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Abstract

This paper describes a method to predict the energy consumption of dual driven electric vehicles (EVs)
over a predefined trajectory. This way the voltages that need to be applied on the motors are calculated
to optimize the trip for minimal energy consumption and traveling time. Since traveling time and energy
consumption are conflicting constraints, the goal is to decrease energy consumption, without entailing a
drastic increase in traveling time.

An algorithm was designed to get a weighted optimization for these two constraints, taking into account
the trajectory and the aerodynamics of the vehicle. For the aerodynamics also wind velocity and direc-
tion are taken into account, combined with the heading of the car. Concerning the trajectory, the route
to follow is inserted as a constraint, and the slopes along this route and its environment are taken into
account. Using this algorithm, control signals, which are the voltages applied on left and right motor of
the vehicle, can be obtained, which make it possible to control the vehicle throughout the trajectory.
The simulation shows that an increase in traveling time has a relatively bigger impact on energy con-
sumption. If direction and wind velocity can be predicted, the algorithm can anticipate on a change in
wind velocity, or wind direction. This way the vehicle will consume less energy. Lastly when the tra-
jectory is free to choose by the algorithm, steep slopes will be avoided dependent on the defined weight
factor.

Keywords: efficiency, EV(electric vehicles), energy consumption, optimization, range, vehicle performance

1 Introduction EVs powered by brushed DC-motors is the pri-
mary goal of this research. To this end a Sequen-
tial Quadratic Programming Algorithm is imple-

Today, electric drivetrains have become increas- mented in ACADO [1] to optimize a weighted

ingly popular in the automotive industry. Electric
drivetrains are characterized by a high power ef-
ficiency rate but limited driving range (100-300
km) compared to a regular car (800-1000 km).
Extension of the driving range of dual driven

sum of the energy consumption and travel time
along a predefined trajectory. The algorithm
takes the effect of trajectory slopes and wind ve-
locity into account. Creating the possibility to
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divert slightly from the route, choosing smoother
paths and taking the inner bends while cornering.
The result of the optimization is a set of motor
control voltages for the two DC-motors that con-
trol the speed and heading of the vehicle.
Previous research focused on the design of a pre-
dictive cruise control for hybrid trucks [2, 3] or
the specification of time optimal robot trajecto-
ries [4]. In these papers analytical solutions that
exploit the opportunities of kinetic energy recov-
ery are derived for the velocity trajectory op-
timization problem. Combining this technique
with the trajectory and aerodynamics based al-
gorithm will result in an energy efficient vehicle,
suitable for daily traffic situations.

2 SIMULATION

2.1 Vehicle design

The predictive cruise control described in this
paper is solely for dual driven electric vehicles,
powered by two brushed DC-motors. The left
and right motor power a left and right wheel re-
spectively, by means of two separate gearboxes,
with the same gear ratio n. The wheels have a
radius 7, with inertia J,,. These wheels are posi-
tioned on a distance b from the center of the ve-
Illicle, with b half of the width as shown in figure

2xb

T
r
L

Figure 1: The design of the vehicle.

The inertia of the vehicle for rotation in the hor-
izontal plane about its center of mass is J.. The
angular position of the right and left wheel re-
spectively are given by 6 and 6. The vehicle
has mass m. The relationship between right and
left wheel angular velocity wg, wy, and vehicle
linear and rotational velocity v, w is:

vp =T WL,
VR =T WR,
VR — UL

w = Ta (D

VR + VL,
2

These relationships are shown in figure 2. The
nonlinear Cartesian kinematic equations in v, w

Ly

X

Figure 2: The non-linear relationships of the vehicle.

and 6 then become:

T v cos 0
¥y | = | vsiné 2)
0 w

2.2 Motor model

As stated before, the motors used in this paper
consist of brushed DC-motors. Following equa-
tions represent the motor dynamics:

dI WR
V=L—+K,, 1 3
-+ f!wL +RI (3
WR
T:KtI—c[ + TL @
wr,

L, R and I! are symbol of inductance, armature
resistance and current respectively. K.,,r and

K, are equal and are torque constant and back
emf constant. 77, represents the load torque, de-
scribed later on in £4. The friction in the mo-
tor, proportional to the angular velocity is reg—
resented by the proportionality constant c. The
friction torque 1s further explained in section
2.4.1. The inductance in the circuit is ignored
throughout this paper, because the time constant,
to which it leads, in the electric circuit is only
small, compared to the mechanical time constant
of the system.

