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Abstract: The paper proposes the design of the speed of road vehicles, which minimizes control
energy and fuel consumption while keeping travelling time and, moreover, considers the local
traffic information to avoid conflicts in congestions. Topographic data and speed limits on the
road are incorporated into the design of fuel efficient operation of the vehicle. Since the biased
consideration of fuel consumption may lead to the reduction of speed, the traffic flow in the
surroundings of the vehicle may be impaired. Thus, the information about the local traffic is an
important factor considering the wider transportation system. In the paper the energy-efficient
predicted cruise control strategy is presented, which is able to adapt to the motion of the
surrounding vehicles. In this way a balance between the designed speed and the flow of the local

traffic can be guaranteed.
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1. INTRODUCTION AND MOTIVATION

The development of an energy-efficient operation strategy
has been in the focus of research and development centers,
suppliers and manufacturers. The purpose of the energy-
efficient operation is to design the speed of road vehicles, in
which several factors are taken into consideration such as
energy requirement, fuel consumption, road slopes, emis-
sions and travelling time. Consequently, the look-ahead
control methods are based on multi-objective optimization
criteria. The advantage of these methods is that they can
be connected to the adaptive cruise control strategy.

Several papers have been published in these topics. The op-
timization problem was handled by using a receding (slid-
ing) horizon control approach in Hellstrom et al. (2010);
Passenberg et al. (2009). In Hellstrém et al. (2009) the pre-
dicted control approach was evaluated in real experiments,
based on the combination of GPS signals and information
about the road geometry. Németh and Gaspar (2013a)
proposed the design of speed for road vehicles based on
road inclinations, speed limits, a preceding vehicle in the
lane and traveling time. Saerens et al. (2013) proposed
an eco-cruise control strategy, in which the multi-criteria
optimization between journey time and fuel consumption
was converted into a constrained fuel optimization task.
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Several scenarios were presented by Rakha et al. (2006)
for the relationship between travel time, energy and the
emission of the vehicle. In Asadi and Vahidi (2011) a
predictive cruise control was proposed, which was able to
consider upcoming traffic signal information to improve
fuel economy and reduce traveling time. The algorithm
used radar and traffic signals to optimize traveling speed.

In the case of hybrid electric vehicles the road prediction is
important to optimize battery recovery. The efficiency of
terrain preview was demonstrated using simulation exam-
ples in Zhang et al. (2010). Ambiihl and Guzzella (2009)
presented the predictive reference signal generator method
to maximize recuperated energy using the topographic
profile of the future road segments and the corresponding
average traveling speeds. In van Keulen et al. (2010) a
speed optimization method was detailed for heavy electric
trucks. In the method the shape of the vehicle speed
profile at a road segment was predefined and its pa-
rameters were determined during a nonlinear constrained
optimization process. Schakel et al. (2010) analysed the
effects of cooperated adaptive cruise control on the mixed
traffic flow. During the cooperation between vehicles the
shockwaves in traffic can be damped efficiently. In this way
the individually-controlled vehicles are able to guarantee
a coordinated motion and improve traffic flow.

The look-ahead control is also motivated by the design of
a platoon control system. A cooperative control strategy
based on preview information, which initiates the change
in speed for all vehicles in the platoon, was proposed by
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Alam et al. (2013). The method of look-ahead control was
extended to the design of the common speed of the vehicles
in the platoon in Németh and Gaspar (2013b). The goal
was to determine the common speed at which the speeds of
the members are as close as possible to their own optimal
speed.

Although the efficiency of terrain preview consideration in
cruise control has been proposed in several publications,
a smaller emphasis has been placed on traffic flow impair
caused by speed reduction. In most papers, the traffic flow
in the environment of the controlled vehicle is influenced
during the journey. However, in the methods listed above,
the motion of the other vehicles on the road is not
taken into consideration. For example, the driver of the
look-ahead vehicle is able to create a balance between
energy /fuel saving and journey time according to his own
priorities. However, other drivers on the road have different
priorities, which can lead to conflict, e.g. fast vehicles are
held up by vehicles traveling in a fuel efficient fashion.

