3

(
s + Kp3

Kv3

) (27)

Hence:

Xi =
Kv1

(
s + Kp1

Kv1

)
Xi−1 + Kv2

(
s + Kp2

Kv2

)
Xi−2 + Kv3

(
s + Kp3

Kv3

)
Xi+1

s + (
s + (

Kp1 + 2Kp2 + Kp3
)
h
)
s + Kv1

(
s + Kp1

Kv1

)
+ Kv2

(
s + Kp2

Kv2

)
+ Kv3

(
s + Kp3

Kv3

)

(28)
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The pole-zero cancellation technique was used to minimize the complexity of the
control law and to guarantee string stability [43]. To achieve a single-pole system
(linear equation) Eq. (28) was reduced by incorporating the following constraint:

Kp1

Kv1
= Kp2

Kv2
= Kp3

Kv3
= (

Kp1 + 2Kp2 + Kp3
)
h. (29)

This results in the simplification of Eqs. (28)–(30) as:

Xi = KV 1Xi−1 + KV 2Xi−2 + KV 3Xi+1

s + KV 1 + KV 2 + KV 3
(30)

From Eq. (30) (first-order) it can be seen that Kv1–Kv3 are both positive, which
indicates that the poles are to the left-hand side of the s-plane. Hence the proposed
mathematical model for the convoy of Eq. (19) is string stable with respect to the
constraint of Eq. (29). This implies that the system response of the convoy depends
on h and K ′

ps as seen from Eq. (31).

KV 1 + KV 2 + KV 3 = Kp1 + Kp2 + Kp3(
Kp1 + 2Kp2 + Kp3

)
h

(31)

FromEqs. (27) to (31) steps themodelwas reduced to a single-pole. Eq. (30) could
be generalized for an arbitrary number of vehicles ahead and a single rear-vehicle as
in Eq. (32) where kv = γv.

Xi = γv3Xi+1 + ∑n
m=1(γvm Xi−m)

s + ∑n
z=1 γzm

(32)

Now the transfer function Gm(s) is given in Eq. (33).

Gm(s) =
∑n=3

m=1

(
Kvms + Kpm

)

s2
(∑m=2

φ=1

((
Kvφ + φhKpr

)
s + Kpφ

)) + ∑
φ=3

((
Kvφ + hKpφ

)
s + Kpφ

)

(33)

Equation (32) can be greatly simplified by choosing the gain parameters to produce
pole-zero cancellations in the transfer function. This can be done by rearranging
Eq. (29) for the two-vehicle ahead and rear-vehicle inclusive as follows:

m=3∑

φ=1

Kvφ = 1

h
(34)

This simplifies the transfer function Eq. (33) to the form of a simple lag as before:
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Gm(s) = Kvm

s + ∑n=3
φ=1 Kvφ

(35)

Hence, the convoy’s string stability can be verified as achieved using the definition
in Eq. (36) [20].

ρ =
n=3∑

φ=1

Kvφ (36)

so that:

|Xin( jω)| ≤ ρ

|ρ + jω|
max

1 ≤ m ≤ n
|Xout( jω)| (37)

The expression in Eq. (37) gives attenuation at all frequencies. The requirement of
pole-zero cancellation is of course not necessary in principle, but its absence makes
the analysis of string stability much more complicated.

4 Turning of Gains and Simulation

Both the model equation with the stated constraints of Eqs. (19) and (29) are used for
the simulation of the vehicle following system. The simulation of only the controlled
vehicle is presented, which was developed in Simulink as in Fig. 5.

The time headway (h) is set to a unit second, as suggested by Zhao et al. [35].
One h was used between the controlled vehicle and the predecessor or rear, while 2h
was used between the controlled vehicle and the lead-vehicle due to their distance
apart [35]. The constants kpn and kvn where n = 1, 2 and 3 are so chosen for stable
operation of the control strategy when connected to the vehicle dynamics.

In order to ensure that the pole-zero cancellation of Eq. (26) occurs, which will
produce Eq. (30), the appropriate tuning of the gain parameters must be made
correctly by complying with Eq. (29). From the control law in Eq. (19), increasing
the values of those gains kp’s and kv’s will increase the response of the command
signal ui, to changes in vehicles’ position and speed.