2.3 Lagrange model

The total kinetic energy of the vehicle con-
tains the kinetic rotational energy of both wheels
around their axle, the vehicle around its center of

' All symbols in bold represent vectors.
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mass in the horizontal plane and the kinetic trans-
lational energy of the total vehicle. The potential
energy of the system consists mainly of the el-
evation, but since an approximation of slopes is
used in this model, explained in 2.4.3, this poten-
tial energy will not be included in the Lagrangian
mechanics [5]. The Lagrangian L. and the driving
forces along the coordinates Fy are given by:

L(q,q) = KE - PE

d (0L oL

Thus the Lagrangian becomes:

1 1. 1
L(q7 q) = 7m(i’2 + y2) + 51]092 + §Jw(w12% + w%)

2

where

Using relationship (1) to transform all equations
to wr and wr,, a dynamic model is obtained after
applying equation (5):

“h
E=[1 1]-M j%
2
mi1 o Mmi2
M =
m21 Ma22
With
r’m r2J,
miy =My = — + Ju + pT
r’m 2],
M2 = man= T S

Now the impulses p,,, and p,,, and the torques
T become respectively:

OL(q,q
pr _ QEUqRq) _ M WR
Puwy, 76%5:1::1) wr
dpuwp
_ dt _ -
T= dp, ] = Mg (6)
dt

2.4 Load Torque

The load torque consist of three parts: rolling
friction, air resistance and the gravitational effect
of the slopes, all three are defined as a force act-
ing on the vehicle:

TL:_(Fdrag+Frg+Fr)'T_Tfric

This load torque is divided equally over both
wheels of the vehicle.

2.4.1 Rolling friction

The rolling friction is proportional to the angular
velocity off the vehicle. There is also a friction
torque inside the motors, which is proportional to
the angular velocity of the motors, this is already
taken 1into account with the constant c in (4). The
motors are subjected to a constant friction torque,
T'tric, which is given in the data sheets.

2.4.2 Air resistance

The second type of resistance this model implies,
is the aerodynamic drag force. This force is pro-
portional to the frontal area A ¢, the density of the
air p, and the square of the speed of the air, rel-
ative to the vehicle v,.;. The orientation of the
car is given by 6. Therefore the orientation of the
absolute velocity of the air is defined in the same
way, with an angle ¢. The relative velocity of the
air with respect to the car is now given by:

Urel = Vear — Vqir * COS(¢ - 9)

Now the definition of the frontal drag force be-
comes:

Ca- Ay - pa-vly
2

Fdrzzg =

2.4.3 Slope

Normally the effect of slopes is included in the
Lagrangian dynamics by means of the potential
energy of the system. Here, however, an approxi-
mation for the derivatives of the actual elevations
with respect to x and y is made.

Interpolation between these slope gives an accu-
rate result for the slope along a certain heading 6.
The force due to this slope is now given by:

Frg=m-g-sin(0) @)

With 6, the road grade, angle of the slope, in ra-
dians. The derivatives of the elevation with re-
spect to x and y are the tangent of the road grade
in the x and y direction respectively. With:

Oh(z,y)

Vh(z,y)z = i sin(6)

ahf;;’ v) cos(f) +

Here Vh(z,y)y represents the derivative of
h(z,y) in the direction of q, equation (7) be-
comes:

Frg= m-g-(sin(;) - cos(0) + sin(by) - sin(0))

Figures 3, 4 and 5 show a small hill and its ap-
proximations for the slopes in x and y direction
respectively.
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2.5 State Space Model

After combining the driving torques for the ve-
hicle model, obtained by Lagrange (6) and the
motor model qquatior}§ (3),(4) and solving these

equations for 0 and 6, a state space model can
100 be obtained:

Small hill

100 q = Amotq + BmotU

y(m) 0 9 20

x(m) B VR
Figure 3: The hill of which an approximation is used 1%
in ACADO, it peaks at X,y coordinates (50,50) and U=
has a overall radius of 50 meters. Tr
| T,
[ a1 a2
Amot =
Slopes in x direction | a21 G929
B b1 512][10;2 0]
mot — R
| D21 Do 01 0 5
With:
— _(CR—l-Kt Kems) (b2r2m+4Jw b? +r2JC)
1 R (2 b2+ 12J,) (rPm + 2 Jy)
ail = a2
o — e — (cR+ Ky Koy ) r? (me—Jc)
BT R 27,02+ 120 (rPm + 2 Jy)

K (0*r*m+4Jy, b* + r?J.)

bi1 = by =
U2 T R (20, 02+ 120, (rPm + 2 Jy)
2 (1,2
Figure 4: The polynomial approximation of the slopes bio — boy — — Kir (b m- JC)
of the hill in figure 3 in the x-direction. 12 21 R (2,024 12J.) (r2°m+2Jy,)

Where q = [wgr,wr]”. Using equations (1), this
model can be transformed to v and w, the velocity
and angular velocity of the vehicle respectively

Slopes in y direction using P:
roor
_ 2 2
P = —r T
26 2
0.10 v WR
=P
0.05 w wr,
slopes 07" This means that the matrices Aot and Bmot
change to:
-0.05-]
A =PA,tP!
-0.10 ~
100 =3 B aip 0
L 0 a2
B = PBmot

Figure 5: The polynomial approximation of the slopes
of the hill in figure 3 in the y-direction. bi1 b1z bz bus ]

ba1 bao b2z by
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With:
CR+Kt Kem
ap; = — /
(r’m+2Jy,)R
s — g (R Ky Koy 12
2J0 02+ 2\ R
T’Kt
bi11 =b1a =
R e 12 0, R
T
bia=by=—-—--—
18— (r2m+2.Jy,)
br Kt
b1 = bz = .
(2Ju b2+ r20) R
br
bog = bog = ——— 1
BT 2, 02 r2))

The state space model now becomes:

X = AX + BU

[:

This state space model is a system of first order
differential equations in v and w with inputs Vg,

Vi, Tr and T2, the applied voltages on the
right and left motor and the known disturbance
torques on the right and left wheel respectively.
This model can be used in ACADO to optimize
for a weighted minimum in travel time and
consumed energy.

With:

2.6 Constraints

The model described in the previous section is
subjected to several constraints.

2.6.1 Motor

The first set of constraints is necessary and fol-
lows from the choice of motor. Each motor is
restricted to a certain working area, defined by
limits of angular velocity, current, voltage and
power. T, denotes the total traveling time. The
constraints of the motor must always be obeyed.

Angular velocity This is the limit on the ro-
tational speed of the motors, for the sake of the
bearings.

Vit €[0,T¢] :
—Wmaz < WR(t) < Wmagz

—Wmaz < WL(t) < Wmagz

“Note that the load torques on both wheels are not actu-
ally inputs to the system, but disturbances. Their value can
be predicted and used in the optimization.

Current Current is limited between a negative
and a positive value. Both are the same size in
absolute value. The negative sign means that en-
ergy is recuperated or the car is driving back-
wards. The values can be found in the data sheet
of the motor.

Vit € [0,T¢] :
_Imaz S IR(t) S Ima:(:
_Imaz S IL(t) S Imaw

Voltage The voltage can vary between zero and
a maximum positive value, which is also derived
from the data sheet, in absolute value.

vVt € [0,T] :
_Umaz S UR(t) S Umar
_Umax S UL(t) S Umam

Power Limit on power delivered by the motors
or applied to the motors when they are in gener-
ator operation.

Vit €[0,T¢] :
*Pmax < PR(t) S Pmaw

_Pma:v § PL(t) S Pmam

2.6.2 Track

The second set of constraints is based on the pre-
defined trajectory and initial and final conditions.
These conditions are necessary for longer routes,
where the route has to be divided in smaller sec-
tions, for the sake of accuracy. Each section has
its own approximations for x and y slopes and
the trajectory to follow.

