A mathematical approach of fuel efficiency for vehicles equipped with Diesel engines

Abstract

In the last years, the effort spent by automotive companies to deliver
a most profitable product to their customers and that preserves the en-
vironment has proved the importance of exploiting new methods for
maximizing the vehicle fuel efficiency.

Besides the implementation of new technologies such as hybrid elec-
tric vehicles (HEVs), fuel cell vehicles (FCVs) and electric vehicles
(EVs), several driver assistance systems were developed by automo-
tive companies in the last decades with the aim of improving the fuel
efficiency of vehicles equipped with internal combustion engines.

One of the main factors that affects the vehicle fuel efficiency is the
way that it is driven, mainly for vehicles equipped with manual trans-
mission, where besides the engine torque control the driver is also re-
sponsible for shifting gears. Hence, the development of new technolo-
gies that make the operation of this type of vehicle more efficient have
proved to be extremely relevant for the automotive Brazilian industry,
mainly for commercial vehicles, where alternative measures as drivers
training have not achieved the expected results due to the high turnover
of these professionals in the Brazilian market.

The purpose of this study is to share a fuel efficiency analysis of com-
mercial vehicles equipped with Diesel engines during positive acceler-
ation phase and also for two hypothetical urban sections travelled with
different driving strategies. This analysis aims to provide information
that could be used as basis for the development of new active assistance
systems to improve the vehicle fuel efficiency.

The mentioned analysis were performed via simulation using MAT-
LAB/Simulink through the non-linear math model that explains the
vehicle longitudinal dynamics, as well as a math model designed by
the author based on experimental data to explain mathematically the
vehicle fuel efficiency.

Keywords: Fuel efficiency, longitudinal vehicle dynamics, energy
conservation, mathematical models, fuel economy.

Introduction

Commercial vehicles companies all around the world are working hard
on developing new fuel saving strategies as well as reducing pollutant
emission by creating new technologies in order to attend government
emissions regulations. It is well known that human beings are consum-
ing more natural resources than Earth can provide, therefore fuel sav-
ing can only bring advantages for the world. According to the Geneva
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Environment Network publication in July 2021, the humanity’s Eco-
logical Footprint is equivalent to 1.7 Earths [1], where the carbon, the
most consumed component, is being consumed faster than any other
Footprint component. In 2021, it was responsible for 61% of the to-
tal world’s Ecological Footprint, which is a significant increase since
1961 [2]. The carbon footprint is associated with the greenhouse gas
emissions, where the C'Os is the most emitted component to the atmo-
sphere with 74,4% of the total GHG emissions, followed by C H4 with
about 17%, according to the CAIT data source from 2018 [3]. The fig-
ure 1 presents the global historical GHG emissions from 1990 to 2018.
As can be seen, the emission of C'O> has been increasing year by year,
while the emissions of the others GHG as C' H4, N2O and F 4 s have
remained more stable since the first measures in 1990.
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Figure 1: Global historical GHG emissions by gases

Figure 2 shows that the energy sector, which is composed for sub-
sectors as electricity, transportation, manufacture and others, is the
main responsible for the total amount of COze emitted in the world
followed by the agriculture and industrial process with 76%, 11,9%
and 5,9%, respectively.

Figure 2: Global historical GHG emissions by sectors



Figure 3 details the global historical GHG emissions of the energy sub-
sectors. As can be seen, the main energy sub-sector responsible for the
global GHG emissions in 2018 was the electricity/heat followed by
transportation and manufacturing/construction with 41,9%, 22.2% and
16,5%, respectively.
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Figure 3: Global historical GHG emissions by energy sub-sectors

It is important to mention that among different types of transportation,
the road transportation occupies about 75% of the total amount of the
C'Oze emitted by this sub-sector in the world [4].

According to SEEG, Brazil has emitted about 2,2 billions of tons of
GHG emissions in 2019, where the land-use change sector is the largest
emitter with 44% of the total emissions. The second largest COze
emitter is the agricultural sector with 28% followed by the energy sec-
tor with 19% [5].