Increasing the proportional gains, kp’s will speed up the system response. If the
gains (kp’s) were kept increasing, a point will be reached where the system will
overshoot the changes. When kp is increased and kv is kept constant in Eq. (29), a
faster response could be achieved, but high-frequency oscillations are expected as the
pole-zero cancellation occurs further away from the origin in s-plane. Increasing the
differential gains (kv ′s) will increase the noise to the system because the differential
gains are associated with noise and high-frequency oscillations.When kv is increased
and kp is kept constant in Eq. (29), the pole-zero cancellation occurs near to the origin
of s-plane, which will dominate the system response if the exact cancellation is not
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Fig. 5 Simulation model for one vehicle

properly achieved. Therefore, those gains must be kept low in order to avoid the
above problems, but the gains must not be too low to prevent a slow response to the
system.

Furthermore, it is of importance in this chapter to obtain not only the system
control but a balanced response from the controller to changes in both the speed
and position of the controlling vehicle. To achieve the said balance response while
reducing the measured undesirable effects, the constant kp is set as equal to kv for
the rear and the respective look-ahead vehicle information, i.e., kv1 = kp1, kv2 = kp2
and kv3 = kp3. The constraints of Eq. (29) give:

Kp1

Kv1
= Kp2

Kv2
= Kp3

Kv3
= (

Kp1 + 2Kp2 + Kp3
)
h = 1 (38)

In this case, the pole-zero cancellation occurs at s = −1 on the s-plane. The speed
pattern used in this chapter is a deliberate design that gives the human-driven habit
of accelerating, decelerating and maintaining a constant speed.

Several gains were used at Eqs. (39)–(41):

kp
kv

	 1 (39)

where gains kp1 = kp2 = kp2 = 1; kv1 = kv2 = kv2 = 0.4.
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kp
kv

≺ 1 (40)

with gains kp1 = kp2 = kp2 = 0.1; kv1 = kv2 = kv2 = 0.44

Kp

Kv
= 1 (41)

where gains Kp1 = 0.36, Kp2 = 0.88, Kp3 = 0.053, Kv1 = 0.36, Kv2 = 0.88 and Kv3

= 0.053.
Hence the need for the correct gains tuning is justified. Rearranging Eq. (38) for

each ratio of Kp
/
Kv yields the following:

Kv1 = Kp1(
Kp1 + 2Kp2 + Kp3

)
h

(42)

Kv2 = Kp2(
Kp1 + 2Kp2 + Kp3

)
h

(43)

Kv3 = Kp3(
Kp1 + 2Kp2 + Kp3

)
h

(44)

Therefore, with h = 1 s, kp1, kp2 and kp3 are so selected to satisfy Eq. (38), while
kv1, kv2 and kv3 are calculated from Eq. (42) to Eq. (44), respectively.

The gains that permit speed changes with themaximum acceleration of fewer than
2 ms−2 [44] and the maximum jerk of fewer than 5 ms−3 [8] are used. By comparing
the gains [Eqs. (39)–(41)], it appears that the appropriate gain among the obtained
gains is Eq. (41), hence Eq. (41) is further turned for a satisfactory performance using
the gain values of Eq. (45):

Kp1 = 0.11, Kp2 = 0.38, Kp3 = 0.13, Kv1 = 0.11, Kv2 = 0.38 and Kv3 = 0.13
(45)

Figures 6, 7 and 8 show the responses with the gains Kp1 = 0.11, Kp2 = 0.38, Kp3

= 0.13, Kv1= 0.11, Kv2 = 0.38 and Kv3 = 0.13.
The overall convoy configuration is presented in Fig. 9. The control Eq. (21) and

vehicle dynamics Eq. (17) were used in Fig. 9. The overall vehicle convoy is designed
and implemented to enable the utilization of human driving habits in the following
vehicle. The inter-vehicular spacing together with the vehicle’s length is kept at 5 m.
The length of a normal car is about 4 m [45–47] which includes the initial spacing.

The headway h is taken to be 1 s [20]. This implies that the spacing of the front of
each vehicle to the front of another vehicle is 5 m, assuming all vehicles are initially
at rest. The gains kvn and kpn for the control law satisfy the required conditions where
the corresponding gains for each vehicle are obtained in Eqs. (42)–(44).
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Themodel can also be verified bydoing amathematical proof in terms of pole loca-
tion and pole-zero cancellation under simple classical control theory. From Eq. (25)
and substituting the constants obtained in Eq. (45) yields:

Xi = (0.11s + 0.11)Xi−1 + (0.38s + 0.38)Xi−2 + (0.13s + 0.13)Xi+1

s2 + 1.62s + 0.62
(46)

Simplifying Eq. (46) gives:
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Fig. 8 Jerk response of the vehicle when Kp
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= 1

Xi = (s + 1)(0.11Xi−1 + 0.38Xi−2 + 0.13Xi+1)

(s + 1)(s + 0.62)
(47)

This shows that the zero at –1 and pole at –1 cancel each other. Hence, leaving
only the pole at –0.62 to be the effective pole of the model, that is:

Xi = 0.11Xi−1

(s + 0.62)
+ 0.38Xi−2

(s + 0.62)
+ 0.13Xi+1

(s + 0.62)
(48)

In other words, the pole-zero cancellation occurs at s = −1 on s-plane and the
model has an effective pole at s = −0.62 as shown in Figs. 10, 11 and 12.