Initial conditions At the start, the vehicle has
a velocity of 0 m/s. The vehicle will accelerate to
a certain speed at the end of the subsection of the
route. When the calculation of control signals of
the previous section is finished, the next section
will start with the same speed in which the previ-
ous ended. The same applies to the starting angle
f and Cartesian coordinates = and y.

2(0) = [0(0),2(0), y(0),w(0), H(0)]"

Final conditions The vehicle needs final con-
ditions, a final position with a heading, a
transversal and rotational velocity.
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Path The vehicle has to stay between an up-
per and lower boundary which resemble the sides
of the road. These boundaries make it possi-
ble to take inner bends, which is better for both
time and energy consumption. The road bound-
aries are approximated by polynomial functions
in function of the Cartesian coordinates of the
car, « and y, such that these functions can be in-
serted in a constraint in ACADO.

0 2 fouter(xv y)
0 S fmner(xa y)

Bend velocity The torque delivered by the mo-
tors on the wheels is limited by the friction avail-
able between the wheels and the ground. Also,
while cornering, the speed is limited, because of
the danger to slip or tilt. The vehicle is assumed
to slip before it will tilt, therefore only the first
case 1s applied as a constraint. The car will slip
when the total interaction force between a wheel
and the ground exceeds the maximum friction
force. This total interaction force consists of two
parts. The first part is a longitudinal part, in the
direction of the wheel, caused by the traction of
the car, the delivered torque by the motor. The
second part is a transversal force, normal to the
direction of the wheel, which is caused by lane
keeping, centrifugal forces while taking bends.

— 2 2 -
Ftotal - \/Fcentrifugal + Ftraction < Ff'rzctwn

Ffm'ction =N- n

2
Fcentm'fugal =Tr-w

With N the normal force acting between wheel
and road and r the radius of the wheel:

v
r=—
w
F o Twheel
traction — r

So the constraint becomes:

<wafeel)2+<v~w>2 < (N-w)’

2.7 Cost Function

For the optimization for both consumed energ
and travel time, a cost function must be defined,
with both variables. This combination is done by
means of a weight parameter w, which stands for
the importance of consumed energy in the opti-
mization:

C(z(t),u(t)) =w=* (Eg+ Er)+ (1 —w)*T

Here E'r and Ey, are the consumed energy of the
right and left motor respectively and 7' 1s the to-
tal travel time. It is of great importance to de-
fine the parameter w in function of several other

parameters, such that the reasonable results are
obtained in all situations, whether it is about an
electric kart or an electric truck. The truck will
consume much more energy and thus using the
same weight parameter for both vehicles would
lead to a much longer travel time for the truck.
It is obvious that the mass of the vehicle plays
an important role in the definition of the weight
parameter, but the frontal area for example also
has a significant effect on the consumed energy
by means of the aerodynamic drag force. Not
only parameters of the vehicle are important, a
hilly landscape will lead to more consumed en-
ergy than a flat landscape, therefore the weight
parameter is dependent on the trajectory as well.
It is very difficult to define this weight parame-
ter, because time and consumed energy are two
total different quantities. The energy 1s often a
lot bigger than the traveling time. Therefore the
weight parameter would be very small. The rela-
tive increase in energy is the same as the relative
increase in time for this cost function. When this
percentage of energy increase is small, the time
increase with the same percentage will be even
smaller.

3 RESULTS

Table 1: Electric Kart Parameters.

Motor Parameters

Lz | 200 A Maximum current

Wimaz | 334 rad/s Maximum angular ve-

locity

Vinaz | 80V Maximum voltage

+ | 16000 W Maximum power

Pma
R, 0.032 Q2 Armature resistance
K, 0.14 Nm/A | Torque constant

Kemy | 0.14 vs/rad | Back emf constant
Vehicle Parameters

b 0.6m Half width

h 0.85m Height

m 240 kg Mass

Cyq 0.3 Aerodynamic drag co-
efficient

l 1.7m Length

n 3 Gear ratio

c 8.432e-3 Angular friction coef-
ficient

7 0.9 Friction between

wheel and ground

Juw 0,02 kgm? | Moment of inertia of

wheels
My 2.16 kg Mass of wheel
r 0.14m Radius of wheel
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To test the effectiveness of the algorithm, a sim-
ulation has been done on a virtual surface. he
surface consisted of an area of 100 by 100 me-
ters, containing a small hill in the center. This
surface is differentiated in both the x and y direc-
tion. Polynomial approximations of these slopes
were then used in the algorithm as the definition
of the environment in which the vehicle was driv-
ing. As vehicle, an electric kart is used. The pa-
rameters of the kart are shown in table 1.

