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ABSTRACT: Electric Vehicles (EVs) are recognized as a practical solution for environmental and energy problems. The
mileage per charge of EVs, however, is shorter than the mileage of Internal Combustion Engine Vehicles (ICEVs). In this
paper, Range Extension Autonomous Driving (READ) system considering the traffic signal information is proposed. The
proposed system optimizes the velocity profile of autonomous driving based on the precise loss models of vehicles. The
authors carried out simulations and experiments that proved the effectiveness of the proposal in terms of mileage per charge.
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1. Introduction

Electric Vehicles (EVs) have been attracting an increasing at-
tention as one of the solutions for global environmental and en-
ergy problems. In adittion, EVs are superior to Internal Combus-
tion Engine Vehicles (ICEVs) in terms of motion control ®. The
mileage per charge of EVs, however, is shorter than the mileage
of ICEVs. To solve this problem, various methods were pro-
posed® @@ @ For examples, in (?), motor efficiency is im-
proved by utilizing individual winding current control. In(?),
the authors proposed an optimization algorithm to distribute front
and rear driving/braking forces by considering the slip ratio and
the motor loss. It should be noted that, these studies focused on
vehicles driven by drivers.

Thanks to the advances in Intelligent Transport Systems(ITS),
Infrastructure-to-Vehicle (I2V) communications can provide fast
and cheap Advanced Driving Assistance System (ADAS)®. In
the near future, vehicle velocity is determined by autonomous
driving system from ITS information and traffic environment.
Various research groups have proposed the optimization of ve-
hicle velocity profile to reduce total energy consumption® ®.
However most of these research did not deal with the short
mileage per charge of EVs. In(?), energy consumption was re-
duced by optimizing velocity profile and considering the traffic
signal information on the assumption that ITS provides the traffic
signal information in advance. Yet these research did not consider
iron loss and slip loss.

The authors’ research group has proposed Range Extension
Autonomous Driving (READ) using purely motion control tech-
niques ® ® ®, which does not change motor type and vehicle
structures. READ can reduce energy consumption by optimizing
velocity profile. However, conventional READ did not consider
important factors such as the traffic signal information. READ
considering the traffic signal information can be expected to re-
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Fig. 2: Efficiency maps of front and rear motors.

duce more energy consumption. In this study, the traffic signal
information is assumed to be available from optical beacon, and
the velocity profile can be designed by solving a nonlinear opti-
mal control algorithm. The effectiveness of proposed method is
verified by simulations and experiments.
2. Experimental Vehicle and Model

2.1. Experimental Vehicle

In this research, an original electric vehicle “FPEV2-Kanon”
manufactured by the authors’ research group is used. The pic-
ture and the specification of the vehicle are shown in Fig. 1 and
Tab. ??, respectively. This vehicle has four outer—rotor type in—
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Table 1: Vehicle specification.

Meaning Symbol Value
Vehicle mass M 854 kg
Wheel base l 1.72 m
Distance from CG to front axle ly ly :1.01m
Distance from CG to rear axle . l : 0.702 m
Front wheel inertia wa 1.24 kgm?
Rear wheel inertia Juwp 1.26 kgm?
Wheel radius r 0.302 m

Table 2: Specifications of in—wheel motors.

Front Rear
Manufacturer TOYO DENKI SEIZO K K.
Type Direct drive system
Outer rotor type
Rated torque 110 Nm 127 Nm
Maximum torque | 500 Nm 530 Nm
Rated power 6.00 kW 6.00 kW
Maximum power | 20.0 kW 25.0 kW
Rated speed 382 rpm 450 rpm
Maximum speed | 1110 rpm 1200 rpm
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Fig. 3: Vehicle model.

wheel motors. These motors are direct drive type. Therefore the
reaction forces from the road are directly transferred to the motor
without the backlash influence of the reduction gear. Tab. ?? and
Fig. ?? show the specification of the motors and efficiency maps
of the front and the rear in—wheel motors, respectively. Lithium-
ion battery is used as power source. The voltage of the main
battery is 160 V. The voltage is boosted to 320 V by a converter.
In this paper, the converter loss is assumed to be negligible small.
2.2. Vehicle Model

In this section, a four wheel driven vehicle model is described.
Using the model given in Fig. ????, the wheel dynamics is ex-
pressed as Eq.(??). From Fig. ?2???, the vehicle dynamics are
expressed as Eq.(??)-(2?)

