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bstract

This paper analyzes the energy saving and power management solutions necessary to improve the energy consumption efficiency in
hotovoltaic powered products. Important in the design of such products is not only the energy supply optimization required to deliver the

ctual energy to fulfil their function, but also efficient energy transfer along the energy chain. In this paper, several methods to improve
he efficiency of the energy chain are described. This includes an analysis of optimization methods for photovoltaic powered products, its
unctional system and product use.

2005 Elsevier B.V. All rights reserved.
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. Introduction

In photovoltaic powered products, the energy of the pho-
ovoltaic cells can either be used directly or can be used to
echarge batteries which in turn can power the functional sys-
em [1]. Important in designing such photovoltaic powered
roducts is an efficient energy transfer along the energy chain.
hotovoltaic powered products must anticipate on the grow-

ng demand for energy caused by an increase in functionality.
n increase in functionality results in new design require-
ents. Examples are small dimensions, acceptable working

ime, intuitive interaction with the user, multimedia functions
nd low design complexity. Also, aspects related to the sys-
ems architecture, wireless communication and energy usage
ill have to be taken into account [2].
In this paper, we treat a photovoltaic powered product

s a chain of sequential electrical circuits. We define the
hotovoltaic product system as a system that consists of the
hotovoltaic product together with the user (Fig. 1). The bat-

ery is the central part of the PV product which this paper
iscusses. We will describe both sides of the battery, namely
ow to acquire as much energy possible from the photovoltaic
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PV) cells into the battery and how to use the available energy
s efficiently as possible. In our opinion, the general applica-
le methods are needed to obtain an efficiency improvement
hrough the entire energy chain. In fact, the discussed energy
fficiency steps could lead to the innovation cascade that will
ake an increasing amount of photovoltaic powered products

easible.
The emphasis in this paper will be on energy manage-

ent and power management of photovoltaic powered prod-
cts. First, we will give an overview of energy management
ethods typically used in photovoltaic powered products in
ection 2. Secondly, we will describe several power man-
gement methods that can be used to design energy efficient
ystems. In Section 4, some smart methods to reduce unpro-
uctive energy consumption are explained. Finally, in Sec-
ion 5, the main conclusions and recommendations will be
ummarized.

. Optimizing energy efficiency in photovoltaic
owered products
The first part of the energy chain in photovoltaic powered
roducts consists of the photovoltaic cells, power converters
nd batteries.
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Fig. 1. Photovoltaic product system.

.1. Optimizing the power output of the photovoltaic
ells

The power output of a photovoltaic system is dependent
n the application and depends on the irradiance on the pho-
ovoltaic cells, the type of photovoltaic cells used and the
ffective area of the photovoltaic cells. Therefore, the type
nd size of photovoltaic cell must be chosen in accordance
ith the application. Some examples are outdoor, outdoor

nd indoor combined and indoor. Because the application
nfluences the choice of photovoltaic type and the maximum
hotovoltaic conversion efficiency [3], it also influences the
roduct design. Once the photovoltaic type and application
re known, the output power of the photovoltaic cell can be
aximized as follows:

minimize the effect of shadows;
increase the incident light;
maximal power point (MPP) tracking.

The drawbacks of shadows can be overcome by design-
ng with photovoltaic use in mind. First, the photovoltaic cell
lacement must be such that the amount of shadow is min-
mized. In addition, it is necessary to detect and trace those
hotovoltaic cells inside shadow areas and apply a bypass
n order to reduce series resistance. Finally, the photovoltaic
ells can be connected in parallel.

To increase the incident light, several solutions are already
n the market, such as sun tracking mechanisms which track
he sun position for optimal light incidence angle and com-
licated mirror constructions. However, these solutions are

ot practically usable in wireless/mobile products.

Photovoltaic cells/modules have an optimal operating
oint called the maximum power point. This MPP is depen-
ent on the cell temperature and the available irradiance. To

m
d

ig. 2. Maximum power point path of two different photovoltaic cells.

race the locus, which means path, of the MPP, several max-
mum power point tracking (MPPT) methods are in use [4].
epending on the type of photovoltaic cells used, the varying

rradiance will influence the maximum available current from
he photovoltaic cell and the open-circuit voltage. As a result,
he MPPT is photovoltaic cell type-dependent (Fig. 2). The
iscrepancy of the two PV types in Fig. 2 is caused by the dif-
erence in response of the photovoltaic open-circuit voltage.
or PV1, the open-circuit voltage remains nearly constant as
unction of irradiance. Therefore, the MPP is about linearly
ependent on the irradiance. For PV2, however, the open-
ircuit voltage drops drastically, in particular, at low light
rradiance levels. Thus, knowing the type of photovoltaic cell
elps predicting the MPP and results in a simplification of the
PPT algorithms.
To obtain an efficient power output from the photovoltaic

onversion, it is important to cope with the fluctuations in
ncident light by anticipating towards the fluctuations of the

PP with the aid of a MPP tracker. For accurate estimation of
he locus of the photovoltaic modules MPP at different inci-
ent light conditions, some measurements on several types
f photovoltaic cells have been conducted [5].