5 Results and Discussion

The performance of the proposed improved information flow topology can be eval-
uated through simulation of the topologies’ dynamic parameters (position, speed,
acceleration and jerk) with a special interest in the following vehicle. The convoy is
as designed in Fig. 4, where the following vehicle was controlled by the informa-
tion (speed and velocity) received from the leading, preceding and the immediate
rear-vehicle.

The lead-vehicle starts from rest and gradually rises to a speed of 10 ms−1 in 40 s,
then accelerate to a velocity of 20 ms−1 in 80 s; it then decelerates to 15 ms−1 in
further 40 s and finally accelerates to a speed of 25 ms−1 in 40 s more. The convoy
maintains the steady speed trend of changes in velocity over the journey of 160 s
with a smooth profile thereafter. The normal convoy operation of a single lane is
shown in Figs. 13, 14, 15 and 16.
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Fig. 9 The overall configuration of the two-ahead and rear-vehicle convoy control
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Fig. 10 Poles and zeros location with respect to Xi−1
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Fig. 11 Poles and zeros location with respect to Xi−2
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Fig. 12 Poles and zeros location with respect to Xi+1
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Fig. 13 Relative position of normal convoy operation of the improved topology
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Fig. 14 Speed responses of normal convoy operation of the improved topology
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Fig. 15 Acceleration responses of normal convoy operation of the improved topology
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Fig. 16 Jerk responses of normal convoy operation of the improved topology

The convoy moves on the normal operation for the total period of 160 s starting
from initial when the time is 0 s. The vehicles in the convoy follow all the changes in
the speed of the leading vehicle andmaintain close inter-vehicular spacingmaneuvers
throughout the journey. Figure 13 shows the relative position of each vehicle within
the convoy. Figure 13 also shows that the inter-vehicular spacing within the convoy
varies according to the convoy’s changes in speed while the CTH is set to h = 1 s
as explained earlier. For instance, at a convoy speed of 10 ms−1, the aggregate inter-
vehicular spacing is the combination of the desired spacing of 10 m and the initial
set spacing of 5 m gives 15 m. Similarly, at a speed of 20 ms−1 the inter-vehicular
spacing is 20 m, plus the initial spacing and it continues in this manner.

Figure 14 shows how the control of the proposed topology closely communicates
in terms of vehicle speed and tracks the path of leader and predecessor vehicles with
much cooperation with the rear-vehicle without collision. This shows the ability of
the control vehicle to depend mainly on the acceleration, deceleration and constant
speed of the neighboring vehicles.

The improved topology’s acceleration was presented in Fig. 15, which shows a
smooth and orderly mannered. The controlled vehicle’s acceleration was maintained
at 0.90 ms−2 which is below the maximum acceptable value of 2 ms−2 as stated by
Rajamani and Shladover [44]. The controlling vehicle’s acceleration is adjusted and
remains to be between that of the predecessor and the rear-vehicle; this proves proper
control of controlled vehicle’s acceleration within the convoy.

Among other factors, the passenger’s comfort also depends on the vehicle’s jerk.
The smaller the jerk, the more comfortable the vehicle will be. The jerk of the
proposed topology in Fig. 16 is 0.437 ms−3, which is low and far from the maximum
rated jerk of 5 ms−3 [8, 10]. This value signifies that the control vehicle would be
comfortable for passengers [48, 49].
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5.1 Comparison of the One-Vehicle Look-Ahead
and Two-Vehicle Look-Ahead Against the Proposed
Topology

