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Serious alarms about global
warming and climate changes
related to CO2 concentration in 

the atmosphere



���
���

���
���

�	

���

���
�
�

	��
	��

��

���

��	
��


���
���

�	�



���
��	

���
�
�

��	
���

	��
���

	��
���

���
������	����
���	���	�����	�������	�	��������	
����� ��� ������
�
��������� ��������


� � &/$..$(% +%)	"'+%.1('"


� ) �*������ 0(' ��#��%��� $%	�5	$.
��(��#��+ $%	#+." 6�	,&+'. -("7 $%	'&#+"$4&	

+%)	+-.(#!"& 4+#!&.
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Brent Crude Oil (LO, IPE) - Monthly Price Chart
Source: http://futures.tradingcharts.com
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http://www.oilnergy.com/
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Multi-junction cell
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Available HEV 
or next to appear on the market

�+�R�Q�G�D���,�Q�V�L�J�K�W�+�R�Q�G�D���,�Q�V�L�J�K�W�+�R�Q�G�D���,�Q�V�L�J�K�W�+�R�Q�G�D���,�Q�V�L�J�K�W
�7�R�\�R�W�D���7�R�\�R�W�D���7�R�\�R�W�D���7�R�\�R�W�D���3�U�L�X�V�3�U�L�X�V�3�U�L�X�V�3�U�L�X�V

�)�L�D�W���)�L�D�W���)�L�D�W���)�L�D�W���0�X�O�W�L�S�O�D�0�X�O�W�L�S�O�D�0�X�O�W�L�S�O�D�0�X�O�W�L�S�O�D

�'�&���'�X�U�D�Q�J�R�'�&���'�X�U�D�Q�J�R�'�&���'�X�U�D�Q�J�R�'�&���'�X�U�D�Q�J�R

�)�R�U�G���(�V�F�D�S�H�)�R�U�G���(�V�F�D�S�H�)�R�U�G���(�V�F�D�S�H�)�R�U�G���(�V�F�D�S�H
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Q: Is solar energy a rich 
dowry for a vehicle?

Solar Cars:  lighter than Cars
HEVs:  heavier than Cars
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bhah
sun

d
sunPVp

sun

dsun
sunPVpdpsun h

h
eA

h

hh
eAEEE +

-
=+=

Net solar energy available to propulsion [KWh/day]

esun=average insolation (KWh/m2day)
APV=effective panel area = APV,H+0.5 APV,V
hPV=panel efficiency (=0.13)
a: reduction factor due to charge/discharge processes in battery (=0.9)
b: insulation reduction during driving, due to shadow (=0.9)

Daily time fraction spent 
in parking mode

Daily time fraction 
spent in driving modeParking mode Driving mode
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h=10

�(#+'	�'+*"$(%

Site: San Antonio, Texas
Yearly Averaged Data

Continuous use (hd=10) with 
100% recourse to the sun can 
be achieved only at very low 

power (<1 KW).

Solar energy can represent a 
significant contribution for 

intermittent use (h<hd)and for 
limited average power .

For average power from 5 to 
10 KW and driving hours from 
1 to 2, energy savings ranges 

from 18% to 60%.



���
���

���
���

�	

���

���
�
�

	��
	��

��

���

��	
��


���
���

�	�



���
��	

���
�
�

��	
���

	��
���

	��
���

���
������	����
���	���	�����	�������	�	��������	
����� ��� ������
�
��������� ��������

�(#+'	0'+*"$(%	1&'	.$"&	+%)	/(%"7	

�$2%$0$*+%"	4+'$+"$(%.	
(0	.(#+'	0'+*"$(%	(**!'	
9$"7	 $#���'+� +%)	
��#��� �
�7&	.(#+'	0'+*"$(%	$.	
+#/(."	D&'(	$%	�#+.<+	
)!'$%2	9$%"&'	"$/&�	-!"	
'&+*7&.	C�>	$%	

7$*+2(�	�+%	�%"(%$(	
+%)	�(%(#!#!	)!'$%2	
.!//&'�	

0 2 4 6 8 10 12
0

10

20

30

40

50

Month

S
ol

ar
 F

ra
ct

io
n

San Antonio
Chicago
Honolulu
Anchorage

Pav=10 KW - hd=1 hour/day

Q: Are these power values 
acceptable for a car?
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Source: Labour Force Survey, 
http://www.statistics.gov.uk/CCI/nscl.asp?ID=8027

�(/&	'&*&%"	."!)$&.	(0	"7&	
�5	2(4&'%/&%"	."+"&)	"7+"
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Mass=1000 Kg - Length=3.75 m



���
���

���
���

�	

���

���
�
�

	��
	��

��

���

��	
��


���
���

�	�



���
��	

���
�
�

��	
���

	��
���

	��
���

���
������	����
���	���	�����	�������	�	��������	
����� ��� ������
�
��������� ��������

�(/&	���	1'("(",1&.