The goal of the research is to design an optimal look-ahead
control strategy which is able to adapt to the motion of
the surrounding vehicles. In this way a balance between
fuel economy and the speed of vehicles on the road can be
guaranteed. The combination of the look-ahead concept
and the congestion problem leads to a complex multi-
criteria optimization task.

The paper is organized as follows. The principles of the
applied look-ahead concept are briefly presented in Section
2. In Section 3 the interaction of look-ahead strategy with
the follower vehicle motion is formulated using optimiza-
tion criteria. Section 4 presents the architecture of the
design method incorporating the optimization processes.
The efficiency of the method is illustrated through a sim-
ulation example in Section 5. Finally the contributions of
the paper are summarized in Section 6.

2. PRINCIPLES OF LOOK-AHEAD CONTROL

In the section the principles of the consideration of road
conditions in speed profile design are briefly summarized.
A detailed description of the method is found in Németh
and Gaspar (2013a).

The road ahead of the vehicle is divided unevenly, which is
consistent with the topography of the road. In the method
the vehicle is assumed to be traveling in a segment from
the initial point to the first division point. The speed
at the initial point is predefined and it is called original
speed. The aim is to calculate the so-called modified speed
at the same initial point at which the reference speed
of the first point can be reached by using a constant
longitudinal force. This thought can be extended to the
next segments and division points. In the case of n number
of segments and m + 1 number of points as Figure 1
shows, n equations are formulated between the first and
the end points. It is assumed that the acceleration of the
vehicle may change in the different intervals, but within
an interval the acceleration is constant.

The motion of the vehicle is described using simple kine-
matic equations: s1 = & (&1 — &)/€ + (&1 — &)?/2/€,
where £ is the speed of the vehicle at the initial point,

original reference velocities:

Ure f0 Uref1 Uref2  Uref3 Urefa Urefs  Uref6 Urefn

modified reference velocity:

<

Fig. 1. Division of road

&, is the speed of vehicle at the first point and s; is the
distance between these points. Fy; disturbances considered
in vehicle dynamics are divided in two groups: The first
group is force resistance from the road slope Fy; ,, which
can be considered as a measured signal during the road
slope measurement. The second group Fgy;, contains all
of the other resistances such as rolling resistance and
aerodynamic forces. The unmeasured resistances Fy; , can
be approximated by the square of &y for the road sections
as Fyio = A+ T{g, where A and T are constant vehicle
parameters.

Based on the previous kinematic modeling framework the
speed of the vehicle at point ¢ € {1,2,...,n} is written as:
§ = &3+ 5 251 55 (Fij — Fyj). Similarly, the speed of the
vehicle is formulated in the next n section points. Using
this principle, a speed-chain which contains the required
speeds along the way of the vehicle is constructed. At
the calculation of the control force it is assumed that
additional longitudinal forces Fj;, ¢ € {2,...,n} will not
affect the next sections. It means that always the actual Fj;
control force must be computed and applied as momentary
actuation. Thus, the predicted speed of the *" section
point is the following:

%(lell = siFy) (1)

j=1

&=+

When the vehicle arrives at a speed limit, the vehicle speed
f.i must reach this limit v,.f ;. Therefore the following aim
must be achieved for all of the section points: {f — vfe i
This defined condition is rearranged using the kinematical
relationship and the form of disturbance. Consequently,
the equations of the vehicle speeds at the section points
are calculated in the following way:

é.g - Uzef,O’ (2)

2 2 2 o
2 2
& + Elell - ES1F¢11,0 = Urepi T ledej,ra (3)
=
where 7 € {1,2,...,n}. Since the vehicle travels in traffic
and it may happen that it catches up with a preceding
vehicle. Due to the risk of collision it is necessary to
consider the speed of the preceding vehicle vjeqq:

€§ - UZQead (4)
In the next step prediction weights v1, 72, ..., V» are applied
to (3). They represent the priority of the i*" condition. Two
additional prediction weights are applied: @ and W based
on (2) and (4), respectively. The weights must sum up to
one, i.e.