The performance of both the improved topology and conventional (one-look-ahead
and two-look-ahead) topologies can be evaluated from the results obtained inFigs. 17,
18, 19, 20, 21, 22, 23, 24, 25, 26, 27 and 28. Both topologies were subjected to similar
headway, vehicle profile and time duration of 160 s. Several variations in dynamics
parameters were recorded; this is due to the use of ill-topology in the one-look-ahead
and the two-look-ahead. Figures 17, 20, 23 and 26 of the one-look-ahead, Figs. 16,
21, 24 and 27 of the two-look-ahead are compared with Figs. 19, 22, 25 and 28 of the
improved two-look-ahead and one rear-vehicle convoy topology, respectively, with
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Fig. 17 Relative position responses of one-vehicle look-ahead control topology for t equal to 0–75 s
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to 0–75 s
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Fig. 19 Relative position responses from the two-vehicle look-ahead and one-rear-vehicle control
topology for t equal to 0–75 s
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Fig. 22 Speed responses from two-vehicle look-ahead and one-rear-vehicle control topology for t
equal to 0–75 s
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Fig. 23 Acceleration responses from the one-vehicle look-ahead control topology for t equal to
0–75 s

both the figures at selected time interest 0–75 s. The selected time interval of 0–75 s
is due to the significant changes that occur within the period, which brings about the
performance improvement in the topology.

Figure 19 shows the achievement of variable inter-vehicular spacing, as variation
in spacingwas achievedwith respect to variation in the vehicle speed. By implication,
for constant speed among the vehicles itwill result in an equal inter-vehicular spacing.
The inter-vehicular spacing gives an improvement in spacing and slinky free IFT
than that of Fig. 17. This improved topology results in a smooth and free running of
the vehicle over the test period of 160 s as shown in Fig. 13. Similarly, the policy
used in the control-vehicle provides a wider inter-vehicular spacing of 35 m. The
achieved wider spacing gives room for the control-vehicle to adjust its speed and
position on any sudden changes in speed from the neighboring vehicles within the
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Fig. 24 Acceleration responses from the two-vehicle look-ahead control topology for t equal to
0–75 s
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Fig. 25 Acceleration responses for the two-vehicle look-ahead and one-rear-vehicle control
topology for t equal to 0–75 s

convoy. Figure 17 shows the spacing provided by the improved topology,which avoid
collision as the wider spacing will allow the controlling vehicle to take decision due
to communication delay.

Shorter inter-vehicular spacing of only 29.3 m was seen in Fig. 17 of the one-
vehicle look-ahead topology as compared to the improved topology, even though
they are both subjected to similar strategy of CHT. Moreover, chattering was seen
for the first 75 s in the spacing provided by the conventional one-look-ahead. Hence,
the one-look-ahead is porous to collision on high speed.

Inter-vehicular spacing of 35 m was achieved in the proposed topology as shown
in Fig. 19. The improved spacing of the proposed topology is speed-dependent, hence
it keeps increasing when the vehicles are on high speed and vice versa. Moreover, the
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Fig. 26 Jerk responses from the one-vehicle look-ahead control topology for t equal to 0–75 s
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Fig. 27 Jerk responses from the two-vehicle look-ahead control topology for t equal to 0–75 s
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Fig. 28 Jerk responses from the two-vehicle look-ahead and one-rear control topology for t equal
to 0–75 s
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proposed topology gives smooth and free running of the convoy over the set period
without overlapping or chattering, as also seen in Fig. 18 for the two-look-ahead
topology. The inter-vehicular spacing of Fig. 18 is only 29.61 m, which is lower
than that of the improved topology by 5.39 m. The larger inter-vehicular spacing
of the proposed topology will avoid collision among and can safely react to sudden
changes in the speed of the neighboring vehicles as compared to the two-look-ahead
topology.

Figure 22 shows a precise control of the controlled vehicle’s speed, who tracks the
path of the neighboring vehicles by depending on the information received on their
individual speeds without collusion as compared to Figs. 20 and 21 where opposite
is the case. Elapses in speed were seen in the one-vehicle look-ahead of Fig. 20.
Chattering effect can also be seen in the first 70 s within the journey. The elapses
in speed and the chattering resulted in an overlap in speed within the convoy even
at low speed of 20 ms−1. This proves that the one-vehicle look-ahead topology is
unrealistic.

Figure 22 reveals how the control vehicle of the proposed topology closely tracks
the path of the leader, predecessor and rear-vehicle speeds without collusion. The
speed of the two-vehicle look-ahead as in Fig. 21 shows an encouraging speed control
with similar maneuvering as exhibited in the proposed topology Fig. 22, and all
transitions were smooth throughout the journey of 160 s.