The figure 4 presents the Brazilian historical GHG emission in Mt of
COze from 1990 to 2019 as well as the compound annual growth rate,
represented by its Brazilian abbreviation TCAC.
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Figure 4: Brazilian historical GHG emissions by sectors

In the Brazilian energy sector, the transportation sub-sector was always
the most COze emitter in history, as shown on figure 5. This sub-
sector was responsible for emitting 196,5 Mt of COze in 2019 [5]. It
represents 8,9% of the total amount of GHG emissions emitted by the
country in 2019.
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Figure 5: Brazilian historical GHG emissions by energy sub-sectors

The figure 6 presents the equivalent petrol consumption in Mt for the
different types of fuels used by the Brazilian transportation sub-sector,
it can be seen that Diesel fuel is the most petrol consumer in the coun-

try.
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Figure 6: Brazilian fuel consumption history data

In Brazil, this type of fuel is mostly consumed by commercial vehicles
as buses, trucks and vans, which are responsible for more than 50% of
the total amount of C'O2e emitted in the country as shown on figure 7.
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Figure 7: Brazilian GHG emmision in the transportation sector

In addition to the environmental reasons, fuel saving technologies can
bring competitive advantages for the companies. The automotive sec-
tor is struggling to develop and deliver the most profitable product to
their customers. In the Brazilian commercial vehicle market, fuel ef-
ficiency is one of the key decision factors that attract owners of com-
mercial vehicle fleets to acquire a certain vehicle branch or type. This
importance is growing up year-by-year due to the current high petrol
Diesel prices in Brazil.



In the last years, a significant fuel saving was achieved by hybrid elec-
tric vehicles (HEVs), fuel cell vehicles (FCVs) and electric vehicles
(EVs) technologies.

Once the fuel consumption is highly related to the way a vehicle is
driven, several driver assistance methods focused on improvements of
gear shifting strategy have also been developed for internal combustion
engines.

Driver assistance system can be divided in two groups, passive driver-
assistance and active driver-assistance. Passive driver-assistance aims
to provide advisor feedback to the driver and it does not have any influ-
ence on the vehicle control. On the other hand, active driver-assistance
are those where part of the vehicle control is governed by it.

Several methods of active driver-assistance system are currently be-
ing applied on vehicles equipped with automatic and automated trans-
missions, which have brought a significant fuel saving for this type
of vehicle. Some of those methods use predictive road gradient in-
formation, which aims to support the powertrain controller to define
the best vehicle dynamics strategy for the region where the vehicle is
being operated. However, it is rare to find active driver assistance sys-
tems developed for manual vehicles with the aim of improving fuel
consumption.

Some of the newest commercial vehicles equipped with manual trans-
mission have in their feature’s portfolio a passive driver-assistance sys-
tem, which provides gear shifting recommendation signal through the
instrument cluster display, in order to support the driver to operate
this type of vehicle in a more efficient manner. There are also new
technologies implemented for manual vehicles which aims to present
grades to the driver via instrument cluster display about how well the
driver is operating the vehicle in terms of fuel saving. Although, it can
be easily ignored by the driver.

It is difficult to classify the driver behavior, however it is known that
drivers can be responsible for as much as 35% variation in fuel con-
sumption [6]. This fuel consumption variation can be easily noticed in
urban vehicles with manual transmissions, where the way the vehicle
is operated can vary widely among different types of drivers.

Many researchers have presented different methods for improving the
vehicle fuel consumption as well as demonstrated how the driving be-
havior and a gear shifting strategy can affect the vehicle fuel consump-
tion.

The article [7] is one of the mentioned researches, and it has ap-
proached the problem of fuel efficiency driving as a problem of numer-
ical optimization. The author has presented a comparison among three
different strategies of engine torque control during bus acceleration for
three different road slopes. The engine torque control were defined by
applying the Pontryagin Minimum “s Principle in order to find the opti-
mal vehicle acceleration path that minimizes the fuel consumption and
traveled time. The optimal fuel saving and time strategies were also
compared with a ‘slow vehicle acceleration rule’ strategy.