Jujli)j :Tj—’l’Fj, (1)
MV = Fuy —sgn(V)Fpr(V), 2)

1

4
1

For(V) = pwoMg + b|V| + 5pchV?, 4)

Fj = —Fau, 3)

where wj; is the wheel angular velocity, V' is the vehicle velocity,
T} is the motor torque, Fj is the driving force of each wheel, Fan
is the total driving force, M is the vehicle mass, r is the wheel
radius, Jy, ; is the wheel inertia, Fpr is the driving resistance, jo
is rolling friction coefficient, b is resistance vehicle velocity co-
efficient, p is air density, Cq is drag coefficient and A is frontal
projected area. The subscript j represents f or r, f stands for
“front” and r represents “rear”.
The slip ratio \; is defined as
Vo, =V
A= max?‘gf Vie)’ )
UJ] ) )
where Vi, = rwj is the wheel speed and € is a small constant to
avoid zero division. The slip ratio \; is known to be related with
the friction coefficient p; ©. In the region |)\;| < 1, y; is nearly
proportional to A;. Then, for longitudinal acceleration cases,

F; = 1;N; ~ D,N;j, (©6)

where N; and N, are respectively the front and rear normal
forces, D; is the normalized driving stiffness.

The normal forces of each wheel during the longitudinal accel-
eration process are calculated as follows

. 1 [, hg o
Ny (V) = 5 {TMg - TQMV} ) @)
N (V) = % {ZTfMg + %MV} : (8)

where [; and [, are respectively the distances from the center of
gravity to the front and rear axles, [ is the wheelbase, and hy is
the height of the center of gravity.
2.3. Power Flow Model ®

The inverter input power P, considering the slip ratio and mo-
tor loss is expressed as

Pin: out+Pc+Pi7 (9)

where P,y is the sum of the mechanical outputs of each motor,
P, is the sum of the copper losses of each motor, and P is the sum
of the iron losses of each motor. The inverter loss is assumed to
be negligible small.

When each wheel angular acceleration is small, torque 77 is
proportional to driving force. T; can be expressed as

Tj ~ er . (] 0)
When the slip ratio)\; is small enough, w; is expressed as

|4 |4

Then, )\; is expressed as
F; Fan

A= - . (12)
DyN;(V) 4D N;(V)

Therefore Pout, P and P; can be expressed as

Pout =2 Z ijj,
j=fr
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Fig.4: Assumed scenario and Traffic signal information.
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where R; is the armature winding resistance of the motor, Kj;
is the torque coefficient of the motor, P,; is the number of pole
pairs, Lg; is the g—axis inductance and ¥ is the interlinkage
magnetic flux.

The electrical angular speed of the motor w.; and the equiva-
lent iron loss resistance R.; are expressed as

wey = iV (16)
r
1 1 1
5 + 7 ) (17)
Rcj  Reoj  Reij |wejl

where the first and second terms on the right—hand side represent
the eddy current loss and hysteresis loss, respectively.

Therefore, the inverter input power is expressed by V' and Fiy
as

Pin(V, Fan) = Pout(V, Fan) + Pe(Fan) + Pi(V, Fan).(18)

3. Optimization of Velocity profile Considering Traffic

Signal Information

In this section, we assumed that the autonomous driving sys-
tems are installed with EVs and proposed the READ. It calculates
optimal velocity profile which minimizes the total amount of en-
ergy consumption from initial time ¢o to final time ¢;. In this
paper, we assume that the vehicle runs at Vo = 30.0 km/h by
the starting point Xo = 0.00 m and will stop with V; = 0.00
km/h at the goal Xy = 400 m.
3.1. Signal Information Model

In this example, the traffic light is assumed to be installed at
X1 = 200 m. The traffic signal information model of the traffic
signal is represented as

wxg={ 2 OSIS0-wm

where s(t, X1) is the traffic signal information at X1 = 200 m,
T is one cycle, ks is the split. s(¢, X1) = 1 means a green light,
and s(¢, X1)= 0 means ared light. In this paper, Ts and gs is fixed
as 80.0 s and 0.4, respectively.
3.2. Evaluation Function and Constraint Condition

The evaluation function and the constraint conditions are de-

scribed as
min. Wi, = / Y P ((t), u(t)dt (20)
st @) = f),ul), @1
x(x(to))= x(to) — o =0, (22)
P(x(ty))=x(ty) —x; =0, (23)
Xt =X1 (t=(1-g)Ts), (24
a(t)=[ V), X(1) |, ult) = Fu(®), (25)

where Wi, is the total energy consumption, P;, is the inverter
input power, V' is the vehicle velocity, X is the distance traveled,
Fan is the total driving force. xo and xy are the initial and fi-
nal state, respectively. In this paper, steepest descent method is
used to calculate vehicle velocity trajectory to solve the nonlinear
optimization problem ®.
3.3. Comparison Conditions

To verify the performance of the proposed method, it is com-
pared with two velocity profiles which are regraded as the con-
ventional methods. One is a simple optimized trajectory with the
traffic signal information. The other calculates the nonlinear op-
timization without the traffic signal information.
3.3.1. Conventional Profile 1: Constant Acceleration and De-

celeration with Signal Information

The conventional profile 1 is composed of constant accelera-

tion, constant speed and constant deceleration as shown in Eq.