Solar Toyota Prius
By Steve Lapp

Ultra-Commuter
The University of Queensland

Viking 23
Western Washington University Tokyo University of Agriculture 

and Technology
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The design of a HSV requires a strong interaction 
between propulsion system and vehicle , and a 

careful analysis of energy flows, weight and costs .
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Average Energy [KWh] for four different sites for a crystalline silicon PV 
system rated 1 KW AC at SRC, at different azimuth and tilt angles, has been 

computed, based on 1961-1990 National Solar Radiation Data Base 
(NSRDB), considering real weather conditions . 

Honolulu (21.33°)

Chicago (41.78°)

Anchorage (61.17°)

San Antonio (29.53°)



���
���

���
���

�	

���

���
�
�

	��
	��

��

���

��	
��


���
���

�	�



���
��	

���
�
�

��	
���

	��
���

	��
���

���
������	����
���	���	�����	�������	�	��������	
����� ��� ������
�
��������� ��������


(//&'*$+#	�&7$*#&	�+"+-+.&

���I��6���A=�AC�6A�=�����=*#>

���6���=�6�=�6���=��A�=C��*��

�������=�6�=�6���A������C�=9�
7�033��

��A���6C�=C��=A=6���CIA6=����#� ��(�#

��A���6C�=C=��I�6A�===��=��#�+# )

��IC���=�C����II6��������=��������

���=���A��A=����6=C�CCA�=�%�$ 
&�$#

�������=�=CA�=�=�=��==I���*#���9���-� ��#.'�

��I����6�C=���I�6�=�==IA=�*#���9�'�"�'� /�/

��A=��AA�6I��C=��II=A�=C��
�>#* 033�,'.��# �����$

���I�����=C��C6��=6�A�IC�����&�

���6��A��C���AC�6I��==A�����#'$� 
$�� /�)

��IC��66�C����I66A��==��=�9��+ 9����#

��AA��6��C==�C�=6CA=C�I�=�'�';� 
$��

���=��AI�6�I�I��6���=�A��9��+ ,
�/�2

��AC�����C���=�I666�C��6=9�
7����(����

��AA���6�=�I�=IA6=6IC�IC�9�
7��#�+#

4<-$<-
4�

?**@
-�

?**@
$�

?**@
��

?,:@
�#���
?,&@

��+�$



���
���

���
���

�	

���

���
�
�

	��
	��

��

���

��	
��


���
���

�	�



���
��	

���
�
�

��	
���

	��
���

	��
���

���
������	����
���	���	�����	�������	�	��������	
����� ��� ������
�
��������� ��������

�&#+"$(%.7$1.	-&"9&&%	9&$27"�	1(9&'	
+%)	*+'	)$/&%.$(%.

Three relationships have been found via linear regression
to express the weight as function of power, car dimensions 

and their product (V=lwh)

A study of relationships between weight , power and dimensions has been 
carried out for commercial cars ranging from 9.5 KW to 66 KW.

# Variables R2

1 W=k1+k2P 0.894

2 W= k1+k2P+k3l+k4w+k5h 0.973

3 W= k1+k2P+k3V 0.946

best compromise 
between precision 

and predictivity
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( )

W

Pm

Pm

VPW

W

ICE

g

CV

HSVbody

D-

×-

×-

×

=

max

max

max

,

,9.0

� HSV Body Weight

� Commercial Vehicle weight, function of car 
power and dimensions (90% of the weight of 
commercial car is assumed)

� Gearbox and Clutch, function of car 
power

� ICE, function of car power

� Weight saving due to use of aluminum 
instead of steel (associated to additional cost)
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Source: www.autosteel.org/articles/2001_audi_a2.htm

11.491165.496.86116797Difference

17.218958.9711.211541 727Aluminum

26.721 0112.753.44270930Steel

Body 
Weight (%)

Car Weight 
(Kg)€/Kg$/Kg

Body Weight 
(Kg)

Body Cost 
($)

�(' "7&	�I�	�!)$ &."$/+"&. +	=�>	
.+4$%2. $%	9&$27" +. *(/1+'&) "(

+% &?!$4+#&%" ."&&#	/()&#

Source: www.visionengineer.com/mech/aluminium_car_frames.shtml
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uB

EG
B P

PP
N

,

max -
=

( )
( )

BB

PVPV

EM

EGEGICEEG

HSVbody

HSV

mN

mA

mP

mmP

WVPW

W

+

+

+

++

D

=

max

max, ,,

h

� HSV Weight

� HSV Body, function of power, 
dimensions and weight saving factor

� ICE and EG, function of EG power

� EM & Inverter, function of car peak power

� PV panels, function of panel area

� Battery, function of number of modules

� Number of modules needed to balance 
the maximum vehicle power



���
���

���
���

�	

���

���
�
�

	��
	��

��

���

��	
��


���
���

�	�



���
��	

���
�
�

��	
���

	��
���

	��
���

���
������	����
���	���	�����	�������	�	��������	
����� ��� ������
�
��������� ��������

�&7$*#&	�,%+/$*.	 



