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Abstract — Technical and economical aspects of application of
solar electric systems in city transport are discussed, with the
possible use of Sun tracking; the effect of the latter on the solar
energy conversion efficiency is analyzed in application to
stationary and moving platforms with photovoltaic solar
panels. The option of using grid-connected solar panels is taken
into account. An analysis made shows that introduction of the
“green” systems discussed will have not only positive ecological
impact, but it can also be economically justified.
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I. INTRODUCTION

Transport is definitely one of the most indispensable life
sustenance features of the modern society; its share in the
world’s energy consumption is approximately 25%, and
because practically all this energy comes from fossil fuels, it
creates heavy ecological problems in all great cities (Mexico
City, in the first place), not to mention the constantly
growing cost of this energy. The evident solution of these
problems lies in utilization of the renewable energy sources,
and there are many convincing examples of this kind, like
solar powered racing vehicles which use only solar energy
converted by Photo Voltaic Converters (PVCs) and stored in
the onboard battery bank, or the battery powered electric
vehicles with solar recharging (see, for example, [1-5]).

Among different vehicles, city buses are the most
appropriate for solar electric powering, for many reasons:
they have rather large roof surface (in comparison with
automobiles) that can carry solar PVCs, their engine power
is not too high (again, in comparison with automobiles),
they have frequent stops when the solar recharging goes on
while the electric engine, contrary to traditional engines,
does not consume energy (and during the braking, engine
turns into generator so that electric energy is stored back to
batteries). However, there are already many models of solar
electric cars (Japan, USA, countries of Europe), and just a
few of the solar electric buses (Australia; USA). There are
many reasons for that, but the main is the necessity for
significant initial investment, which seems not attractive for
those who can make it.

To reduce that initial investment and, thus, accelerate
the appearance of solar electric buses (and cars) in Mexican
cities, the efficient and economic PVCs are needed; earlier
[6-8] we discussed several approaches to this problem. One
of the aspects involved in the problem is the efficient and
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economic Sun tracking system; in this paper we discuss in
some details the advantages of Sun tracking by PVCs
(which are not all obvious) and two different solutions that
can be recommended.

II. MAIN FEATURES OF SOLAR ELECTRIC TRANSPORT

To give an idea about the basic characteristics of solar
electric vehicles, we present a brief description of the bus
Tindo which is claimed to be the first solar electric bus in
the world (Adelaide, Australia; the data were extracted from
[4]). The dimensions are 10.42 X 2.48 X 3.06 m’, thus
giving the roof area of 25 m’ with the corresponding roof
insolation at midday of 25 kW. The engine power 36 kW,
the battery system has accessible energy of 235.6 kWh,
giving about 200 km (the total day’s range) between
recharges. The battery recharging takes place at the Bus
Station. Here the batteries are quickly recharged from grid,
while the solar energy converters PVCs are constantly
providing energy directly to the electric grid, thus restoring
the energy balance. The power of the PVC system is around
40 kW, its total cost of $550,000 (US dollars) was provided
by Australian Government. Taking the effective solar day’s
duration as 6 hrs, we see that the PVC system produces
enough energy (40 kW X 6 hrs = 240 kWh) to compensate
the day’s energy consumption of the bus.

These data illustrates the following main points: (i) the
battery bank should be sufficient for a day’s travel, which
means that the preference should be given to short routes,
(i1) the use of grid-connected PVC system for recharging is
preferable (although the autonomous on-roof systems also
can be used, and will be discussed), and (iii) in general, the
projects of this kind need sponsorship.

Speaking about the short roots, we can immediately
point out several options, like school buses that are
collecting children in the morning and take them back to
homes after studies, whereas the rest of the day they are not
used; the same could be said in relation to the buses that
take employees to and from working place in many
institutions (CINVESTAV-Queretaro among them), and
many private cars which are used in working days only to
get to work and from it; in these cases, the energy stored in
the battery bank must be sufficient for travelling of a
distance about 100 km, or 1 hr of engine’s work. For 6 hrs
of effective solar day that can be used for batteries
recharging, it creates favorable conditions for choosing of
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PVC  system  without  excessive
characteristics.