In [6], a mixed of passive and active driver assistance systems are de-
signed. The authors have utilized nearly 600.000 miles of driving data
to identify driving behaviors as well as data based on V2V, V2], radar,
GPS, 3D topography map and the general sensor data acquired from
the sensors installed at the vehicle to assist the driver in driving more
efficiently. The control system was simulated and validated in one spe-
cific scenario where the engine torque demand was adjusted based on
the road gradient and to keep a certain vehicle velocity range.

In [8], a controller focused on fuel economy and taking into account
travel time duration is developed by adapting the cruising vehicle ve-
locity set-point and schedules gear shifts based on the road gradient.
For downhill conditions, the implemented control system opens the
drive-line in order to increase its fuel efficiency by letting the vehicle

rolling down, similarly with the strategy presented in [6].

Longitudinal vehicle dynamics model

According to [9] and [10], the longitudinal vehicle dynamics can be
simply described by

:Ftr_Fres (1)

where m is the vehicle equivalent mass, A(n) is the inertia of the pow-
ertrain rotating parts in terms of gear n, F, is the vehicle accelera-
tion force, F}, is the vehicle traction force, Fi.s is the total resistance
against the vehicle movement and v(t) represents the vehicle speed.

The driving force F}, can be written as follows:

tgear (M)t
Frr = u(®)nTmas (w)w 2)
wheel

where u(t) is the control signal (0 < u(¢) < 1) that defines the engine
torque demand based on the maximum engine torque 7rnqz, Which
depends on engine speed w, igeqr 1S the gear ratio, which is dependent
on the gear engaged n, tqq1c s the axle ratio, ryheer i the wheel radius
and 7 represents the powertrain efficiency.

The total resistance against the vehicle movement F).., can be written
by the sum of the following resistance efforts: Rolling friction F.,
aerodynamic drag Fiero and gravity Fgrqq.

Fres = Froti + Faero + Fgrad (3)

In a more detailed manner, F..s can be written as follows:

Fres = mgCy cos(0)sgn(v(t)) + %pCUAU(t)2 + mgsin(0) (4)

where g is the gravity acceleration, C,. is the friction constant, 6 is the
road gradient, p is the air density, C, is the drag coefficient and A is
the vehicle frontal area.

The following differential equation is the result of the combination
among equations 1, 2 and 4:

o(t) = mA(n) Nn) s
_ 3pCy Av(t)? _ gsin(0)
mA(n) A(n)
where a(n) and w are given by
a(n) — 7:gecl,'r (n)iazle (6)
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Considering a maximum variation of the road gradient between -20%
to +20%, equation 5 can be confidently approximated to the equation
8:

na(n)u(t)Tmax (UJ) _ gCTSgn(U(t))
mA(n) A(n)

i(t) =

®)
_ 3pCuAV(t)  gO(t)
mA(n) A(n)
where the following approximation was considered:
sin(f) ~ 0 )
92
cos(0) ~ 1 — 5 Al (10)

Figures 8 and 9 aims to demonstrate graphically the approximations
described by equations 9 and 10, respectively
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Figure 9: Comparative: 1 X cos(0).

Bearing in mind that a road gradient of £ 20% is equivalent to + 11,3°,
then, consequently + 0,0627.

The term u(t)Trnaz(w) from equation 8 can also be replaced by a neg-
ative value which represents the braking torque on the engine shaft
during a vehicle braking phase.

Fuel efficiency dynamics model

With the aim of explaining the fuel efficiency in terms of the system
variables, the following equations were developed by the author based
on fuel consumption measurements performed on a real vehicle. As
detailed further, the powertrain of the vehicle used in this study is com-
posed by a Diesel four cylinder engine and a manual transmission with
six gears combined with a rear tractive axle with final ratio of 4,3.

The first order equation below represents the approximated consumed
fuel mass F.(T) in [g] per each engine revolution [r] in terms of engine
torque T with R? = 0, 9818.