( ) ( ) ( ) ( )
�
�

�

�

�
�

�

�
+++��

�

�
��
�

�
+= PR

r
R

r
A

r
I

DDCiCi

kk
r
tV

k
r
tV

k
r
tV

ktT '''

2
1 �

htht

( ) ( )
r

DCi

r
tV

tn
tt

p××
=

26.3
60

( ) ( )tgeargeartVV == � Driving cycle profile

( )nTSFCPm ICECCf ,, =� � Fuel flow rate (steady state approach)

� Engine torque 
(function of 
vehicle mass 
and cross area)

� Engine rpm
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( ) ( )tgeargeartVV == � Driving cycle profile

( )ICEoptICEHSVf PSFCPm =,� � Fuel flow rate

� EM torque (function of 
vehicle mass and cross area)

� EM rpm
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( ) ( )
EM

EM
BattEGPVPVSUN

P
PPAP

h
fh =++, � Power balance at the electric 

node

EG

EG
ICE

P
P

h
= � ICE Power

( )BattPfSOC=D
� Battery model (ADVISOR)
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C
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+

=

max

h

� Additional costs with respect to 
conventional vehicle

� ICE and EG, function of EG power

� PV panels, function of panel area

� EM & Inverter, function of car peak power

� Battery, function of capacity

� Cost for use of aluminum instead of steel

� Cost reduction for ICE in HSV with 
respect to conventional vehicle
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( ) fHSVfCVf cmmS ,, -=

Sn
C

PB
D

HSV=

�=
cycle

CCfcyclesCCf dtmNm ,, � � Fuel consumption of conventional 
vehicle (Kg/day)

� Fuel consumption of HSV (Kg/day)

� Daily saving (€/day)

� Payback, years required to restore 
the additional costs CHSV (nD=300).

�=
cycle

HSVfcyclesHSVf dtmNm ,, �
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driving path
In most HEVs, a charge 
sustaining strategy is 

adopted: the battery State Of 
Charge (SOC) is unchanged 

within a driving path.

� ���

���

����

driving path parking

dayA suitable strategy for HSV
instead can restore the initial 

SOC within a whole day , 
considering battery charging 

during parking time.
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� �ICEP

optP MAXP

��	
�����

In a series HSV, the Internal 
Combustion Engine should 
operate on the optimum 

efficiency curve and 
whenever possible at its 

maximum efficiency

Part load operation can be 
avoided and substituted by 
intermittent operation at 

maximum efficiency



���
���

���
���

�	

���

���
�
�

	��
	��

��

���

��	
��


���
���

�	�



���
��	

���
�
�

��	
���

	��
���

	��
���

���
������	����
���	���	�����	�������	�	��������	
����� ��� ������
�
��������� ��������
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optICE PP =

�����
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optICE PP f=
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 �
��������
�
���

��
�������
�������
��

dht f<<0

0=ICEP

dd hth <<f

optICE PP =

The control variable ffff is introduced to 
define the possible operating conditions 

within the driving path:

opt

MAX

P
P

££ f0 f ��
���
�
��
���������
�
��������

��
���
 �!

��
����
����"
����
���
�����
�
���"�� ( )

cycles

p
Cycle N

SOC
SOC

D-
=D f
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� Objective Function: minimum Payback( )XPBXmin

( ) Gi NiXG ,10 =£

Design variables X :

1. Electric Generator Power PEG
2. Electric Motor Power PEM
3. Horizontal panel area APV,H
4. Vertical panel area APV,V
5. Car length l
6. Car width w
7. Car Height h
8. Weight reduction factor of car chassis with respect to base value CWf

� Inequality Constraints

Solved by Sequential Quadratic Programming (Matlab routine FMINCON)
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(%."'+$%"	�1&*$0$*+"$(%

Power to Weight ratio equal to the conventional 
vehicle1=

CV

HSV

PtW

PtW

maxmin

maxmin

maxmin

hhh

www

lll

££

££

££ Car dimensions within assigned limits, obtained by the 
database of commercial vehicles

maxmin

maxmin

�
�

�
�
�

�
££�

�

�
�
�

�

�
�

�
�
�

�
££�

�

�
�
�

�

w
h

w
h

w
h

w

l

w

l

w

l
Length to width ratio and height to width ratio 
within assigned limits, obtained by the database of 
commercial vehicles

( )
( )hwlAA

wlAA

VPVVPV

HPVHPV

,,

,

max,,

max,,

£

£ PV panels area compatible with car dimensions, 
according to the given geometrical model 

EG Power within lower and upper boundsmax.min, EGEGEG PPP ³³

7.0£CWf Car weight reduction factor not lower than 0.7
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l

wh

Horizontal lwwlwA HPV 05.030.0, --=

Vertical ( )( ) 2.05.05.04.02, ×---+= hwlA VPV

lwhV =Volume

The maximum surface of horizontal and vertical panels have been expressed 
as function of length, width and height
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0 200 400 600 800 1000 1200
0