A set of different situations is applied on the al-
gorithm to explore several types of benefits the
algorithm can produce.

3.1 Inner bends

First of all, the simplest case of all, a situation
has been applied to inspect whether the vehicle
takes inner bends while cornering. It is easy to
see that this would be the optimal solution for
both the minimal consumed energy optimization
and the minimal traveling time optimization. The
situation applied consists of several constraints:

1. Begin position and orientation:
z=0m;y =0m;0 = 0radians

2. Final position:
y =100m

3. Inner path constraint:
902 < (y — 100)2 + 2

4. Outer path constraint:
1102 > (y — 100)% + 22

Path

100

= = = Time optimization
90r Time and energy optimization
Boundaries

80

7071

60

50

y(m)

40

30

20t

10

-10 ‘ : : : :
0 20 40 60 80 100
x(m)
Figure 6: The paths of the vehicle in the xy-plane are
visualized by means of dashed lines. The solid lines
represent the borders of the road.

The vehicle is thus restricted to the area between
the two circles, it starts at the origin with an ori-

entation to the east®, the vehicle has to reach
y = 100. The algorithm will search for the op-
timal path to get there. It is easily seen that the
weight parameter has little influence, since en-
ergy and time are both minimal when taking the
inner bend, the weight will only have an effect on
the velocity of the vehicle. In figure 6 the solu-
tion of the algorithm is shown. When optimizing
with respect to energy as well, the vehicle turns
slower towards the inner boundary.

Translational velocity
251

20 ~
15 ~

10

Translational velocity(m/s)
4

Time optimization
= = = Time and energy optimization
N T 1

0 i i
0 2 4 6 8 10
Time(s)

Figure 7: The velocity of the vehicle in function of
the traveled time.

Figure 7 shows the velocity of the vehicle when
the weight parameter emphasizes the traveling
time and both traveling time and energy to be op-
timal. Compared with the optimization for time
only, it is noticed that the vehicle decelerates as
it approaches the goal, when the weight empha-
sizes both energy and time. The vehicle reaches
its maximum velocity* while optimizing solely
to time.

Consumed energy
0.035 H

0.03
0.025 - -

0.02 >
0.015

0.01r

Consumed Energy(kWh)

Time optimization
= = = Time and energy optimization
T T i

0 i i T
0 2 4 6 8 10 12

Time(s)

0.005 -

Figure 8: The consumed energy of the vehicle.

Figure 8 shows the consumed energy in time
with the time optimization and the combination
of time and energy. An increase of 10.4% in
time is the cost for the consumed energy to drop
with 52.0%, with the used weight. Note that
this energy drop and time increase has nothing
to do with the taking of inner bends, because
both weights lead to t%e taking of the inner bend.
The deceleration at the end, caused by the com-
bination weight, causes the time to increase and
the energy to drop, because energy is recuperated
while braking. Note however that the time based

3Directed to the positive x-axis.
“The maximum velocity followed by constraint 2.6.1
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optimization is the worst case scenario consider-
ing consumed energy, as can be seen in figure 7,
the vehicle is at every instant accelerating, until
it reaches its maximum velocity.

3.2 Aerodynamic drag

In this second case two wind directions are ap-
plied in the same trajectory. The wind changes
suddenly to the opposite direction when z be-
comes greater than 75 meters. This sudden wind
change is a virtual situation, to inspect whether
the optimization anticipates such changes. For
instance when the vehicle is subjected to a strong
tail wind, but must make a U-turn in the near fu-
ture, changing this tail wind into a strong head
wind. The trajectory is free to choose by the
algorithm, the final position, however, is z =
150m, so the vehicle will experience a tail wind
in the first half and a head wind in the second:

1. Begin position and orientation:
x = 0m;y = 0m; 0 = Oradians

2. Final position:
z = 150m

The wind has in both cases a velocity of 10 m/s,
which is equivalent to 5 Beaufort, a strong wind.
The results of the optimizations are shown in fig-
ures 9 and 10, the path turned out to be a straight
line, which is logical since this wind can not be
avoided.