F.(T) = 0,0004T (11)

By multiplying the equation above by the engine speed in [r/s], the
fuel consumption in [g/s] can be described as follows:

v(t)an (0,0004u(t) Tmax(w))

FC(U(t),u(t),igearyt) = 2m

(12)

Where % explains the engine speed in [r/s] and w(t) Tmae (w) the
applied engine torque.

It is noted through equation 12 that the fuel consumption in [g/s] varies
in terms of engine torque and speed. The fuel consumption in [g] can
be explained by integrating F'C'(v(t), u(t),¢gear,t) in terms of time
as follows:

FCeo(o(t),u®)sigear) ) = | FOWO,ut),igear). Ot (13)

to

By dividing the vehicle velocity in [m/s] by equation 12, we can write
the vehicle fuel efficiency model in [m/g] (distance travelled per fuel
mass) as follows:

PECO.0.eer) ) = Feaiy e Y

By simplifying equation 14, equation 15 can be written:

. 27
FE(t), u(t),igear), 1) = n (0,00040(t) T as (@)

15)

Equation 15 shows that the instantaneous vehicle fuel efficiency is af-
fected by two variables only, o, and engine torque represented by the
term u(t) Tmaz(w).

Since iqz1e and 7y hee are constant values on the longitudinal vehicle
dynamics model, the variation of «,, depends exclusively on the vari-
ation of i4.4.. Based on that, we can conclude that the instantaneous
vehicle fuel efficiency depends on the engine torque u(t)Tmqx(w) and
gear ratio i4eq- (1), and as shown by equation 15, the less the values of
igear(n) and u(t)Tmaz(w) is, the greater is the instantaneous vehicle
fuel efficiency.

The vehicle fuel efficiency average in [m/g] can be written in terms of
the travelled time ¢ as follows:



FEq(v(t),u(t),igear),t) =
t T
ftg %ang0,0004u2(t)Tmaz(w))dt’ for u(t) > 0 (16)

fto v(t)dt B
FCE(I(U(t)wu(t)aigear)at), for u(t) =0

By matching the instantaneous vehicle fuel efficiency for n and n + 1,
as below:

2 _ 2
an(0,0004uy () Tmaz (W) ant1(0,0004un+1(t) Traz(w))
a7
and simplifying as follows,
'Lgear(n + 1) o un(t)Tmaz(w) (18)

igear(n)  Un+1(t)Tmas(w)

it is possible to show the conditions where the instantaneous vehicle
fuel efficiency is equal for the different gear ratios » and n + 1. Ac-
cording to equation 18, the vehicle fuel efficiency is the same for the
different gear ratios n and n + 1, if and only if, the engine torque

: U () T g 2 (W) H 1 1 1
relatl(zn uT)L+1< DT e () 1 equalized on the same proportionality of
igear n+1

igear (n) -~
Mathematical models validation

The vehicle used for validating the mathematical models described on
the previous sections was a BUS equipped with a Diesel four cylinder
engine and a manual transmission composed of six gear ratios com-
bined with a rear tractive axle with final ratio of 4,3.

Figure 10 presents the maximum engine torque available in terms of
engine speed T a2 (w):
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Figure 10: Maximum engine torque in terms of engine speed

Table 1 shows the gear ratio values of the six gears that composes the
transmission:

Gearn  Gearratio tgeqr  Unit

I 9,201 [
2 5,23 [-]
3 3,145 ]
4 2,034 [-]
5 1,374 [-]
6 1 [-]

Table 1: Gear ratios

Table 2 presents the additional vehicle and powertrain parameters used
to calibrate the longitudinal vehicle dynamics model:

Item Value  Unit
iaacle 493 [‘]
Twheel 07491 [Hl]
m 15000  [kg]
n [n=1to 5] 0,85 [-]
1 [n=6] 087 ]
A(2) 1,1 [-]
A(3) 1,05 [-]
A(4) 1 [-]
A(5) 1 [-]
A(6) 1 []