50

100

150
Speed [km/h]

ECE15 : urban driving conditions EUDC : extra-urban 
driving conditions

12050Maximum Speed     (km/h) 

62.618.7Average Speed        (km/h) 

4004*195 = 780Duration                       (s)

6.9554*1.013 = 4.052Distance                     (km)

EUDCECE15Characteristics

�'$4$%2	
,*#&

The daily driving path (hd=2 hours) is composed of 6.1 
consecutive ECE15/EUDC modules
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0 200 400 600 800 1000 1200
-60

-40

-20

0

20

40

60

Time [s]

HSV power [KW]

drive

gen

sun

batt

Power contributions for the ECE-EUDC cycle 
APV,H = 3 m2, PEG = 35.5  kW, l = 4.2 m, w = 1.75 m, h =1.5 m

At low power demand, 
the EG is used mainly 
to recharge batteries

At higher power 
demand, the EG 

concurs with the battery 
to power the vehicle

The solar power is 
constant and 

significantly lower than 
other terms

The battery is 
recharged during 

regenerative braking 
phases
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APV,H = 3 m2, PEG = 35.5  kW, l = 4.2 m, w = 1.75 m, h =1.5 m

0 200 400 600 800 1000 1200
0

2000

4000

6000

8000

Time [s]

Engine speed [rpm]

Conventional Car

HSV

In the conventional car, 
the ICE works mostly at 
part loads, with higher 

specific fuel 
consumption.

In the HSV, the thermal 
engine works at its 

maximum efficiency in 
intermittent way.
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10 20 30 40 50 60
0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
Control Variable f

PV Area = 0 m2

PV Area = 3.25 m2

PV Area = 6.5 m2

10 20 30 40 50 60
0

5

10

15

20

25

30

EG Power [kW]

Fuel Savings [%]

PV Area = 0 m2

PV Area = 3.25 m2

PV Area = 6.5 m2

�00&*".	(0	��	�(9&'

10 20 30 40 50 60
1300

1400

1500

1600

1700

1800

1900

2000
Vehicle Mass [kg]

PV Area = 0 m2

PV Area = 3.25 m2

PV Area = 6.5 m2

PEM/ WHSV=PICE,CC/ WCC =75/1250 KW/Kg
Transmission losses in conventional 

vehicle included

Fuel savings range from 3% to 15% for 
the base hybrid vehicle (30% for pure 
urban cycle ). The use of solar panels 

allow to improve fuel savings up to 30% 
(6.5 m2) and to 45% for urban cycle .

Vehicle mass increases with PV area and 
decreases with EG power, since less 

battery modules are needed. 

Optimal operation of ICE (� =1) is 
achieved at about 15 KW. For � <1, 
variations in fuel savings are due to

changes in EM power to keep P/W ratio 
constant.
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6���A���=���C=�I=�������6�=CC

��������C��6��6���6�������6

�6�������6A��C����6I�������

����CA��C����6I�������

�� �
N>O

��	N,'.O
� ��

N<�O
� ����
N/ � O

�ï � N O
* ��

NP / � O
* 0

NP <2O
M

With 2 m2 of panels, the sun 
provides 13% of energy, but 

payback increases to 13 years

A very good payback (2.25 years) and a 
solar fraction of 31% are achieved by 

doubling fuel cost, reducing by 4 panel cost 
and with 16% panel efficiency. The 

generator power is reduced to 7.64 KW

The base series Hybrid Vehicle has a 
payback of 6.74 years. A generator 

power of 9.14 KW is proposed

The reduction of panel cost by a 
factor 4 produces a solar fraction of 
20% and a payback of 6.14 years.

PEM=PICE,CC=50 KW
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6��CA��6=�=6���6I������� -$.

���CA�A6=�=6���6I�������

�C���6=�=����6I�������

�!&#
�+4$%2.	

N>O

��
N,'.O

� ��
N<�O

� ����
N/ � Oh� N O

* ��
P / �

* 0
P <2

M

�	.&*(%)	.&'$&.	(0	'&.!#".	7+.	-&&%	
(-"+$%&)	$/1(.$%2	+	*(%."'+$%"	(%	

��-������:��&4���#���
:� �Q�= ��=�	5� 52;

A very good payback (2.4 years) and a high 
fuel saving (31.3%) are achieved by doubling 

fuel cost, reducing by 4 panel cost, and by 
16% panel efficiency

The base Hybrid Vehicle allows 14% 
fuel savings with respect to the 

conventional vehicle. Payback is 6.1 
years.

With 3 m2 of panels, fuel savings of 20.4% 
is achieved on ECE/EUDC. The value 

raises to 37.4% on the ECE cycle (2bis), 
with little improvement in payback.

2bis: ECE Cycle

�1"$/$D+"$(%	'&.!#".	 �
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Optimal case #2 - APV,H = 3 m2, PEG = 35.5  kW 
length = 4.2 m, width = 1.75 m, height =1.5 m

For HSV, mass increases of 300 Kg. The 
increment due to batteries, electric motor, 

solar panels and electric generator is 
partly compensated by mass reduction in 

the chassis and in the engine.