Translational velocity
10

Translational velocity(m/s)

0 5 10 15 20
Time(s)

Figure 9: The velocity of the vehicle in function of
traveled time, with a tail wind in the first 12 seconds
and a head wind after 12 seconds.

As can be seen in figure 9, the vehicle deceler-
ates when approaching the sudden wind change.
Since a kart 1s used in the simulation, the aero-
dynamic drag force is relatively small. Therefore
the change in velocity the vehicle makes, to an-
ticipate the change in wind, is relatively small.
The drag force is proportional to the second or-
der of the velocity, so a small decrease in velocity
to a bigger decrease in drag force. This consid-
erably smaller drag force consumes a lot less en-

ergy.

<10 Consumed energy

3 o
T

IN
T

N
T

Consumed Energy(kWh)
w

-
T

0

i i i i i
0 5 10 15 20 25
Time(s)

Figure 10: The consumed energy of the vehicle in
function of traveled time, with a tail wind in the first
12 seconds and a head wind after 12 seconds.

3.3 Slopes

It is interesting to explore the effect of slopes on
the optimization. Therefore the vehicle is placed
near a small hill, as shown in 3. This hill is a vir-
tual surface, designed especially for this test. The
vehicle has initial position (0, 40) in meters and
has to reach the final position (100,40), while
the hill peaks at (50,50). The slopes in both
x and y direction are shown in figures 4 and 5
respectively. The algorithm has been executed
several times, each time slightly emphasizing the
consumed energy more in the optimization. As
expected, the vehicle avoids steep slopes more
and more when optimizing more towards mini-
mal energy. The evolution of the path of the ve-
hicle can l}jle seen in figure 12. The evolution in
consumed energy is shown in figure (11).

Consumed energy
0.03

= Weight = 0.00001
—— Weight = 0.0001
Weight = 0.001
Weight = 0.002
= Weight = 0.003
Weight = 0.004

0.025 -

0.02

0.015

Consumed Energy(kWh)

0.01r

0.005 -

0 5 10 15 20 25 30
Time(s)

Figure 11: The evolution of the consumed energy of

the vehicle in function of time, when optimizing more
and more towards minimal energy.

The evolution of the endpoints in this figure form
a pareto front[6]. The change in energy be-
tween the optimizations with weight 0.00001 and
0.0001 is big considering the change in traveling
time it causes. Upward of weight 0.001, the in-
crease in time is much to large considering the
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Path

60 T T T

50

451

T T T T T

= \NVeight = 0.00001
Weight = 0.0001
Weight = 0.001
Weight = 0.002
Weight = 0.003
Weight = 0.004

O Top of hill

—

35

y(m)

30

251

20~

10 | | |

20 30

40

50
x(m)

60 70 80 90

Figure 12: The evolution of the path of the vehicle, when optimizing more and more towards minimal energy. The
top of the hill is indicated by the small circle at (50,50), the hill has a radius of 50 meters.

drop in energy it causes.

4 DISCUSSION

During the development of the algorithm several
problems were encountered. Most of the prob-
lems were eventually solved.

4.1 Accuracy

First of all, the accuracy of the approximations
is still low. By using the derivatives of the route
directly, instead of using the altitudes, the accu-
racy is improved. However, The coordinates that
are used are not perfect, they have a deviation of
more or less two meters. These accuracies are
amplified by approximating the tracks and sur-
faces to mathematical formulas. This lack of ac-
curacy could be solved by using a look-up table
and a closed loop controller to limit the inaccura-
cies. The inaccuracies of the GPS-signal will be
dramatically improved with the introduction of
the new Galileo satellites in the near future [7].
The use of look-up tables instead of approxima-
tions for the data at hand would make the algo-
rithm a lot more accurate.

