29t International Electric Vehicle Symposium, Quebec

1A — Advances in Electrified Transportation: Autonomy, Performance and Efficiency
== Fundamental Research on

Range Extension Autonomous Driving for Electric Vehicles
Based on Optimization of Vehicle Velocity Profile
In Consideration of Cornering

Yuta Ikezawa*, Hiroshi Fujimoto (The University of Tokyo),

o 4

Daisuke Kawano, Yuichi Goto (National Traffic Safety and Environment Laboratory),
Misaki Tsuchimoto, K01| Sato (Ono Sokki Co., Ltd.)

ONO OKKI

7 THE UNIVERSITY OF TOKYO

Contents
Background
Vehicle Model

Range Extension Autonomous Driving

Simulation
Experiment

Conclusion

The University of Tokyo Graduate school of Frontier Science Hori & Fujimoto Laboratory EVS29, Quebec Jun. 20, 2016 1 / 22



B 1.1 Background 9

Advantage of Electric Vehicles Disadvantage of Electric Vehicles
» Environmental performance » Miles-per-charge is shorter
» High controllability of electric motor than range of ICEVs
e :
"= 200} 607‘{475/\/ . E 200
5 ,,,,, 5 ,,,,,,,,,,,,,,,,, Range Extension Control System
. [ » Torque is distributed to each wheel to
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@ @ _ Range Extension Autonomous Driving
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) S » Velocity profile is optimized to minimize
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- | I > consumption energy for autonomous vehicle
> [Y. Ikezawa et al.
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B 1.2 Range Extension Autonomous Driving e 4
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» System gets some route leading to destinatio

Present Navigating System
n
and traffic congestion information
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« System proposes us optimal route
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« System divides a route into some segments
« System generates optimal velocity profile for

-
Range Extension Autonomous Driving
each segment to minimize consumption energy

Velocity

Assumption

« Anterior state (following distance, road shape
information, ...) can be gotten by ITS

~

Time
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B 1.3 Range Extension Autonomous Driving
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« Consumption energy is minimized by

optimizing velocity profile in
consideration of straight road
Including road gradient
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B 2.1 Experimental Vehicle e 4
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Whed velocity[knvh] Wheel velocity[km/h]
Front motor Rear motor
FPEV2-Kanon Efficiency maps of front and rear motor
Characteristic Specification of in-wheel motors
* In-wheel motor, manufactured by TOYO _ JFont  JRear
DENKI SEIZO K.K., installed in each wheel Rated torque ——— e

. Maximum torque 500 Nm 530 Nm
« Motors can be independently controlled K

) ] Rated power 6.00 kW  6.00 kW

* Direct-drive Maximum power 20.0 kW 25.0 kw

« Motor efficiencies are different in front and Rated speed 382rpm 450 rpm
rear Maximum speed 1110 rpm 1200 rpm
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B 2.2 Vehicle Dynamics

Longitudinal direction

MV = Fa — Mgsing — sgn(V)(Fbr + Fcr) s+

Lateral direction

May = MV (8 + )
=~V — IV,

Yaw direction

I = 2(—Zfo + ZTYT)

Tyre slip angle

lyy

Oc’f(V,,B,’}/,df) :/B_l_ 7

an(V,8,7) =~ =L
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Total driving force

Driving resistance

Cornering resistance

Side slip angle
Yaw rate

Lateral force
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Y SR

Bicycle model
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. . Vehicle body
B 2.3 Cornering Resistance

9 4
_ moving direction
Cornering Force

Direction of
Tyre moving direction X A

Fyf - Cfaf \ | Vehicle body
Fyr|= — Chrgir Direction of tyre \|
Lateral Force of Tyre A
Yf &= Ly \ \‘ \
Y|~ yr Fer' Y; : \‘ \\

Traveling direction component force of Lateral Force

/

For |~ —2Yssinay — 2Y,-sina,

x-direction component force of Fg’

Fer|~ 2Cras’cosds + 2C,a,” Fer
~ 20f05f2 — QCT,a,,,Q

Cornering resistance is proportional to square of tyre slip angle
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B 2.4 Approximation of Tyre Slip Angle e 4

x = Ax + Bu
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B 2.5 Longitudinal Equation of Motion o 4
Ma, = Fa — sgn(V)([FDR]-I-[FCR]) J

(For)= Mg + b[V] + % pCu SV

Driving resistance

: QC’f(AVQ% BVQ%)Q +2C,(BV?-

Cornering resistance

a2\ .
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Equal Distribution i——
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f= 14w = al

Bicycle model
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B 2.6 Inverter Input Power

Inverter input power
P = B + Fo + 5

Mechanical output

Mechanical loss
Pout = 2 Z w.fT’f [ & ]

j=fr Inverter loss
- VEy Z 1+ Fan Neglected
2 ; 4D N (V Fqu) i R s
J=rfr e m i
Copper loss }ieq
P(*_ =S 2 Z R}zr}j2 & *

: 7 i( rad
Iron loss H’]