Table 2: Additional powertrain parameters

The inertia of the powertrain rotating parts for each gear ratio A(n)
was defined by the author based on the math model responses dur-
ing the mathematical model validation phase. The longitudinal vehi-
cle dynamics model described by equation 8 and the fuel consumption
models in [g/7], [g/s] and [g] described by equation 11, 12 and 13,
respectively, were validated on the route detailed by figure 11:
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Figure 11: Road used for validating the mathematical models

Figure 12 aims to detail the road slope variation in terms of the main
segments of the road. The road gradient was measured with a goniome-
ter along the route and its angle was checked at every five meters. As
shown by figure 11 and 12, the road used for validating the math mod-
els is composed by a flat road (segment 1), followed by a light decline
at the end (segment 2). Next comes a steep hill of approximately 10,5%
of road gradient (segment 3), and then, a road gradient of 4,5% (seg-
ment 5). The road gradient variation detailed by part 4 connects the



segment 3 with segment 5. In total, this route has approximately 725m
of distance.
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Figure 12: Road gradient along the route

The longitudinal vehicle dynamics model described by equation 8 was
calibrated with the vehicle and powertrain data mentioned on figure
10, table 1 and 2. The environmental data as gravity g, friction con-
stant C. and air density p were calibrated with the following values
g=9,81m/s? C, = 0,014[—], p = 0, 6kg/m?>. Figure 13 presents
a comparative between the maths models responses and the real ve-
hicle data measured along the road detailed by figure 11 and 12. In
order to obtain a response from the state variable v(t), the control ()
multiplied by the instantaneous maximum engine torque T, ¢ (w) de-
scribed on equation 8 was supplied with the real engine torque value
extracted from the vehicle measurement along the road. The variable
0 was supplied manually based on the road gradient detailed on figure
12. The red line is the real vehicle measured data and the black line is
the maths models responses.
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Figure 13: Comparative between math model and real vehicle response

Firstly, we can note that the mathematical models described by equa-
tions 8, 11, 12 and 13 have shown a good response when compared
with the real vehicle response, however, it is also possible to note some
small gaps between them. Those gaps can be explained by some small
errors with the calibration of the math model variables as n, A(n), C,
p, Cy, A, m.

Besides the calibration of the math model, the real vehicle has as part
of its real dynamical response the lateral forces that acts on the wheels
around the curve. This effort is not part of the longitudinal vehicle
math model used in this study and this can also generate some gaps
that the vehicle math model is not able to reproduce.

Since the road gradient variable 6§ is one of the math model input, it
was defined in a way that the math model variable v(¢) gets as much
closest as possible of the real vehicle velocity.

Then, some small gaps between the road gradient measured and pre-
sented on figure 12 and the road gradient signal shown on figure 13 can



be noted as well.

Fuel efficiency analysis during positive vehicle ac-
celeration

The following analysis was performed using the mathematical models
developed and described on the previous sections and aims to demon-
strate graphically the vehicle fuel efficiency and fuel consumption in
terms of vehicle velocity during positive vehicle acceleration phase for
different driving strategies and road slopes.

The dynamic behavior of engine torque, vehicle acceleration, distance
travelled, engine speed, gears and travelled time are also presented in
terms of vehicle velocity. The analysis was performed for three differ-
ent road slope conditions, they are: 0%, +5% and -5%.

Figure 14 aims to present a comparison of fuel efficiency and vehicle
performance for three different controls and considers the road slope
equal 0%. The gears are shifted in sequence fromn = 1ton = 5 at
engine speed close to 1600 rpm and vehicle velocity varying from 1
m/stoldm/s.