?2).

Vo — ait (0<t<t,),

. Vs+az(t—ts) (ts <t <t1),
VIV =9 v, (ti<t<t), @O

Ve —ag(t—tz) (tzgtgtf).

It minimizes energy consumption by autonomous driving using
the traffic signal information, witch means that X, 7T and g, are
assumed to be known. Then the parameter of Eq. (??)—(??) are
defined as

te = (1 go)Ts, @7
‘/Ots - Xl
_ 2
ai tg/Q ) ( 8)
Vs = —aats + Vo, (29)
1 —2V.2 — V.2 + 2V, V.
TN, Xy — Vi(ty — L)’ (30)
o= Vi Ve g 31
az
to =ty — E (32)
a2

3.3.2. Conventional Profile 2: Optimized Velocity Profile with-
out Signal Information

The conventional profile 2 minimizes energy consumption by

autonomous driving, considering the traffic signal phase. We as-

sume that vehicle gets the signal phase by not ITS communication
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Table 3: Total Energy Consumption [kWs] (Simulation results).

Conventional 1 | Conventional 2 | Proposed
53.1 61.6 443

but the in-vehicle camera. When the in-vehicle camera captures
a red light, the vehicle will use the conventional READ without
time constraint strategy ® . The conventional profile 2 is calcu-
lated to minimize energy consumption from X, to X; without
time constraint strategy. When the light turns a green light, the
velocity trajectory will change to the conventional READ with
time constraint strategy ® which is calculated to minimize energy
consumption from X (¢,) to Xy up to ¢y

3.3.3. Proposed Profile: Optimized Velocity Profile with Signal
Information
Proposed profile minimizes energy consumption by au-
tonomous driving, using the traffic signal information. The opti-
mal trajectory of @(¢) is obtained at the starting point to minimize
total energy consumption Eq. (??) with constraint Eq. (??)—(??).

4. Simulation

means the point where the traffic signal changes from a red light
to a green light.

To analyse the simulation results, mechanical output Po,t is
separated into the power stored as kinetic energy of vehicle mass
Py, the sum of the power stored as rotational energy of each
wheel Pj, the loss caused by the driving resistance Pgr, and the
sum of the loss caused by slip of each wheel Ps. The integrated
values of these values are described as

tf
Wy = / Pu(a(t), u(t))dt, (33)
to
where the subscript X represents “out”, “M”, “J”, “R”,
“S”, “c”,and “i” asexplained previously.
As shown in Fig. 222?, in the conventional profile 1, the ve-

hicle stops at the traffic signal. Vehicle accelerates to about 30
km /h near the traffic signal and stops at goal point.

In the conventional profile 2, when the in-vehicle camera cap-
tures a red light, the vehicle decelerates optimally to stop at the
traffic signal. The conventional profile 2 prevents the vehicle
from losing kinetic energy by the driving resistance loss. The
conventional profile 2 reduces more driving resistance loss than
the conventional profile 1 as shown Fig. ???? When the light
turns a green light, the vehicle accelerates optimally to about 45
km /h and stops goal point to minimize energy consumption from
X (ts) to X . It prevents the vehicle from causing motor loss and
driving resistance loss. However total driving force and velocity
of the conventional profile 2 are larger than those of the conven-
tional profile 1 and proposed profile. It increases more iron loss,
copper loss and driving resistance loss than the conventional pro-

On the other hand, in the proposed profile, during the red light,
the vehicle reduces speed at an optimal deceleration and travels
at a low speed to the point of the traffic signal. The proposed
profile reduces more driving resistance loss than the conventional

light, kinetic energy of proposed profile is larger than that of the
conventional 1 and 2. Then the proposed profile did not need

l 2 I
J,
s M i(l +/I,)
P
vV + + "f”) Driving I \ /; v
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Fig. 6: Vehicle velocity control system.

to accelerate more largely than the conventional profile 1 and 2.
Therefore it reduces more copper loss than the conventional pro-

Energy consumption of the conventional profile 1, 2 and pro-
posed profile is 53.1 kWs, 61.6 kWs, 44.3 kWs, respectively,

posed profile improves significantly 16.6 % and 28.1 % com-
pared with that of the conventional profile 1 and 2.