Mmtr+aot+tmt+tQ+W=1 (5)
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While the prediction weights -; represent the rate of the
road conditions, weight () has an essential role: it deter-
mines the tracking requirement of the current reference
speed Vrefo. By increasing ) the momentary speed be-
comes more important while road conditions become less
important. For example when ¢ = 1 the control task is
simplified to a cruise control problem without any road
conditions. By making an appropriate selection of the
weights the importance of the road condition is taken into
consideration. When equivalent weights are used the road
conditions are considered with the same importance, i.e.,
Q = v, i € {1,2,..,n}. W represents the tracking of
the speed vjeqq- When W = 1 only the tracking of the
preceding vehicle is carried out. The determination of W
is based on the distance from the preceding vehicle to
minimize collision risk, see Németh and Gaspar (2013a).

By using (3) and (4) and taking the weights into consid-
eration the following formula is yielded:

£§+331(1 —Q—-W)Fu - 351(1 —Q-W)ka, =1
m " (6)

where value ¥ depends on the road slopes, the reference
speeds and the weights

n 2 n n
U= W’UZQead + sze ,0 + %‘U?e ) + = SiFdi,r Vs
pot 2 ihesi+ D ;
(7)
In order to take the road conditions into consideration
in the control design (6) is applied as a performance of
the controlled system. Finally, a speed tracking problem
is deduced, whose reference signal contains the predicted
road information (road slopes, speed limits), such as:

fo — A (8)
where parameter A is calculated in the following way based
on the designed :

A= 0—25(1- Q= W)+ gsina)  (9)

2.1 Optimization of the vehicle cruise control

Equation (6) shows that the modified speed &, depends on
the prediction weights (W, @ and ~;). By choosing these
values the effects of road conditions can be tuned. The
design of the vehicle speed profile poses two optimization
problems, which are written in the following forms:

Optimization 1: The longitudinal control force must be
minimized, i.e., | F;;| — min. Instead, in practice the Fj3 —
min optimization is used because of the simpler numerical
computation. It leads to a quadratic optimization problem,
which is written in the following form using (6):

Fl21 =(Bo(Q) + B @)V + ... + ﬁn(Q)'—Vn)Z — min (10)
with the following constrains 0 < @Q,%; < 1 and Q +
>4 = 1 — W. This task is nonlinear because of the
weights. At fixed ) weights the optimization task is solved
by the transformation of the quadratic form into the linear
programming using the simplex algorithm.

Optimization 2: The difference between momentary speed

and modified speed must be minimized, i.e., |vref,0—E&o| —
min. In this case the optimal solution can be determined

easily, since the vehicle tracks the predefined speed if
the road conditions are not considered. Consequently, the
optimal solution is achieved by selecting the weights in the
following way: Q =1 — W and ¥%; = 0,i € [1,n).

The two optimization criteria lead to different optimal
solutions. In the first criterion the road inclinations and
speed limits are taken into consideration by using appro-
priately chosen weights @, 7;. At the same time the second
criterion is optimal if the information is ignored. In the
latter case the weights are noted by Q, i

A balance between the performances must be achieved,
which is based on a tuning of the weights. Several methods
can be applied in this task. In the proposed method two
further performance weights, i.e., Ry and R, are intro-
duced. Performance weight R; (0 < Ry < 1) is related
to the importance of the minimization of the longitudi-
nal control force Fj; (Optimization 1) while performance
weight Ry (0 < Ry < 1) is related to the minimization
of |vrer0 — &| (Optimization 2). There is a constraint
according to the performance weights R; + Ry = 1. Thus
the performance weights, which guarantee a balance be-
tween optimizations tasks, are calculated in the following
expressions:

Q=RiQ+RQ=1-W-Ri(1-Q-W) (lla)
vi = Rayi + Rayi = Ra7i (11b)
with ¢ € {1,..,n}. The equations show that prediction
weights depend on R; linearly. Based on the calculated

performance weights the modified speed can be determined
by using (9).

3. CONSIDERATION OF THE MOTION OF THE
FOLLOWER VEHICLE IN SPEED DESIGN

Normally the driver sets weight R; based on his goals and
requirements, thus he creates a balance between energy
saving and travelling time. However, a vehicle preferring
energy saving may be in conflict with other vehicles
preferring cruising at the speed limit. Thus, an energy-
efficient vehicle may decelerate the other vehicles on the
road. Preferring weight R; leads to a non-optimal motion
for the traffic globally. In this section a weight calculation
method which guarantees a balance between the energy-
efficient speed profile and the flow of the local traffic is
proposed for R;. Thus, the motion of the vehicle using the
look-ahead control and the motion of the follower vehicle
are analyzed.