The blue line and orange line present the math models dynamics for
u1(t) = 1 and uz(t) = 0,6, respectively. Both controls are applied
for 1 < n < 5. The yellow line presents the math model dynamics for
uz(t) = 0,3 for 1 < n < 4 and uz(t) = 0,4 forn = 5. The step
from 0.3 to 0.4 on the control signal us(t) is due to the fact that the
engine torque generated by us(t) = 0, 3 is not able to produce enough
driving force for the fifth gear to overcome the total resistance against
its movement.
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Figure 14: Fuel efficiency analysis for road slope=0%

We can note that the greater the control u(t) is, the less is the con-
sumed fuel mass F'Ceq(v(t), u(t),igear),t) during the positive ac-
celeration phase, this meets with the results published on [7] for the
same road slope value. On the other hand, we can see that the less
the control u(t) is, the greater is the instantaneous fuel efficiency
FE(v(t),u(t),igear),t). This means that the relation between dis-
tance travelled and consumed fuel mass is higher when lower engine
torque is required. The fuel efficiency topic is not mentioned on [7].



We can also note graphically the direct proportionality between engine
torque and vehicle acceleration in terms of vehicle velocity.

Figure 15 aims to present the same comparison for a new road slope
of +5% and two different control signals. The gears are shifted in se-
quence from n = 1 to n = 4 at engine speed close to 1900 rpm and
vehicle velocity varying from 1 m/s to 11.5 m/s.

The blue line presents the math models dynamics for u4(¢) = 1 and
1 < n < 4, while the orange line considers us(t) = 0,6 for 1 < n <
3 and us(t) = 1 for n = 4, this control step also occurs due to the fact
that the engine torque generated by us(t) = 0, 6 is not able to produce
enough driving force for n = 4 to overcome the total resistance against
the vehicle motion.
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Figure 15: Fuel efficiency analysis for road slope of +5%

The results presented on figure 15 by operating the vehicle through
the two different control strategies u4(t) and us(t) are similar to the
results presented on figure 14. This means that the greater the control
u(t) is, the less is the consumed fuel mass F'Ceq(v(t), u(t),igear),t)
during the positive vehicle acceleration phase. This also meets with
the results published on [7] for the road slope value of +5%. On the
other hand, we can also note again that the instantaneous fuel efficiency
FE(v(t),u(t),igear), t) is greater for lower values of u(t).

The figure 16 considers the road slope of -5% and three different con-
trol signal ug(t), uz(t) and us(t). In this simulation, the gears are
shifted in sequence from n = 1 to n = 5 at engine speed around 1550
rpm and vehicle velocity varying from 1 m/s to 13.5 m/s. The blue
line presents the math models dynamics for ug(t) = 1, orange line for
us(t) = 0,6 and yellow line for ug(t) = 0, 3. The three controls are
kept constant during all the positive vehicle acceleration phase.
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Figure 16: Fuel efficiency analysis for road slope = -5%

The simulation presented on figure 16 shows an opposite behavior of
the consumed fuel FCleq(v(t), u(t), gear),t) when compared with
the results obtained previously for the road slopes of 0% and +5% pre-
sented on figures 14 and 15, respectively. Here, the controls ue(¢),
ur(t) and ug(t) are directly proportional with the consumed fuel mass
FCeq(v(t),u(t),igear),t) even during the positive vehicle accelera-
tion phase. This means that the less the control u(t) is, the less is the
consumed fuel mass FCeq(v(t), u(t),igear),t). This also meets with
the results published on [7].

With this negative road slope condition, we can note that gravity is
producing tractive effort instead of resistance against the vehicle move-
ment and this supports the engine torque to generate positive vehicle
acceleration.

The fuel efficiency behavior is kept the same, then, in this new situation
where the road slope is negative, its values are greater for lower control
values.

Fuel efficiency analysis for two different hypothet-
ical urban road segments and driving strategies

The following simulation aims to present the vehicle performance be-
havior and efficiency by traveling two different hypothetical urban road
segments through different driving strategies.

As shown on figure 17, the first urban segment created by the author is
composed by a flat road between So = 0m and S2 = 150m, followed
by a decline section with a road slope of -5% between Sy and Sy =
250m, next comes another flat segment between S4 and Sg = 400m.