Ug
Vodj +v0(1 by
R o= 2y et i)
J=rfr . .
V2 P Lo\ -
.‘ T 8] adr
~ 2—2 - ( - d“) + 0,2 Equivalent circuit of PMSM
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B 3. Range Extension Autonomous Driving

min. Wi, = / Pin(z(t), u(t))dt
s.t. @(f) = (93(75) u(t))
I ﬁ [Fall = sgn(V) (FDR(V) Sk FCR(Va R))] )
V(1)
= | -2 g  [MaGohln) _q] 1 2y,
I (zfcf;uzrcr)ﬁ B 2(lf20§:/rlr20r) n QZfICf 5.

x(x(to)) = x(to) —x0o =0
Y(x(ty)) = af(tf) ~i@y =0

V()

o |xo| ()

O=1se| “O=]s0
| L) |

* o (1) Is treated as a function of V and R on the assumption that vehicle is brought

into stationary circular turn

* F, (t) is optimized by using gradient method to satisfy Euler Lagrange equation
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B 4.1 Comparison Conditions

Straight  Corner o

TN
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_ t,=0s t,=35.0s
Conventional method 1
* a is optimized to minimize consumption energy. %
izo .........
Vo + axt (to<t<ti) 2
V(t) — < I/;nax (tl < t < t2) § 10
Vmax — amt (tQ < t ] tf)
%
Conventional method 2
* a is optimized to minimize consumption energy.
Vo + axt (to < t<ti)
Vs (t1 <t < t2)

V(t) =

Proposed method

» The velocity profile is optimized to minimize consumption energy

Vmax — % 'ﬁ;; (FDR(V)
+FCR,(V, R))dt (tz <t < tS)
V(2ts —t) (tz <t <ty)

by solving nonlinear optimal control problem.
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B 4.2 Loss Separation e 4

Mechanical output

Power stored as
Kinetic energy

Power stored as
rotational energy

Loss caused by
driving resistance

Loss caused by
cornering resistance

Loss caused by slip

Integrated value

Pouwt = Pu+ Py + Por + Pcr + FPs
4 d (1 )
Py= — | =MV?

M= ar\2

PJ_zz ijcuj
J= fr Y

PDR:FDRV

Can be recovered

” during decelerating

Pcr = FcrV

Ps=FaV ) Ay
J=1r

tf echanical loss
W :/ Py (a(t), u(t))dt .
t

. Inverter loss

Neglected
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B 4.3 Simulation Results | 9
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B 5.1 Experimental Conditions o

Field Test
» Test course owned by National Traffic Safety

and Environment Laboratory is used.
Control System

» Velocity control system is used.
* Closed-loop pole is allocated to -5 rad/s.

» Steering angle is controlled by hand to track the

designated course. Field Test @National Traffic Safety
and Environment Laboratory

a, — |
This research M J;L(l—l— }D

S
X0 —{ Velocity *r Drivin
. + l+ © +il -
X Trajectory V —0 CPI + | f(?rce. 7 " Vehicle v
f — F * [distribution] "
all F; I;

R(x) Road shape _
Information Velocity control system
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B 5.2 Experimental Result 9
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B 6. Conclusion 9 4

v" Range Extension Autonomous Driving (READ) system is extended to be
applied to curvy road.

v" The cornering resistance is modeled on the assumption that the vehicle is
brought into stationary circle turn.

v The optimal velocity profile is mainly decided by tradeoff between copper
loss, driving resistance loss, and cornering resistance loss.

v" The effectiveness of the proposed method is verified by simulations and
experiments.

Future Work

v" Velocity profile and direct yaw moment
are optimized simultaneously
to reduce consumption energy.

Direct yaw moment
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B 4.3 Simulation Results
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» Velocity becomes lower than conventional methods
during corner.

« Cornering resistance loss is reduced by 13.2 %
because cornering resistance is proportional to
biquadratic of velocity.

« Consumption energy is reduced by 1.45 %.
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B 4.3 Simulation Results @
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B Simulation Results & Experimental Results o

Total driving force
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B Experimental Results

Front steering angle
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B Optimal Distribution Ratio (1) e 4
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B Optimal Distribution Ratio (2)

Minimize P;.(t) by optimizing k(t)

Driving-braking force distribution
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The

B Euler-Lagrange Equation

Penalty function !
P(a(tf)) = ol (@)’

Hamiltonian function

H(z,u,v) = Py(z,u) +vt)" £(V, Fa)

Objective function

J =Pz / {H(z,u,v) —v(t) &)} dt
Euler-Lagrange Equation
: o (9H(zuw)\ y_ (9P@)\" A
B ox {t) = ox
t=t¢
OH(x,u,v) OP(x) B
e ( B | L) =

o

l=t¢ /
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B Steepest Descent Method e 4
1. Appropriate initial solution u(t) (t,= t =t; ) is supplied

2. State variable x(t) (t,=t =t; ) is calculated

(1) = f(x(t), u(t)) z(to)

to £ >

3. Adjoint variable v(t) ({,=t =t;) is calculated

b= (8H(§;:“’ ”))T v(tf) = (agf))T

< n £

4. Control signal u(t) (t,=t =t;) is updated to minimize objective function

B OH
uupdate(t) — U(t) £5 OzS(f}) e (%)
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