8.1 Predicting the speed of the wvehicle using look-ahead
control

The speed prediction of the vehicle using look-ahead
control is based on (3). In the following the unmeasured
resistances Fy; o is considered. Based on (7) the expression
of ¥ can be rewritten as:

9 =Wod ,+(1— W)Ufef’o —-Ri(1-Q— W)vfef’o—i—

n n n
2
+ R E %vfef,,--&-lﬁ(g E siFgir g ¥i) =
=i

=1 =1

=R19 4+ v} (1 — Ri)(1 - W) (12)

where 9 contains the value of ¥ calculated with energy-
efficient prediction weights @, 7;.
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From (8) the reference speed A is calculated based on the
predicted road information. It shows that through @ and
¥ weight R; plays an important role in the calculation of
the reference speed. Moreover, the predicted values of the
weights v; also depend on Ry, see (11). From (6) and (7)

the square of the reference speed f is calculated in the
following form:

A2 =Ryd + 025 o(1— R1)(1— W)+
— 251 (1 -Q- W) (€0 + gsina)
=R1 (9= 251(1=Q = W) +v2; ,(1 — R1)(1 = W)
=RiN* 407 o(1— Ri)(1—W) (13)

From (3) and (13) the predicted estimated speed of the
vehicle at section point n is

n
. . 2 2 2
2=+ —s1F1 — —s1Fp,0— — E 5iFg;
m m m
=1
n

2 2 2 2
= )\2(1 — 781T) + —s1Fjp — —s1A— — Z SiFdi,r
m m m m

=1

= RiN1 + N> (14)
According to (14) the predicted speed at point n is
independent of vr.f, . For example when R; = 0 the

predicted speed at point n must be v,¢f .. However, using
(14), the value ¢&; depends only on the momentary speed
limit vy¢f,0, while future speeds v,.f; do not influence it.

Based on (14) the defined reference speed at section point
n must be modified in the following way:

& = (RN +No) Ry + (1= Ry)vl g, (15)
Consequently, the estimated speed at section point n is
€n = \J(RINT + N2) Ry + (1 — Ry)o? (16)

ref,n
which depends on the weight R;. In the formula N; is
independent of the section points ahead, while N5 contains
the road grade information of each section.

3.2 Predicting the motion of the follower vehicle

Hereinafter it is necessary to determine the criterion of
the safety distance between the vehicle using the look-
ahead control and the follower vehicle. It requires the
estimation of the motion prediction of the follower vehicle.
The controlled vehicle moves from point & to &, whose
distance is s; while the traveling time is At;. Meanwhile
the follower vehicle moves from point 79 to n;.

In the optimization method it is assumed that although
the acceleration of the vehicle may change in the different
intervals, within an interval acceleration is constant. Thus,
the traveling time in the first interval is expressed as
Aty = 2s1/(£&1+X), where A and & are from equations (13)
and (15), respectively. The traveling time between points

& and & is expressed similarly as Aty = 232/(5'2 + 51)

In the estimation of the follower vehicle several assump-
tions are considered. First, the preceding vehicle has in-
formation about the speed and acceleration of the follower
vehicle (7o, 7jo) and the momentary distance between the
vehicles eg. Second, the follower vehicle accelerates evenly
until it reaches the speed limit. When the follower vehicle
reaches the speed limit v,y ; it does not accelerate further,
thus in the oncoming sections the predicted speeds of the

vehicle are vyetj,. .., Uref,n- Note that the optimal speed
of the preceding vehicle is continuously re-designed, thus
the motion of the follower vehicle must be predicted.