In this simulation the vehicle starts its motion from Sy and gradually
increases its velocity through the two different controls and gear shift-
ing strategies. For the both presented driving strategies, the vehicle
must stop at Sz, Ss and Sg. The points S1, S3 and Sy are the points
where the vehicle starts slowing down to reach the designated stopping
places S, S4 and Sg with v(t) = 0.

The control w1 (¢) takes into account a type of vehicle operation where
higher levels of vehicle acceleration are reached and the gear shifting
is performed at higher engine speeds. The control u2(t) takes into
account a type of vehicle operation with lower levels of vehicle accel-
eration when compared with the control strategy w1 () and this driving
strategy the gears are shifted at lower engine speeds.

The simulation shows that the consumed fuel by travelling the road sec-
tions with w2 (t) and by performing gear shifts at lower engine speeds
was approximately 87g, while by travelling with w1 (¢) and perform-
ing gear shifts at higher engine speeds was approximately 250g, 187%
higher. Otherwise, the time spent to conclude the route with u, (¢) was
52,5s, while with ua(t) it took 87,3s, 66% higher.

Another point to emphasize is the braking effort spent to stop the vehi-
cle at S5, S4 and Ss. The vehicle deceleration between the sections S7
to S2, Ss to Sy and S5 to Se is higher when travelled with w1 (¢) than
with ua(t).
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gears at higher engine speeds, while the control uz(¢) aims to simulate
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Figure 18 shows the second hypothetical urban segment which has a preneetn
total distance of 600m. As shown on figure 18, it is composed by a flat
road between S; = Om and So = 200m, next comes a section with Figure 18: Fuel efficiency analysis
a road slope of +5% between Sy and S11 = 400m, and then, another
flat segment between S11 and S13 = 600m.
In this simulation the vehicle also starts its motion from S and grad-
ually increases its velocity through the two different controls and gear This simulation shows that by travelling this new mentioned road sec-
shifting strategies. Here, the vehicle stopping place are located at So, tions using the control u4 (¢) and performing gear shifts at lower engine
S11 and S13. The points Sg, S10 and Si2 are the points where the ve- speeds, the consumed fuel mass was 249¢g, while by travelling the sec-
hicle starts slowing down to reach the mentioned stopping places with tions with u3(¢) and performing gear shifts at higher engine speeds,
v(t) = 0. the consumed fuel mass was approximately 362g, 45% higher. The

time spent to conclude the route with us3(¢) was 84s, while with wa(t)
As we can see on figure 18, the difference between the two driving it took 111s, 32% higher.
strategies is not so high when compared with the driving strategies pre-
sented on figure 17. In this new simulation the gaps between the con- As also mentioned in the previous simulation the braking effort spent
trols uz(t) and wa(t) is lower when compared with w1 (t) and u2(t). to stop the vehicle at the mentioned stopping places is higher when
However, the control us3(t) also aims to simulate a type of driver that travelled with us(¢) than with u4(t), due its higher vehicle velocity at
operates the vehicle with higher levels of vehicle acceleration and shifts the braking points Sg, S10 and Si2.
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Conclusion

The results achieved and presented in this article by simulating the ve-
hicle fuel efficiency during positive vehicle acceleration phases using
different driving strategies and also the fuel consumption results by
travelling the two hypothetical urban road sections via different driv-
ing strategies allow us to conclude that active assistance systems for
urban commercial vehicles can be developed in order to force “bad
drivers” to operate the vehicle in a more efficient manner, mainly for
commercial urban vehicles equipped with manual transmissions.

The proposed active driver assistance systems can be developed in a
way to avoid “bad drivers” to shift gears at higher engine speeds as
well as avoid the vehicle operation with high levels of positive vehicle
acceleration, mainly for negative road slopes regions.

In a more detailed manner, the active assistance system should be ad-
justable in order to attend different vehicles applications and configu-
ration. With the aim of forcing the drivers to perform up-shifting at
lower engine speeds, a control system for limiting the maximum en-
gine speed in terms of the road gradient and gears could be developed
as well as a control system for limiting the vehicle acceleration in terms
of gears.
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