Additional costs of about 4600 Euro 
are required for HSV, mainly due to 

solar panels, electric motor and 
battery, partly compensated by a 

cheaper thermal engine.
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A6�������CC6��=��

��CC

I�6


+..

��6A���66�I==�I=C

��C�����6�=���+.&

7�N/O9	N/O#	N/O� ���� N/ � OM

Variations in vehicle dimensions are also proposed by the model, as 
shown in this example, referred to a previous set of results.

In the case 1 (no PV panels), dimensions have 
been reduced to limit vehicle weight increment.

In the case 4, vehicle length and width are increased, 
to be compatible with the selected surface of solar 

panels. Height is also slightly reduced. 



���
���

���
���

�	

���

���
�
�

	��
	��

��

���

��	
��


���
���

�	�



���
��	

���
�
�

��	
���

	��
���

	��
���

���
������	����
���	���	�����	�������	�	��������	
����� ��� ������
�
��������� ��������

�!"#$%&

�%"'()!*"$(%
�(#+'	+%)	�,-'$)	
+'.
�,%+/$*	
()&#	(0	+	���
�1"$/+#	�&.$2%
�&.!#".

���	3 
(%4&'"&'.
�'("(",1&

(%*#!.$(%.



���
���

���
���

�	

���

���
�
�

	��
	��

��

���

��	
��


���
���

�	�



���
��	

���
�
�

��	
���

	��
���

	��
���

���
������	����
���	���	�����	�������	�	��������	
����� ��� ������
�
��������� ��������


���	�&*7%$?!&.

0 5 10 15 20 25 30 35 40 45 50
0

50

100

150

200

250

300

0 5 10 15 20 25 30 35 40 45 50
0

20

40

60

80

100

120

Power vs. voltage characteristic of a PV field 

Uniform working conditions

Mismatched PV field
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n

B

AC
DC

EG

EM

PV

DC
DC

MPPT

�"+%)+')	

(%0$2!'+"$(%

n

PV

DC
DC

MPPT

DC
DC

MPPT

DC
DC

MPPT

B

EG

EM
DC

DC

Multi-input
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100 kgWeight

180 AhCapacity

PolycrystrallinePV Panels

1.44 m2Area

0.13Efficiency

15 kWMax Power

Lombardini (500 cc – 3 
phase induction machine)

ICE Generator

14 Modules Pb-GelBatteries

60 kgWeight

BRUSA MV 200 – 84 VElectric Motor

52 Km/hMax speed

15 KWPeak Power

1620 KgWeight

1,870 mHeight

1,395 mWidth

3,370 mLength

Piaggio Micro-Vett PorterVehicle

A HSV prototype with
series structure is being
developed within the EU 

Leonardo Program, 
starting from an electric
vehicle Piaggio Micro-

Vett Porter.
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http://www.dimec.unisa.it/leonardo
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Leonardo Program (I05/B/P/PP-154181)
Energy Conversion Systems and Their Environmental Impact
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A multi-lingual web site 
has been developed. 

The site has more than
1000 visits per week

and is at the top 
positions on Google.
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Thank you for your kind attention
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http://www.worldenergy.org

�(#+'	$%.(#+"$(%	
)&1&%).	(%	.$"&.	

:/+$%#,	#+"$"!)&;	+%)	
.&+.(%.�

�1	"(	I�=	5�7	1&'	
)+,	1&'	.?!+'&	/&"&'	

*+%	-&	'&+*7&)�



���
���

���
���

�	

���

���
�
�

	��
	��

��

���

��	
��


���
���

�	�



���
��	

���
�
�

��	
���

	��
���

	��
���

���
������	����
���	���	�����	�������	�	��������	
����� ��� ������
�
��������� ��������

�%$"	�&$27".	+%)	
(.".
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����K���=K6�=C	NP <2O�!&#

=	NP <2O�&$27"	�+4$%2.	0('	�#!/$%!/	

��CI	N<2 <�O�&+'-(J	+%)	
#!"*7

I��KC��K���	NP / � O��	N<2 / � O��	�+%&#.

���	NP <�7O6��	N<V <2O�+""&',	:7$2731(9&'	��3�(%;

��	NP <�O��I6	N<2 <�O�#&*"'$*	�&%&'+"('

���I	NP <�O��I�	N<2 <�O�#&*"'$*	
("('	S	�%4&'"&'


���:��&4�

Sources:
IEEE Vehicular Technology Society News, May ’01.

http://www.nrel.gov/vehiclesandfuels/powerelectronics/pdfs/roadmap_draft_042104.pdf
http://www.solarbuzz.com/Moduleprices.htm
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���==����I�=CC6������

����A=����C6�A�6�A��

�A�����C3���6������I=�A
(%."�

3�ACB2M6

�6�����=C�6��AII�

���36�=�I3A��6�C��

�CC����=����C���=6�

������AA�I���

3�����3��A��=3�6��=��
(%."�

3�AD2CM�

�C��CI����CI�6������=�

6�=����A��I���C������A6I
(%."�

3�EAC)M�

�(�'(/�1"$/�
(&00���

Not significant : too 
large confidence 

intervals

Poor precision

best compromise 
between precision 

and predictivity
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1.3 1.4 1.5 1.6 1.7 1.8
3

4

5

6

7

Height [m]

A
P

V
 [
m

2 ]

 l[m]=3  w[m]=1.8  h[m]=1.5

2.5 3 3.5 4
3.5

4

4.5

5

5.5

6

6.5

Lenght [m]

A
P

V
 [
m

2 ]

 l[m]=3  w[m]=1.8  h[m]=1.5

1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
3.5

4

4.5

5

5.5

Width [m]

A
P

V
 [
m

2 ]

 l[m]=3  w[m]=1.8  h[m]=1.5

The effects of car dimensions on 
horizontal (H, continuous) and vertical 
(V, dotted) maximum panel area have 
been studied, starting from reference 

values. Length and width affect mainly 
horizontal surface, while height has no 

effect on it.

H

H

H

V

V

V
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Benefits of HEV

��������

��������

+45%
��������

�)�X�H�O���H�F�R�Q�R�P�\���Z�L�W�K���7�'�1�1��
�L�V���L�Q�F�U�H�D�V�H�G���R�I���������L�Q�F�U�H�D�V�H�G���R�I���������L�Q�F�U�H�D�V�H�G���R�I���������L�Q�F�U�H�D�V�H�G���R�I�������� �Z�L�W�K��

�U�H�V�S�H�F�W���W�R���W�K�H��
�F�R�Q�Y�H�Q�W�L�R�Q�D�O���V�R�O�X�W�L�R�Q�F�R�Q�Y�H�Q�W�L�R�Q�D�O���V�R�O�X�W�L�R�Q�F�R�Q�Y�H�Q�W�L�R�Q�D�O���V�R�O�X�W�L�R�Q�F�R�Q�Y�H�Q�W�L�R�Q�D�O���V�R�O�X�W�L�R�Q��

�7�K�H���S�L�F�W�X�U�H���V�K�R�Z�V���W�K�H���E�H�Q�H�I�L�W�V���R�E�W�D�L�Q�H�G���Z�L�W�K���U�H�V�S�H�F�W���W�R���W�K�H���F�R�Q�Y�H�Q�W�L�R�Q�D�O��
�Y�H�K�L�F�O�H���X�V�L�Q�J���'�\�Q�D�P�L�F���3�U�R�J�U�D�P�P�L�Q�J���Z�L�W�K���O�R�D�G���H�V�W�L�P�D�W�H���Y�L�D���7�'�1�1���R�U �'�3��

�Z�L�W�K���H�[�D�F�W���N�Q�R�Z�O�H�G�J�H���R�I���I�X�W�X�U�H���O�R�D�G��

OPTIMIZATION OF SUPERVISORY CONTROL STRATEGIES FOR PARALLEL HYBRID VEHICLE WITH PROVISIONAL LOAD ESTIM ATE,
Ivan Arsie, Marco Graziosi, Cesare Pianese, Gianfranco Rizzo, Marco Sorrentino, AVEC04 Conference, Arnhem, NL
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Internal Combustion Engine and HEV

In a Parallel HEV t�K�H��
�,�Q�W�H�U�Q�D�O���&�R�P�E�X�V�W�L�R�Q��

�(�Q�J�L�Q�H����can operate on  
optimum efficiency curve.

�,�Q���D���6�H�U�L�H�V���+�(�9�����W�K�H��
�,�Q�W�H�U�Q�D�O���&�R�P�E�X�V�W�L�R�Q��

�(�Q�J�L�Q�H���F�D�Q��operate mostly 
at maximum efficiency and 

in steady conditions.

�,�Q���D���F�R�Q�Y�H�Q�W�L�R�Q�D�O��
�Y�H�K�L�F�O�H�����W�K�H���,�Q�W�H�U�Q�D�O��
�&�R�P�E�X�V�W�L�R�Q���(�Q�J�L�Q�H��
works on the whole 

operating plane, 
with high SFC 

variations.
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http://vri.etec.wwu.edu/viking_23.htm

BODY:Carbon fiber with solar array upper panels.
CHASSIS:Carbon fiber monocoque with aluminum 
or steel reinforcements at mounting points.
BATTERIES: 11 kW hours of SAFT NiCad 
batteries charged by either the solar cells or 
household current.
I.C. ENGINE:Daihatsu, 993cc, 3 cylinder fuel 
injected single overhead cam, fueled by 
reformulated gasoline.
ELECTRIC MOTOR:Two Unique Mobility 
brushless D.C. motors driving the front wheels 
through a gearbox.
RANGE:70 miles in zero emission mode at city 
speeds and approximately 400 miles at highway 
speeds.