The four vehicles acceleration of the improved topology was shown in Fig. 25
within the periodof interest of 0–75 s.The controlled vehicle’s accelerationwasmain-
tained not to pass the threshold value of 0.9 ms−2, which is less than the maximum
acceptable value of 2 ms−2 [50]. The controlling vehicle’s acceleration was adjusted
and maintained between the predecessor and the rear-vehicle by using the informa-
tion received from the neighboring vehicles in the convoy as compared to that of the
conventional Fig. 23.

Unwanted oscillationwas observed in Fig. 23, and acceleration of 1.129ms−2 was
recorded for controlling vehicle of this topology. Though the acceleration is within
the acceptable range but it is not as low as that of the proposed topology Fig. 25. The
most concern issue of this conventional topology is the chattering phenomena, which
occurs at the beginning and last for 75 s. The difference in the acceleration values
among the convoys is in favor to the proposed topology by 0.229 ms−2. Hence the
improved topology outperformed the one-look-ahead by precise acceleration control
of 0.229 ms−2 less than that presented in Fig. 23. The less the controlled vehicles’
acceleration, the lesser is the jerk.

The acceleration of all the four vehicles in the improved topology was shown in
Fig. 25 within the period of interest of 0–75 s. It was found from Fig. 25 that the
controlled vehicle’s acceleration was maintained not to pass the maximum value of
0.9 ms−2, which is less than the maximum acceptable value of 2 ms−2 [50]. The
controlling vehicle’s acceleration was adjusted and maintained between the prede-
cessor and the rear-vehicle by utilizing the information received from the neighboring
vehicles in the convoy. Also, an encouraging result was provided by the two-look-
ahead convoy topology, where proper control in acceleration was recorded as well.
The two-look-ahead provided an increment in the acceleration of 0.161 ms−2 ahead
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of the improved topology. This increment in the acceleration of the conventional
topologies has consequence on the final controlling vehicle’s jerks, which will jeop-
ardize the overall comfortability of the vehicle users. Hence the improved topology
outperformed the two-look-ahead by precise acceleration control of 0.161 ms−2 less
than the one presented in Fig. 24.

To achieve passenger’s comfortability, smaller jerk value is required; the smaller
the jerk, the more is its comfortability. From Fig. 28 the controlled vehicle’s jerk was
found to be 0.430 ms−3, which is by far below the maximum required jerk of 5 ms−3

[8]. Hence the 0.430 ms−3 shows that the controlled vehicle will be comfortable
enough for passenger [48, 49] as that of Fig. 26.

Slow response and undesirable jerk of 0.547 ms−3 was seen from Fig. 26. The
chattering in Fig. 26 indicated the presence of an oscillation as the vehicle is trying to
settle to its final speed. The conventional topology of the one-vehicle look-ahead has
a higher jerk value as against the proposed topologywith 0.144ms−3 difference. This
difference in jerk in addition to the oscillation would lead to passenger’s discomfort
in the conventional convoy.

Similarly, the said jerk of 0.430 ms−3 proved to be the set as compared to that of
the two-look-ahead as seen in Fig. 27 with a maximum jerk of value of 0.46 ms−3.
Moreover, the simulation result of Fig. 27 shows a fast responsewithminor oscillation
at 10–35 s, which was inherited from the acceleration of Fig. 24. This difference in
jerk in addition to the short period oscillation would lead to passenger’s discomfort
in the conventional two-look-ahead convoy topology.

It can be justified by the performance comparison between the improved topology
and the conventional one-vehicle look-ahead that the improved topology proved to
be of higher performance in terms of all the dynamics parameters.

Table 3 provides a summary of the performance comparison of the improved and
the one-vehicle look-ahead convoy topology.

Table 3 Comparison of the improved and one-vehicle look-ahead convoy topology

Dynamics
parameters

Position (m) Speed (ms−1) Acceleration
(ms−2)

Jerk (ms−3)

Proposed Good spacing of
35 m

Smooth and steady 0.900 0.430

One-vehicle
look-ahead

Poor spacing of
29.3 m

Lapses in speed 1.129 0.574
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Table 4 Comparison of the improved and two-vehicle look-ahead convoy topology

Dynamics parameters Position (m) Acceleration (ms−2) Jerk (ms−3)

Proposed Good spacing of 35 m 0.900 0.43

Two-look-ahead Acceptable spacing of 29.61 m 1.061 0.46

An improvement of 5.7 m in spacing, smooth and steady speed, 0.229 ms−2 in
acceleration, 0.144 ms−3 in jerk and no chattering phenomena were achieved in
proposed improved topology over the conventional one-vehicle look-ahead convoy
topology.