.2. Smart predictive energy management

Another parameter that can be used to improve the overall
fficiency is to combine knowledge about future light abun-
ances and energy need. Although it was a winning factor
or the NUNA II team during the Australian solar car race,
eather forecasts are not yet incorporated in the energy man-

gement of photovoltaic powered products! Future design
ethods should find ways to intelligently anticipate on the

vailability of the (light) energy with regard to time. Such
ata can be applied to improve energy efficiency of power
anagement scheduling mechanisms.

. Power management mechanisms for photovoltaic
ystems
In microprocessor-based wireless/mobile products, power
anagement is used to minimize the energy consumption

uring product use. Power management includes a range of
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echniques that are used to slow down or shut down com-
onents which prevents the use of energy due to unneces-
ary execution of tasks. Power management has potential in
he development of energy efficient products and success-
ul research has already been executed on several design
evels discussed in power management literature, such as
ystem level, architecture level and technological level [6].
ower management is necessary to make the application of
rocessors with high performance and the use of various mul-
imedia applications possible in the design of wireless/mobile
evices.

.1. Battery management

One of the aspects that is important in the amount of
eliverable energy in wireless/mobile products is the battery.
specially in portable devices, the battery is an important

ssue due to the influence its weight has on the portability of
he product. There have been several research papers which
nvestigate the possibilities of pulsed discharge to increase
attery lifetime [7–9]. This is possible due to the recovery
ffect of batteries that occurs during interruptions between
urrent drain. By intelligently applying a discharge tech-
ique, the battery capacity can be improved. Chiasserini and
ao [9], for instance, describes the importance of monitoring
nd recovering battery cells to obtain maximum available
apacity. Another point of attention is battery temperature.
or example, in order to reduce capacity fading, batteries can
e cooled to maintain a temperature of about 30 ◦C [10].

.2. Scheduling

Although currently scheduling is mainly used to prioritize
ctions in an operating system, it could offer some options
or reducing energy consumption [11,12]. Some scheduling
echanisms that can be used are: processor time scheduling,
hich allows energy reduction by lowering supply voltage

n a microprocessor, file system scheduling, which imple-
ents the advantages of turning the hard disk off, backlight

uminance scaling and battery relaxation, which improves
he battery capacity by adjusting to its recharge characteris-
ics. An example is AMD’s cool’n’QuitTM technology which
ncorporates efficient scheduling principles in their proces-
ors [13].

It would also be of interest to investigate the possibil-
ties of implementing scheduling to dynamically available
lternative power sources, such as photovoltaic technology.
his could possibly improve the implementation of alterna-

ive power into wireless/mobile products.

.3. Communication
With increasing advances in hardware and software, the
mount of energy needed for computation is decreasing and
he role of communication is getting more important [14].
ecause of the dynamically changing environment that the

t
t
i
m
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obile devices are in the adaptability of mobile systems
ecomes important and a reconfigurable approach is neces-
ary to reduce the energy use [15]. In addition, several causes
f energy consumption in a wireless channel, such as idling
f transceiver, overhead, collisions between data and a high
rror rate [16] should be taken into account.

The energy consumption of communication activities can
epresent over 50% of total power in the case of hand-held
omputers and up to 10% for laptops [17]. Communication
hus significantly contributes to the energy consumption of
hese devices. The main principles proposed in literature to
ncrease efficiency of both communication and computation
re to prevent unsuccessful tasks and to minimize the amount
f information communicated [15].

Previous research shows that controlling the “sus-
end/resume cycle” can result in “power savings of up to
3% for communication” [17]. Key issue in this technique is
uspending and resuming the device from idle periods. Dur-
ng idle periods, a significant amount of energy is used by
listening for incoming data”. Important to recognize is the
rade off, an increased transmission delay, with such tech-
iques.

.4. Hardware configuration

The hardware configuration encompasses a trade off
etween flexibility and efficiency. General purpose proces-
ors show a high degree of flexibility which is needed for
ncreasing flexibility and adaptability of products in a vary-
ng environment. In addition, the use of a general purpose
rocessor prevents high costs of developing application-
pecific chips. However, the main problem is that the flex-
bility invokes a considerable amount of overhead tasks that
ncrease the energy dissipation of the device. On contrast to
his stands the use of application-specific chips that dissipate
significant amount less energy but have the disadvantage of

acking flexibility. Because in wireless/mobile applications,
oth flexibility and energy efficiency is of importance, appli-
ation domain-specific modules are an acceptable solution.
his is accurately described in Ref. [15]. In our opinion, the
egree of programmability of a device should be dependent
n the type of application, usage and should be consistent
ith optimizing marketability and reducing costs.