Viking 23 was one of many solar vehicles built 
(August 1994) at Vehicle Research Institute -

Western Washington University. 
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A prototype of electric hybrid car with PV 
panels has been developed at Tokyo University 

of Agriculture and Technology.
Further PV panels were installed on the top of a 

building to recharge batteries.
Car weight increased of 350 Kg.

Gasoline engine was used 
when speed was over 20 

km/h, while electric driving 
was adopted when speed 
become less than 15 Km/h
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http://www.greencarcongress.com/2005/04/solar_electric_.html

A very advanced 
prototype of HSV (Ultra 
Commuter) has been 

recently developed at the 
Queensland University , 
adopting a hybrid series 

structure

2.5 square metres of solar panels with 375 Watts .
In sunny weather the UltraCommuter can travel up to 60 km a day on solar power alone . 

A 360V Li-Ion battery pack extends this to 200 km. 
A compressed natural gas powers a 10 kW generator to feed batteries, producing a total 

range of 500 km.
The car is propelled by two 75 kW motors that sit inside the rear wheels . 
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A solar powered Toyota Prius
has been developed by the 
Canadian engineer Steve 

Lapp. 
10% fuel savings have been 
reported, with respect to the 

base Toyota Prius.

http://www.lapprenewables.com/hybrid project.html
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http://science.nasa.gov

�	"7$% ��*�(��+'(����-#"�� $. "'&+"&) "( 0('/ +% &#&*"'$* 0$&#)�	
1(.$"$4&	(%	(%&	.$)&	+%)	%&2+"$4&	(%	"7&	("7&'�	�7& %$�&4� &%&'2,

."'$<&. "7&	.(#+' *&##�	 �$�(����� +'&	<%(*<&) #((.& 0'(/ "7&	+"(/. $%	
"7&	.&/$*(%)!*"('	/+"&'$+#�	�0 &#&*"'$*+# *(%)!*"('. + '&	+""+*7&) "(

"7&	1(.$"$4&	+%)	%&2+"$4&	.$)&.�	"7&	&#&*"'(%. *+%	- & *+1"!'&) $%	"7&	
0('/ (0	+% �$�(���( ('����� �

�7&	0$'."	
%4��� �$�#�(�

G��H /()!#&	9+.	
-!$#"	-,	�&##	

�+-('+"('$&.	$%	
�A=C�	�7&,	7+4&	

-&&%	!.&)	(%	
.1+*&	4&7$*#&.	
.$%*&	"7&	��.
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A Hybrid Solar Vehicle can not consist just in the 
superposition of solar panels on existing Hybrid 

Electrical Vehicle

HEV � Conventional Car + EV

HSV � HEV + PV
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(%"7#,	�$."'$-!"$(%	(0	�(#+'	�%&'2,

Month 0° 29.53° 0° 41.78° 0 21.33° 0° 61.17°
1  85  120  50  95  108  137  2  23  
2  100  125  71  106  117  139  21  60  
3  136  152  108  132  150  161  63  115  
4  144  146  136  143  155  154  99  124  
5  165  154  167  157  176  164  139  139  
6  169  153  168  149  173  156  140  125  
7  185  170  172  157  179  164  132  121  
8  170  169  140  140  175  170  95  102  
9  138  151  111  131  160  168  60  88  
10  124  154  85  123  136  157  22  53  
11  93  130  48  81  110  137  4  40  
12  79  117  38  70  104  135  0  16  

Year  1589 1741 1294 1485 1742 1842 778 1004
Day 4.353 4.770 3.545 4.068 4.773 5.047 2.132 2.751

San Antonio Chicago Honolulu Anchorage

Average monthly energy distribution (KWh) have been computed for the 
four sites, with horizontal and “optimal” tilt angle

Most computations have been referred to this average value, with
horizontal and vertical position.
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( ) ( ) ( ) 0
24

0
=D+D==D � pD

h

day SOCSOCdtdSOCSOC fff

( )
cycles

p
Cycle N

SOC
SOC

D-
=D f

cycle

d
cycles T

h
N =

� ���

���

����

driving path parking

day

� Non linear equation solved by 
numerical methods

� Number of driving cycles in the 
driving period
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ICE EG

PV Panels

EM

avEGICE PPP == avEM PP l=

avEGMAXICEMAX PPP d== ,,

Battery

Electric 
Node

VMU

Peak factor
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l

wh

Car dimensions are related to stability, comfort and safety . In order to assure solutions 
compatible with the major requirements of a car, upper and lower bounds for l, w, h, l/w

and h/w have been imposed, by the database of commercial vehicles.

/�3E)�2D)0C2)A/30EEE�%%�����'�+�GIH

���I��6���A=�AC�6A�=
+J

3�D2/�B0/2)0/2)))033��-�����'�+ Q/$%

4<-�
?<@

$<-�
?<@

4�
?**@

-�
?**@

$�
?**@

(*) Upper Bounds for l,w,h = 1.5 their maximum valu es
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�-T&*"$4&.