Some estimation can now be easily made. In case of a
bus (car) with 40 kW engine, the energy consumption in 1
hr is 40 kWh; for recharging in 6 hrs the PVCs power of 6.7
kW is needed. The average price of PVCs is now around $4
(US dollars) per W; it is constantly decreasing (contrary to
the traditional fuel’s cost), and the minimal price in the
market today is less than $2/W [9]; the information about
prices of $1/W appears. Taking that PVCs utility life is 20
years and observing the existing tendencies on the market,
we can safely use the price of $2/W, which gives for the 6.7
kW PVC system the total cost of $13,400. The existing
electrical energy cost in México and USA is around
$0.1/kWh, and not less than 50% growth is expected in the
next 20 years; thus 40 kWh of consumption gives $4/day,
which will amount to $24,000 in 20 years, much more than
the PVC’s cost. As we see, the use of solar electric vehicles
certainly needs initial investment, but quite soon it will be
justified not just ecologically, but economically as well.

On the other hand, a bus with 25 m” roof surface can
carry autonomous PVC set on the roof, thus increasing the
total recharging time; to generate a power of 6.7 kW, the
PVCs must have efficiency of around 26 %. It is higher than
efficiency of average commercial PVC, but taking into
account the Sun tracking effects and the existing tendencies
of development of PVCs, we can think about this option as
quite viable. Thus, the two options of recharging might be
considered: the stationary grid-connected PVC set at the
place where vehicles are “resting”, and the autonomous on-
board PVC system. In the first case, more economic PVCs
with average efficiency can be used, also a DC-AC inverter
is needed to make the parameters of generated electrical
energy compatible with those of grid; in the second case the
inverters might not be needed, but there will be strong
demands towards efficiency of PVCs. In both cases, Sun
tracking gives additional advantages.

cost-efficiency

III. EFFECT OF SUN TRACKING

In order to assess the effect of system’s orientation
towards the Sun, we use our results of previously conducted
experimental and theoretical research [10, 11]. The
experiment was performed in Queretaro, Mexico during
summer solstice, with the result that the PVC efficiency gain
in Sun tracking mode is 30% in comparison with PVC
having ideal static orientation (meaning that the surface is
oriented normally to the solar radiation flux at midday).
Compared to the non-tracking PVC with orientation fixed
for the whole year, the average gain will be close to 40%;
these numbers could be taken as characteristic ones for any
season.

There is one more tracking effect connected with light
reflection losses. It is known that all semiconductor
materials have high refractive index » (in case of Si it varies
from 5.5 to 3.8 with wavelength change from 400 to 600
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nm) and have correspondingly high reflection coefficient -
around 40% at normal incidence for n = 4.5. It is possible to
reduce the reflection losses down to 5 — 10% using
antireflection coating prepared from materials with
refraction index lower than that for semiconductor (like
TiO, with n 2.5), and the thickness necessary for
destructive interference of light beams reflected from
coating’s boundaries. It is evident that in case of oblique
incidence, the coating’s effective thickness will be different
from that for normal incidence, so the antireflection effect
will be essentially reduced. Thus, the use of tracking system
will provide optimum conditions for antireflection coatings
during all working period; the total tracking effect for
stationary PVC with antireflection coating therefore will be
50 — 60%, and for moving PVC platform even greater.

A. Sun tracking in moving vehicles

Solar tracking ensures the correct orientation of the PVC
elements (concentrator lenses, mirrors and/or the mount
itself) towards the sun at all moments — during vehicle’s
movement or parking — providing maximum irradiation of
semiconductor converter of solar radiation into electrical
current.

A general block-diagram of one solar-tracking module
(fig. 1) is essentially a closed- loop control system,
consisting of:

- Desired Orientation — orientation towards the Sun or
towards South with Earth latitude compensation

- Subject of orientation — PVC or PVC-array, possibly
coupled with lenses or mirrors

- Tracking device — motorized device which compares the
measured orientation with the desired and rotates the subject
of orientation around its axe (or axes)

- Measuring device is a sensor array based on photodiodes
(with tubes or umbrellas which produce shadow), PVC
sensor or electronic compass coupled with a GPS-sensor

- System output — the most efficient orientation of PVC
converters, from the gathering sun rays point of view

Desired
Orien- -
tation Tras:kmg Subject of | System
) device orientation |—output
(motors, (PVC,
lenses etc.)

I levers)

Measuring device

Fig. 1. General block-diagram of one solar-tracking module
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Effective Sun tracking is only possible with frequent
periodical measuring of the orientation and its correction
towards the desired one. For example, with 1 Hz periodicity,
the system’s movement is almost constant, which increases
its power consumption and wearing of motorized parts.
Additionally, this type of movement can become chaotic in
cases of strong perturbation (clouds, tunnel passing). This
tracking tactic is justified for several applications (racing car
on sinuous road, flying tracing device), however, in case of
massive transit objects (bus, train) this level of precision is
not justified; we suggest geographical orientation as an
option. In this case, the measuring device is an electronic
compass coupled with a GPS-sensor. The compass measures
the declination from South, while the GPS-sensor — system’s
latitude.