In the following, based on the information 7q, 7jo, eg the
motion of this vehicle must be calculated in every sections
in which the traveling time is At;, ¢ = {1...n}. Until the
follower vehicle reaches the speed limit, i.e., k < j, the
distance of the vehicle is the following;:

k 2 k
_ To , : .
- (Z At2> N ST
=1 i=1
where k € [1, ..., 7 — 1]. When the follower vehicle reaches
the speed limit at section j the equation is the following;:
/-1 2 j—1 I
U .
m = ?‘) (Z Ati> +ii0 Y (ALY + > (vrepiAt)  (18)
i=1 i=1 i=j
where [ € [j,...,n]. After this section the speed of the
follower vehicle is considered vyey ;-

3.8 Safety distance criterion

Now the safety distance between the vehicle using the look-
ahead control and the follower vehicle must be guaranteed.
The safety distance sgqfety is assumed to be predefined.
The controlled vehicle intends to use the energy-efficient
predicted cruise control, while the follower vehicle aims to
keep the speed limit. Thus, the look-ahead control strategy
is modified in such a way that the motion of the follower
vehicle is taken into consideration. A possible method is to
modify weight Ry during the journey and create a balance
between the designed speed and the required speed of the
follower vehicle. The aim of this section is to develop a
method for the re-design of weight R;.

The criterion of the safety distance is based on the motion
of the vehicles. During the journey in every section the
distance between the two vehicles must be guaranteed by
the following inequalities:

€i+60_ni > Ssafetys S {1527--7n} (19)
where &; is the predicted displacement of the controlled
vehicle, eg is the momentary distance between the vehicles
and 7); is the predicted displacement of the follower vehicle.
It is necessary to find the maximum of weight Rj, which
guarantees the inequality constraints (19). Note that an
increase in R; induces longer journey time. Therefore R;
can be limited by the driver using a predefined bound
Rl,maw~
The optimization criterion of the safety cruising is formu-
lated as follows:

max R
[0;R1,max]

such that the following conditions are satisfied:

(20)

J
Zsi+60*77j — Ssafety 207 ] € {Lan} (21)
i=1

In these inequalities 77; depends on weight R;. The result of

the optimization R oy is used in the calculation of the pre-

diction weights @ and ~;. Based on the prediction weights
and equation (9) the reference speed A of the controlled
vehicle is computed. The optimization procedure (20) is
performed in each step, thus weight R; is rewritten con-
tinuously according to the current local traffic information.
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4. ARCHITECTURE OF THE SPEED PROFILE
DESIGN METHOD

In practice the solution of the optimization processes
(10), (20) may require a great deal of computation effort.
However, the constrained quadratic optimization problem
(10) is reformulated to a linear programming task. In this
way the computation of @, 7; requires less time. In the case
of the other optimization (20) the solution of the previous
computation step Ri g is applied as initial value.

The new solution Rj ey is searched in the interval
[maX(RLold —Q, 0)7 min(Rl,old + a, RLma;v)]

with n = 10 points and a = 0.1. Note that Ri mqs is
set by the driver. Its default value is Rj 4 = 1. Both
optimization (10) and (20) are solved with sample time
0.005s. The purpose of this procedure is to guarantee that
the complexity of the optimization method is reduced and,
thus, the method can be applied in practice.

Figure 2 illustrates that the vehicle receives information
about the motion of preceding vehicle (distance and speed)
and the follower vehicle (distance, speed, acceleration).
Moreover, the road inclination o; and speed limit vycf,;
data are also known. Since the route of the vehicle is
considered as known, the loading of this information
requires the measurement of the current position, e.g.
using GPS.

'NO)
At ©

speed limit data #road data
W

measurement measurement

O (LD G

N
*, local traffic
*, information g

roadside unit

vehicle datal“-.__

vehicle data™ ..., . ~Vehicle data

Fig. 2. Communication and information flow

Ebnre and Hermann (2001) provided a survey of the fu-
ture communication possibilities in automotive and traf-
fic control. Nuevo et al. (2010) presented a computer
vision-based approach to tracking surrounding vehicles
and estimating their trajectories. An extension of adap-
tive cruise control with traffic information considering
vehicle-to-roadside and vehicle-to-vehicle communication
was proposed in Kesting et al. (2007). Festag et al. (2008)
combined vehicle-to-vehicle communication and vehicle-
to-roadside sensor communication to prevent accidents
and assist investigations.