�(	)&4&#(1	+	),%+/$* *�+�$ 0('	+	7,-'$)	
.(#+'	4&7$*#&	:���;�	&J1'&..$%2	"7&	&00&*".	
(0	"7&	/+$%	)&.$2%	+%)	(1&'+"$%2	4+'$+-#&.	
(%	 ����&!��# ��&��-��&4��#�+�(��� �
�(	)&"&'/$%&	 �%��*#$�(��"�&'�#�����#�+�
���� 0('	+	����	-("7	$%	 ��(4��(#$�#�+�
�(���*�( "&'/.�
�(	+..&..	"7&	&00&*".	(0	"7&	/+$%	
�>�&���'�� #��#.$�� (%	"7&	 �(���*�(�
"�#��.�$��! �
�(	)&4&#(1	+	 %�����!%� "(	4+#$)+"&	"7&	
/()&#	+%)	"7&	'&.!#".�
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Average energy necessary to propulsion [KWh/day]

Daily driving 
hours

( ) avdd PhdttPE =×= �

d

sun

E

E
=j

Solar Fraction (contribution of solar energy to the propulsion)

Average Power 
[KW]

PavP

t
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C - Tilt=Latitude
D - Tilt=0° (Horizontal)
E - Tilt=90° (Vertical)

A – Two axis tracking B – One axis tracking

Five different cases have been considered, withtracking
systems(A-B) or at fixed tilt angle (C-D-E).
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�00&*".	(0	�(.$"$(%	(%	�%&'2,

3

033

/333

/033

)333

)033

2333

3 )3 C3 B3 E3

)�#>�����#(;��&
/�#>�����#(;��&
7�$�J�#���'+�
��������#$
�����(#$�G*�#�H

Latitude (deg)

Average Yearly Energy (KWh/year)

Almost a factor 2 between 
maximum and minimum latitudes.

For fixed panels, there is not a 
relevant loss by adopting horizontal 
position with respect to “optimal” tilt, 

particularly at low latitudes.

Negligible differences between 2-
axis and 1-axis tracking systems.

Energy absorbed with vertical 
position is significantly lower, 

mainly at low latitudes.
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The SOC is depleted in the first 
part and during phases at high 

speed. The final value differs from 
the initial one by a fraction of the 

energy stored during parking 
hours.

The f value is lower than unit. 
The thermal engine works at its 

maximum efficiency in 
intermittent way. 

In the conventional vehicle, the 
ICE works mostly at part loads, 

with higher specific fuel 
consumption.

APV=4 [m2]  PEG=13 [KW]  l=3.5 [m]  w=1.6 [m]  h=1.4 [m]
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APV=4 [m2]  PEG=13 [KW]  l=3.5 [m]  w=1.6 [m]  h=1.4 [m]

At low power demand, 
the EG is used mainly 
to recharge batteries

At higher power 
demand, the EG 

concurs with the battery 
to power the vehicle

The solar power is 
constant and 

significantly lower than 
other terms

The battery is 
recharged during 

regenerative braking 
phases
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PEM=PICE,CC=50 KW
Transmission losses in conventional 

vehicle not included

The increase in EG Power produces a 
decrease in battery modules, with a 

reduction in vehicle mass. Solar panels 
also contribute to increase vehicle mass.

When EG power is less than 10 KW, the 
ICE works continuously at non optimal 
efficiency (� >1). At higher power (� <1) 

fuel savings are almost constant.

Fuel savings range from -6% (� =1.8) to 
8% (� £1) for the base hybrid vehicle. 

The use of solar panels allow to achieve 
fuel saving up to 16% (2 m2) and 25% (4 

m2).
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Sources: Rizzoni et al. (IEEE, 1999), Paganelli et al. (JSAE, 1999), Graziosi et al. (JSAE, 2005), 
�(,("+	.1&*.	:999�+!"(/("$4&�*(/;

�$"7	���.�	0!&#	*(%.!/1"$(%	'&)!*"$(%	!1	
"(	C�>	9$"7	'&.1&*"	"(	.+/&31(9&'	1!'&	
"7&'/+#	4&7$*#&.	*+%	-&	+*7$&4&)�	)!&	"(�
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6���A���=���C=�I=�������6�=CC

��������C��6��6���6�������6

�6�������6A��C����6I�������

����CA��C����6I�������

�� �
N>O

��	N,'.O
� ��

N<�O
� ����
N/ � O

�ï � N O
* ��

NP / � O
* 0

NP <2O
M

With 2 m2 of panels, the sun 
provides 13% of energy, but 

payback increases to 13 years

A very good payback (2.25 years) and a 
solar fraction of 31% are achieved by 

doubling fuel cost, reducing by 4 panel cost 
and with 16% panel efficiency. The 

generator power is reduced to 7.64 KW

The base series Hybrid Vehicle has a 
payback of 6.74 years. A generator 

power of 9.14 KW is proposed

The reduction of panel cost by a 
factor 4 produces a solar fraction of 
20% and a payback of 6.14 years.

PEM=PICE,CC=50 KW
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Experimental validation of the MPPT model