Fig. 2. An example of the roof-mounted tracking system

A PVC-array in our case is a vehicle’s roof filled with
converters. Each element of the array (or a group of
elements) is mounted on an axe, which may be individually
driven by a low power servomotor coupled with a gear-
reducer (cost is $50-100), or be united by a commune lever
(fig. 2), in the manner of a lattice window, and be driven by
one motor of greater power (cost $500-1000). At least two
motors are needed for one mechanism of two-axe system.

An example of a two identical mechanisms system is
shown on fig. 2. Each mechanism drives a set of Solar
Panels mounted on the Main Chassis (with bearings), driven
by an Axe Motor 1. A Shifting Chassis is mounted over the
bearings in the points where Solar Panels are mounted on
the Main Chassis; a parallelogram mechanism, created this
way, is similar to that one of a swing arm drafting lamp. The
Shifting Chassis, driven by an Axe Motor 2 mounted over
the Main Chassis, rotates the bearings of Solar Panel
mounts, changing its angle of obliquity towards the Main
Chassis.

The design of a prototype for specific location should
consider its geographical latitude, which would determine
the limits of PVCs inclination, and thus, a mounting height
over the vehicle’s roof. To have the maximum efficiency,
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PVC surface must be normal to the rays of the Sun.
Therefore, a midday PVC’s obliquity angle should be equal
to location’s latitude during equinoxes; 23 degrees less
during summer solstice, and 23 degrees more during winter
solstice, in case of the northern hemisphere. In Mexico or
China these angles are smaller than, for example, in Russia,
which simplifies this issue.

Fig. 3. 2-axis solar tracking PVC with radiation concentration

Fig. 3 and 4 show two prototypes of the 2-axis Sun
tracking PVCs, with and without solar radiation
concentration correspondingly, both created in our
laboratory. Each prototype uses 2 pairs of phototransistors
(one for each axis) positioned so that the difference of photo
signal in each pair is zero when the panel is orientated
normally to the radiation flux and increases with
disorientation of the PVC; thus the difference mentioned we
call the disorientation signal. This signal is feed to
microcontroller PIC16f877 which realizes monitoring of the
system using two geared servo motors: Colman EYQF-
33300-661 and Globe 407A-350. The motors work until the
correct position is reached, and after that the system
switches itself out for time interval (X = 15 — 30 min) which
can be regulated; after that, the next correction is made.

Fig. 4. 2-axis solar tracking PVC, non-concentrated radiation
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Thus the accuracy of tracking is determined by
frequency of corrections (i.e. the value of X) and by the
identity of phototransistors in each pair (if, for example,
their response at equal illumination is 5% different, then the
zero-signal orientation will be different from normal to the
radiation flux). Our experiments have shown that for X = 20
min, the orientation error (deviation from normal light
incidence) was less than 10° during the whole solar day.

B. Stationary Sun tracking systems

In case of stationary PVC set, the Sun-tracking system
can be based on totally different concept: the automatic
changes of PVC’s orientation in relation to the Sun radiation
for a given geographic point could be realized according to
the corresponding program which is only a little more
sophisticated than a program for ordinary electronic clock.
The motion does not need to be continuous, it is essential to
keep an incidence of radiation flux approximately normal
to the PVC’s sensitive plane: if the changes of the
orientation of this plane corresponding to the Sun’s motion
will be in steps such that deviation from normal light
incidence never get larger than 15° (cos 15° = 0.966), it will
be sufficient for tracking with an average error smaller than
2%. Thus for two-axis tracking system, PVC’s orientation in
relation to one of them (axis 1) will change approximately
once in one — two hours, and in relation to another one (axis
2) — twice a year, corresponding to the transition from
winter time to summer time. To realize this step-like motion,
the convenient and economic stepper motors can be used
[12], for example, like KDE 11H.

As an example, let us see how the consideration of
geographic position mentioned above can be applied to a
stationary Sun-tracking system installed in Queretaro,
Mexico (latitude around 20°). We choose the inclination of
axis 2 which define the midday PVC plane position to be
10° to the south at summer time (April — September) and 30°
to the south at winter time (October — March); since the
angular position of the Sun is changing from — 3° at June 22
(summer solstice) to + 43° at December 22 (winter solstice),
the solar radiation flux at midday will always have normal
incidence to the PVC plane with error less than 15°.