It can be justified from the performance comparison between the improved
topology and the conventional two-vehicle look-ahead that both the two topolo-
gies proved satisfactory spacing, smooth and steady speed, while the improved
topology outperforms the two-look-ahead in terms of acceleration and comfort.
Table 4 provides a summary of the performance comparison of the improved and the
two-vehicle look-ahead convoy topology.

An improvement of 5.39 m in spacing, 0.161 ms−2 in acceleration, 0.030 ms−3 in
jerk and oscillation-free were achieved in the proposed improved topology over the
conventional two-vehicle look-ahead convoy topology.

6 Conclusion and Further Work

This chapter aimed to propose vehicle control with improved information flow using
two-vehicle look-ahead plus rear-vehicle topology. A resolution was achieved in
producing a string stable following vehicle with driving comfort ahead of the conven-
tional. The improved following vehicle can look at one vehicle behind and two vehi-
cles ahead in stable speed and comfort. In conclusion, the improved following vehicle
shows that the proposed improved IFT has been designed and implemented. It gave a
wider operating range, effective communication and a more realistic vehicle convoy.
A control strategy of the improved IFT has been designed and implemented for the
following vehicle. Improved results were achieved against the two conventional via
simulations since the proposed vehicle topology was string stable and smooth in any
changes of vehicle speed due to its potentials in providing acceptable acceleration
and rides comfort.

The proposed approach against the one-look-ahead and two-look-ahead achieved
the following improvements: An increase in inter-vehicular spacing by 19.45% and
18.20%, respectively; smooth speed, chattering free and ride comfort; a reduction
in acceleration by 20.28% and 15.17%, respectively; reduction in jerk by 25.09%
and 06.25%, respectively. Hence, it is therefore important to give more emphasis not
only on following vehicle convoy but also in the choice of IFT.

The reasons why the proposed topology performs better than the conventional
approaches are due to the use of human-like driving habits, variable inter-vehicular
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spacing and considering unforeseen circumstances. The human driving habit is the
only one that allowed the controlled vehicle to be able to look at the two vehicles
ahead of it and the immediate rear vehicle. The proposed topology mimics how
human drives by using direct visual to see the two vehicles in front while monitoring
the immediate rear vehicle by using the mirrors of the vehicle. By doing so, a stable
string was achieved unlike in the conventional topologies whereby only one or two
vehicles in front were monitored; hence it leads to unstable string when any of
the controlling vehicles suddenly match break. The variable inter-vehicular spacing
used in the proposed vehicle topology allowed the controlling vehicle with enough
time and space to react to the changes in the speed of the neighboring vehicles for
safety. The conventional topologies used constant inter-vehicular which deprived the
controlled vehicle with enough time and space to react to any changes in the speed
of the neighboring vehicles. Finally, the proposed topology considers the effect of
disturbances in terms of frictional force, aerodynamic resistance, rolling resistance
and viscous force all in cooperated in the controlled vehicle model as against the
conventional that considers only one effect (aerodynamic force). These make the
proposed topology performs better than the conventional topologies, which suffered
from lack of string stability, exposed to collusion and chattering phenomena.

This chapter opens a way to a new vehicle following control topology that needs
to be further explored. Such thematic areas that need to be improved include behavior
prediction and adoption, double lane, use of complete vehicle dynamic model and
the cooperation of robust controller.
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49. Zuska, A., Więckowski, D.: The impact of unbalanced wheels and vehicle speed on driving
comfort. In: XI International Science-Technical ConferenceAutomotive Safety, pp. 1–6, Casta-
Papiernicka, Slovakia (2018)

50. Zhu, H., Wang, J., Yang, Z.: Numerical analysis on effect of vehicle length on automotive
aerodynamic drag. In: IET International Conference on Information Science and Control
Engineering (ICISCE2012), pp. 1–4, Shenzhen, China (2012)


	 Vehicle Following Control with Improved Information Flow Using Two-Vehicle-Look-Ahead-Plus-Rear-Vehicle Topology
	1 Introduction
	2 Single-Vehicle External Dynamics
	2.1 Aerodynamic Drag
	2.2 Viscous Friction Drag
	2.3 Rolling Resistance Force
	2.4 Simplified Vehicle Dynamics

	3 Following Vehicle Convoy Dynamics
	4 Turning of Gains and Simulation
	5 Results and Discussion
	5.1 Comparison of the One-Vehicle Look-Ahead and Two-Vehicle Look-Ahead Against the Proposed Topology

	6 Conclusion and Further Work
	References