5. SIMULATION RESULTS

In this section the proposed speed design method is
demonstrated through a simulation example using high-
complexity vehicle dynamic software CarSim. In the sce-
nario a maneuver is considered, in which a controlled

vehicle with the presented method overtakes slower pre-
ceding vehicles on the highway (controlled). The overtak-
ing maneuver is carried out by using an energy-efficient
method. At the same time another vehicle equipped by
an conventional adaptive cruise control drives onto the
highway and accelerates to reach the speed limit and also
begins an overtaking maneuver (follower). Thus, there is a
conflict between the vehicles caused by the decreased dis-
tance between the controlled and follower vehicles during
their maneuver. In the following example the efficiency of
conflict handling based on the proposed control strategy
is presented.

The terrain characteristics of the road are illustrated in
Figure 3(a). This road contains downhill sections, whose
inclinations are 5% and 3%. The energy-efficient cruising
of the vehicle requires the reduction of vehicle speed before
the downhill sections. The speed limit on the highway is
130km/h, which is reduced to 110km/h before the second
inclination. The speed profiles of the controlled vehicle
with a control strategy and the follower vehicle are shown
in Figure 3(b).

The follower vehicle drives onto the busy highway at
80km/h and accelerates dynamically to reach the speed
limit 130km/h. The controlled vehicle is moving at ap-
proximately 110km/h, since the acceleration effect of the
predicted slope is considered. In the example Rj a0 =
0.75 is set by the driver. Note that this is the tuning
parameter. Consequently, the performance weight changes
in the interval 0 < Ry < Ry 4, method.

At the beginning of the simulation performance weight Rq
is chosen 0.75, therefore the control force Fj; is minimized,
see Figures 3(e) and 3(f). However, the distance between
the vehicles is reduced, which may cause a conflict. In
order to hold the safety distance sgq ety the priority of Ry
must be reduced, see Figure 3(f). At 45 sec the overtaking
maneuver of the controlled vehicle is finished, thus R is
reset to 0.75. The reduction of R; results in the increase
of vehicle speed in the first simulation case during the
increase of Ry. Therefore Fjy is increased, see Figure 3(f).
It leads to higher fuel consumption, since it is necessary
to avoid a hazardous conflict.

In the other simulation the motion of follower is not
considered by the controlled vehicle. Figure 3(d) shows
the speed profile of the vehicles. Since the controlled vehi-
cle considers mainly the predicted terrain characteristics
R; = 0.75, the interdistance is decreased continuously, see
Figure 3(c). Although in this case Fj; is minimized during
the entire road, the motion of the controlled vehicle caused
a traffic conflict. The follower vehicle must significantly
reduce its speed in its lane, which is unacceptable, see
Figure 3(d). Besides, the interdistance is decreased below
Ssafety, Which is also dangerous on the highway.

The energy consumption of the controlled vehicle using the
presented strategy is shown in Figure 3(g). It is compared
with a vehicle without traffic information and another
vehicle without look-ahead strategy. As long as R; = 0.75,
the energy consumption of the vehicle with traffic informa-
tion and the vehicle without that is the same, see Figure
3(e). When R; is reduced control energy consumption
increases significantly, because terrain characteristics are
less considered. Thus, the tendency of energy consumption
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Fig. 3. Simulation results of the overtaking maneuver

is close to the vehicle without look-ahead strategy. In the
presented simulation scenario the energy consumption of
the presented method is approximately 75% of an uncon-
trolled vehicle. Figure 3(h) illustrates the traveling time
values of the vehicles. Although energy saving of the look-
ahead strategy is considerable, the traveling time of the
vehicle increases. Without look-ahead strategy the journey
time is 87 sec, while the vehicle with look-ahead strategy
considering traffic information travels 3000 m in 90 sec.
The time increase of the proposed strategy is 3%. The
results show that the energy consumption is significantly
higher than the time lost.

6. CONCLUSIONS

The paper has proposed a speed design method which can
be built in the adaptive cruise control strategy. In the
method several factors such as energy requirement, road

slopes, traveling time, road disturbances and speed limits
have been taken into consideration and a multi-objective
optimization procedure has been formed. Since the vehicle
is part of the transportation system, this energy-efficient
cruise control strategy has been coordinated with the
motion of the surrounding vehicles. In the design method
performance weight R; has been tuned in order to keep the
safety distance between vehicles. The simulation example
has shown that by considering the predicted speed of the
other vehicles conflict events can be avoided.
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