The variation of the PVC’s orientation in relation to axis
1 we may program with 6 discreet positions with the angular
difference of 30°, so that they form the following sequence:
15° from vertical for the beginning of the solar day (with the
motion of the Sun, the incidence of radiation will change
between — 15° and + 15°), then 45°, 75° 105° 135° and
165°. Thus the PVC’s plane position will change 5 times
during the day, and later return to the initial position. The
time intervals between the movements mentioned are
determined by duration of the solar day. In this case it is
13.44 hrs at June 22 and 10.56 hrs at December 22. It could
be approximately assumed that the corresponding variation
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during the year follows the sinus law. To find the
corresponding time intervals for summer and winter time,
we calculate average value of sin ¢ at argument interval
from O to 7t

2 _ 064
T

VA
(sing) =ljsin¢d(p=

4
Thus the difference between the maximum and minimum
solar daytime and 12 hrs (i.e. + 1.44 hrs) must be multiplied
by the coefficient just found, the result obtained added to 12
hrs, and finally divided by 6. It gives AT,, = 1.8464 hrs (1hr
50.8 min) for winter and AT = 2.154 hrs (2 hr 9.2 min) for

summer.

To estimate the accuracy of tracking (or error in
comparison with ideal tracking when solar radiation flux at
any time moment is normal to PVC’s plane) we must find
the average value of cos 0 - cosines of angle of incidence
during PVC’s illumination at each position; it is evident that
this error in our system will depend on the season of the
year. First, we calculate the minimal error corresponding to
the case when the solar daytime is equal to the averaged
values found above (namely, 1hr 50.8 min in winter, and 2
hr 9.2 min in summer (there will be 4 actual days: February
1, May 11, August 1 and November 12). In this case an error
is constant through the all day, and is determined by the
average value of cos 0 at the interval from — 15° to + 15

15°

J

-15°
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T

The actual error is equal to the difference between 1 and
the value found: it is 1.14%.

In any other day, an additional error appears due to the
difference between the actual daytime and the averaged
value taken. This difference is evidently maximal at equinox
time, immediately before (after) transition from winter to
summer time, when the daytime is 12 hrs; the error could
vary during the day. We take for estimations the situation
corresponding to March 21 when the orientation of PVC’s
plane is still governed by the winter schedule. The sunrise in
idealized situation is at 6 a.m. (the correct geographical time
corresponding to the highest Sun position at noon, we return
to this point later), whereas according to the averaged winter
schedule, the solar irradiation should start at t; = (12 —
6AT,/2) = 6.461 a.m., and the programmed first change of
plane’s position will be at the moment t, = t; + AT, = 8.31
a.m. The actual Sun position at this moment will be equal to
(180°/12)-2.31 = 34.65°, and the angle of incidence to the
PVC’s plane 19.65°. Thus the error will be determined by
the average of cos 0 at the interval from — 15° to + 19.65°
which is 0.984; so, error at this time interval is 1.6%. In
similar way the error in the following time intervals can be

C
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evaluated; in all cases it will be less than 1.5%. So we can
see that the proposed program of Sun-tracking can really
ensure an error less than 2% during the whole year.

At higher latitudes, the difference between winter and
summer solar daytime will be greater, which brings
correspondingly larger tracking errors. Thus, in northern
part of Mexico (Sonora, Chihuahua) at latitude of 30°, the
solar daytime at summer solstice is approximately 14 hrs,
and at winter solstice — 10 hrs; in Moscow (56° of northern
latitude) these values are correspondingly 17 and 7 hrs. In
these cases, the different programming should be made, with
larger amount of fixed positions.

As we see, the tracking program must be adjusted to
specific geographical point: the latitude gives winter and
summer daytime and the corresponding positions of axis 2;
the longitude gives the correct geographical time (it
corresponds to the accepted belt time in the middle of the
time belt denoted as ¢,); for any other longitude ¢ within the
belt, the correction after the following expression must be
added to the belt time:

At= mO.Shr
7.5°

On the whole, we see that the programmed stationary
tracking systems are capable of providing high accuracy
being at the same time simple and economic.

IV. CONCLUSION

At present time solar electric vehicles are more
expensive than the conventional ones. However, there are
many situations where their application is already
technically and economically viable, in particular, with the
use of solar tracking systems described.
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