4.2 Calculation time

Secondly, the calculation needs to be done off
line, because computing the optimal control sig-
nals is time consuming. An on line calculation
would be much more interesting. This problem
could be solved by using look-up tables as well.
At this moment the algorithm has to calculate
several complex formulas at each calculation, it

is clear that a look-up table requires a lot less
computation time.

4.3 Weight formula

The weight parameters used in these simulations
are estimates, determined by trial and error. This
factor is function of several parameters, as men-
tioned before, like mass and aerodynamics of the
vehicle, relief of the route, etc. By defining a for-
mula for this factor, the cost function can be cal-
culated by a computer, so no human intervention
is needed.

4.4 Efficiencies

The efficiency of the transmission is considered
perfect, while a more realistic value should be
more or less 95%. This assumption has little ef-
fect on the results of the simulation discussed in
this paper. The model must resemble reality as
good as possible. It would be interesting to in-

clude an efficiency map> of the motors in the op-
timization, this can be done as future work, in
form of a look-up table.

4.5 Discontinuities

Several formulas needed in the model of the ve-
hicle included discontinuities, for the differential
states in ACADO however, there is no such thing

> An efficiency map displays the efficiencies of the mo-
tors in function of angular velocity and torque delivered by
the motor.
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as a sign or a step function. It was possible to ob-
tain a sign function by use of the absolute value
of a state:

sign(x) = \/%

But the calculation of powers requires more cal-
culation time. Therefore another solution is used,
namely the use of sigmoid functions. These are
continuous functions which resemble step or sign
functions. In this model a sigmoid function based
on the arctangent is used:

__ 2-arctan(10, 000 - z)
- ™

®)

sign(z)

The factor 10, 000 is used to make better approxi-
mation of the discontinuous sign function. Equa-
tion (8) is shown in figure 13.

Sigmoid sign function

sign(x)
o

i i i
-5 0 5
X

10

Figure 13: The approximation of the sign function
with use of the sigmoid function arctangent.

There are two cases in which this sigmoid func-
tion needs to be used: air resistance and constant
friction torque.

Air resistance The aerodynamic drag force
acting on the vehicle is of second order in the
relative speed of the air to the vehicle. A sec-
ond order function, however, is never negative,
while the sign of this force should change sign at
the point where the relative velocity of the air to
the car becomes zero. This is because the force
changes direction at this point.

Urel)

Ca- Ay pg-v?, 2-arctan(10,000 -

Fdrag = 9

™

Constant friction The vehicle is subjected to a
constant friction torque, this friction torque, how-
ever, changes sign at velocity zero. Therefore
the sigmoid function is used in this case as well.
When velocities are positive, a constant torque
acts on the wheels in the negative direction, when
velocities are negative, a constant torque acts on
the wheels in the positive direction, at standstill
no friction torque 1s applied:

2 - arctan(10, 000 - v)

™

Tfm'c =To-

S SUMMARY AND CONCLU-
SIONS

This paper is a first step towards optimization of
driving style to obtain an extended driving range
for future electric vehicles. The main advantage
is that no drastic changes need to be done in bat-
tery packs or drive trains. However, the model
is limited because no real life traffic situations
are taken into account, such as traffic jam, speed
limits, slipstreams, etc. Further investigation in
optimizing the follow up distance between vehi-
cles [8] and consideration of the instantaneous
energy consumption needs to be done, to make
the algorithm suitable for daily traffic situations.
Also constraints on maximum speed need to be
implemented to resemble speed limits. Secondly
the weight parameter needs to be optimized. It
would be interesting to use a formula instead of
the weight, with parameters dependent on mass,
aerodynamics of the vehicle and relief of the tra-
jectory. By improving calculation time, the algo-
rithm can be used for on line calculation. This
way it can be integrated in a commercial GPS-
system, where trajectories are calculated by us-
ing start point and destination. A simplified algo-
rithm of this model can be used for efficient train
transportation, since diverting from the route can
be disregarded and only one motor needs to be
controlled. Future research can be done to extend
this model so it can be used for driving agricul-
tural vehicles through a hilly landscape.
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