Fig. ???? shows total energy loss which is composed of cop-
per loss, iron loss, slip loss and driving resistance loss. Copper
loss is proportional to the square of total driving force as shown
Eq. (??). As shown Fig. ????, total driving force of the pro-
posed profile is smallest in three profiles from ¢, to ¢ s. Therefore
copper loss of proposed profile reduces significantly 56.0 % and
69.7 % compared with that of the conventional profile 1 and 2.
Iron loss is proportional to the square of total driving force and
velocity as shown Eq. (??). As shown Fig. ???? and Fig. 72?2,
total driving force and velocity of the proposed profile are small-
est in three profiles from ¢, to ¢ y. Therefore iron loss of proposed
profile reduces significantly 0.452 % and 4.15 % compared with
that of the conventional profile 1 and 2. Driving resistance loss
is proportional to the square of velocity as shown Eq. (??). As
shown Fig. ????, velocity of the proposed profile is smallest in
three profiles from ¢, to ¢t¢. Therefore driving resistance loss of
proposed profile reduced significantly 2.05 % and 10.8 % com-
pared with that of the conventional profile 1 and 2.

5. Experiment
5.1. Control System
Vehicle velocity control system is designed to control the EVs
velocity automatically. Fig. ?? shows the system which is com-
posed of a feedforward controller and feedback controller. Front
and rear torque reference 7}~ is given as

wi

Tj* = ’I"Fj* —|—

(T4 Xj). (34)

The second term of right hand side compensates inertia torque of
the wheels. Vehicle velocity controller C'p;(s) is a PI controller,
and it is designed by the pole placement method. The closed—
loop pole is allocated to -5 rad/s

5.2. Experiment Environment

Experiments were conducted on both the Real Car Simulation
bench test (RC-S) and driving test road shown in Fig. ?? un-
der the same condition as simulations. RC-S developed by ONO
Sokki Co., Ltd. can reproduce various travel situation without
being influenced by change of wind and road surface condition.
Vehicle velocity V' and inverter input power P, are calculated as

V=72 > e (35)

j=fri=l,r
Pin = Vdc Z Idcj, (36)
j=fr
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Fig. 7: Experiment environment.

Table 4: Total energy consumption [kWs] (Average+Standard
deviation) .

Conventional 1 | Conventional 2 | Proposed
RC-S 52.0+£0.423 57.5£0.415 | 49.4£0.343
Driving test | 59.4%+5.19 N/A 50.5+3.18

inverter loss.

5.3. Experiment Results of RC-S

where the subscript ¢ represents [ or r ([ stands for left and r Experiments were conducted on the RC—S under the same con-
represents right wheel). V. is measured the inverter input volt- dition with simulations. Fig. ?? shows experimental results. Fig.
age and Iq.; is the measured inverter input current. P, includes 2?22 and Tab. ?? shows total energy consumption which is the
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average values and standard deviations of the experiments re-
peated four times.

Total energy consumption of the conventional profile 1, the
conventional profile 2 and proposed profile is 52.0 kWs, 57.5
kWs, 49.4 kWs respectively. Average total energy consumption
of the proposed profile improved significantly 5.02 % and 14 .1%
compared with that of the conventional profile 1 and 2. Average
total energy consumption differs from that of simulation result
because neglecting inverter loss and chopper loss affect mod-
elling error of power flow model. The experimental results are
consistent with simulation results.

5.4. Experiment Results of Driving Teset

Experiments were conducted on driving test road under the
same condition as simulations. The test road restricts a speed
to a prescribed value 30 km /h or less. We were not able to have
experiments of the conventional profile 2. Fig. ?? shows exper-
imental results. The absolute value of total driving force differs
from simulation result because of modelling error of driving re-
sistance, as shown in Fig. ?2??. Fig. ???? and Tab. ?? shows
total energy consumption which is the average values and stan-
dard deviations of the experiments repeated four times.

Total energy consumption of the conventional profile 1 and the
proposed profile are 59.4 kWs and 50.5 kWs, respectively. Av-
erage total energy consumption of the proposed profile improved
significantly 14.9 %compared with that of conventional profile 1
and 2. Vehicle which travelled in test drive was affected by road
surface disturbance while vehicle was not affected by road sur-
face disturbance in RC-S bench test. RC-S represents the driv-
ing resistance during travelling by Eq. (??). Therefore average
total energy consumption of the driving test was different from
that of RC-S. However the experimental results of driving test
are consistent with simulation results and experiment results of
RC-S. Experiments verified that the proposed profile is superior
to conventional profile 1 and 2 not only simulation but also the
driving test.

6. Conclusion

In this paper, we propose READ by considering the traffic sig-
nal from one traffic light. Proposed READ system reduces more
energy consumption than that of the conventional profile in sim-
ulations and experiments. The future works include considering
the space between a car and the one in front.
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