.5. Software policies

Research in the area of power management, especially
n the case of general purpose microprocessors, focuses on

echanisms, policies and architectures [18]. Policies deter-
ine the management of a component on the basis of utility

urves, which describe performance or quality with regard
o power consumption or other costs. The mechanism has

he intelligence to actually control the component. A reduc-
ion of the energy consumption of components is realized by
mproving the use of mechanisms, such as exploiting sleep

odes, voltage/frequency scaling and battery recovery.
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Two main sources of energy drain in the majority of
icroelectronic-based portable electronic products are dis-

inguished [15]. First, energy consumption is caused by
ommunication of internal and external transfer of informa-
ion. Second, computation energy is consumed by processing
asks. In optimal product design, both energy drains need to
e discussed.

According to literature [15,18], energy consumption can
e reduced by regarding high layers of a microelectronic
ystem, systems architecture, operating system, entire com-
unication networks and taking into account use-aspects,

uch as contextual relations and user intention [19]. The key
o designing energy efficient wireless/mobile products is to
ake energy efficiency into account on all levels of product
esign. In addition, it can be said that most important energy
onsumption improvements can be implemented on higher
evels of a system. However, at higher levels, the calculation
f energy consumption is less comprehensive.

Important in the development of power management
echniques is the development of power efficient compo-
ents. Developers mainly focus on interfaces, information
torage, efficient processors and power sources of which
ainly batteries.

. Reducing ‘unproductive’ energy consumption

.1. Difference between energy supplied and utilization

One of the main causes for unproductive energy consump-
ion is the mismatch between the nature of electrical power
rovided by the electrical grid or mains and the nature and
oltages needed to power the circuitry inside mobile/wireless
roducts today. At this moment, most of the mobile/wireless
roducts have rechargeable batteries. These batteries are
echarged by the mains. The mains outlet provides electric
ower with alternating current (ac) at voltages of 110–250 V.
his is in contrast with the battery and most of the elec-

ronics inside mobile/wireless products which need direct
urrent (dc) at a much lower voltages of about 3–12 V. The
ains power characteristics are thus not compatible with the

ommon rechargeable energy storage media in use today.
o bridge the differences, ac–dc converters are introduced
etween the mains and the product circuitries. These ac–dc
onverters consist of one or more voltage step-down trans-
ormers, some rectifier circuits, filters and switching circuitry.
ll those devices have each an efficiency below 100%, which
eans energy losses. A charger plugged in the main even if it

s not recharging a battery will be dissipating power in the pri-
ary coil of the transformer and the interconnections wires.

.2. User unawareness and behaviour provoke

nproductive energy consumption

The user is unaware that leaving the mains adapter plugged
nside the mains socket will cause energy losses even if the

R
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roduct has been switched off. To avoid this waste, there
hould be a switch between the mains and the ac–dc converter
o turn the product really off. Another more elegant option
ould be to eliminate the need of ac–dc converters by the use
f photovoltaic cells.

Also, it is convenient for the user to leave the product
n ‘standby’ or ‘sleep mode’. The user is unaware that the
roduct in these modes is still consuming energy.

. Conclusions

This paper shows that energy consumption can be opti-
ized by applying energy management of the photovoltaic

ells, power management of the functional system and by
educing the performance to a level of “just fit for the job”. It
s particular this latter item that will be a crucial issue since
t is at the end the user who decides to what extent the per-
ormance can be reduced to save energy consumption.

Optimization of the power output from the photovoltaic
ells is possible by proper choice of photovoltaic cell type.
n addition, by using precognition of the PV type-dependent
aximum power point values, the tracking can be simplified.
Current literature describes many theories on power man-

gement of electronic products. Although we believe that the
evelopment of power management mechanisms and policies
s extensively being researched, we have the opinion that cur-
ent literature is limited on two issues. First, no significant
iterature was found on using contextual relations, function-
lity and application of use profiles in the design of energy
fficient products. Although we did find some attempts on
his area [19,20], no major study was found. It is our opin-
on that in order to optimize the energy efficiency of portable
evices, the use of contextual relations, such as use profiles is
ecessary to optimally control power management activities.
econd, the effect of applying power management mecha-
isms based on the dynamic behaviour of power sources has
ot been extensively studied. Although some papers were
ound on the improvement of batteries [7–9], no significant
esearch on the use of alternative power sources in relation
o power management was found. Our explanation for this
s that alternative power sources are currently not practically
nd appropriately applicable for use in commercial portable
roducts due to a lack of knowledge and research in this area.
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