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Abstract—Recently, solar energy harvesting circuits have been than10cm?. It is enough to draw tens ohW and to ensure
proposed to increase the autonomy of wireless sensor nodes.high conversion ef ciency by the implementation dAPP

When the size of the photovoltaic module is very small, optimizing y4¢ing techniques that employ microcontrollers or agalo
the ef ciency of energy collection and tracking the Maximum circuits

Power Point (MPP) becomes hard and less effective. This paper > . . L .
tackles the challenge of powering a sensor node with miniaturized ~ Shrinking the size of the PV cells and using miniaturized
photovoltaic modules of somemm? and capacitors or superca- modules of somenm? MPP Trackingtechniques decrease

pacitors as energy storage devices, proposing an inductor-lessthe overall ef ciency because of the reduced incoming eperg
solution suitable for on chip integration. We supply sensor nodes In fact, MPPT is practicable only if the power consumed by

equipped with ultra-low power MCUs and ZigBee-compliant . R .
transceivers, focusing on the harvesting ef ciency under poor the tracking circuit is substantially lower than the amoaht

light irradiance. Simulations and experimental results show the Output power gained fronPV modules. However, in many
impact of light intensity variations and energy buffer capacity cost-sensitive applications or low duty cycle applicasican

on the activity of the sensor node. accurate tracking of théVIPP is not necessary. When the
environmental energy is plentiful, simple and low-costusol
tions able to harvest large part of the available energylis al
that is required. Thus the scavenger design should focys onl

In recent times, research has greatly reduced the size amdincreasing and optimizing the harvesting ef ciency unde
the power consumption of distributed embedded systems wittiled solar intensity.
an increase in functional capability. Nevertheless thewmmho  Since the energy drawn from micro solar cells is very small,
of available on-board energy severely limits the autonomy bthe development of energy harvesters as simple plug-amd-pl
coming the bottleneck which constraints the diffusion afjae enhancements to wireless sensor nodes becomes more tif cul
sive embedded systems and wireless sensor networks. Enengg ultra low power design for both scavengers and sensor
harvesting techniques aim at overcoming the limited lifeti nodes is necessary. A key methodology is dealing with the
by converting energy from the surrounding environment ardésign of energy storage and conversion circuitry together
replenishing reservoirs such as batteries or supercapscitwith the nal architecture. This requires a different cosdm
An attractive source for powering sensor nodes is repredenperspective, which involves energy sourcing, poweredesyst
by solar energy, especially when sensor networks are steadywell as energy management policies including optinonati
deployed in the environment. techniques on all levels of the system [8], [9].

The power provided by a photovoltaRV cell is heavily Energy harvesters provide uctuating power source that is
dependent on the ambient conditions (i.e. solar irradidigtg  generally not compatible with supply requirements of théeno
incident angle, cell temperature) making the operatingtpafi therefore common power interfaces have to be reconceived
the module(Vpy ;1pyv ) change non-linearly. The potential ofthrough voltage conversion and regulation. TraditionatDC
solar energy source to power ubiquitous distributed ededtr converters have been proposed to step up the voltage intrecen
components has clearly been demonstrated in a numbemafrks [2], [6] but they affect the harvester performanceured
prototype systems [1]-[3] starting from simple solutiossch cing the global ef ciency even after an accurate designé€j. [1
as the replenishment of energy buffers performed by a dirédbreover the adoption of on-board voltage regulator toistab
connection with thePV panel [4], [5]. These methods forcelize the voltage supply causes not negligible continuowsgpo
the operating point of the solar cell to the storage voltag@mnsumption even when the node is shutdown. On the other
(i.e. battery or capacitor) providing low ef ciencies. Inare hand, low power circuits and architectures, which scalédr the
advanced systems, the scavenger behavior is analyzed emdsumption with user requirements and unregulated supply
the control strategy is derived in order to achieve maximuare recently proposed in [11].
power transferred from the solar panel to energy reservoirsThis paper tackles the challenge of powering sensor nodes
and to supplied node. In such systems [1], [6], [7], techegquwith miniaturized photovoltaic modules of sonmem? and
to automatically nd the operating point, which providesth capacitors or supercapacitors as energy storage devieas, m
maximum output powerMaximum Power Point, MPPare mizing of the power conversion when ultra-low power sensor
implemented and the size of tl/ modules is usually greaternodes are powered by low environmental energy. The nal
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solution does not use inductors, thus it is suitable for ap ch Due to the limited capacity of the storage devices, even
integration. We employ ultra-low power MCUs and ZigBeé equipped with supercapacitor, and to the absence of an
compliant transceivers with a large operating voltage eangaggressive software power management that can save proac-
which do not need a regulated power supply. We eliminatively energy for the future, solar scavenger will survive
any DC/DC conversion for power conditioning, powering theardly for long time without light irradiance. Neverthedeso
sensor nodes with RV array of only3 cm?. small energy harvested sensors might already be employed

The remainder of the paper is organized as follows. In tlie several applications (i.e. ambient control and monitgpri
next section we discuss the contributions of our work, fedd or surveillance) which usually adopt sensor nodes thatrtepo
by a description of a few use-cases and example scenarioslata when a monitored event is detected. Depending on the
illustrate situations wheresolar scavengers can be employedhature of the environment, the density of the events may
We describe also the limits of such an implementation amthange drastically during the day. For instance applioatio
discuss about which kind of application cannot use them. Tk& people monitoring and tracking in public buildings (e.g
problem statement is presented in Section llI, then we discischool, rail stations ...) register a rate which is projpori
about the validation of our approach through simulatiomltes to the number of people in the building. In this case the
in Section IV illustrating the method to select the optimatetwork infrastructure has to be robust and redundant to
voltage supply region of the system. Section V describgsiarantee a large amount of events from the sensor nodes
the implementation of the proposed method, which operatdsring the day, whereas only few routers could sufce to
around theMPP. Experimental measurements and achievddrward messages to the sink at nighttime. The advantage of
performance are the focus of Section VI, nally Section Vikexploiting solar scavenger in this scenario is threefold: a)
concludes the paper. auxiliary solar harvesting routers are guaranteed to suppo
the network during heavy trafc; b) they can be deployed
everywhere; ¢) on the contrary of battery-operated routeey
don't need any assistance (e.g. battery replacement).

This work demonstrates that smart wireless sensing nodeé\nother use case is represented by wearable autonomous
are capable of operation at extremely low power leve®olar- devices. The main key aspect of such systems is wearability
scavengers have to deal with the small energy budget duethtat is described as the interaction between the human body
the size of the cells. Hence two important metrics should [&&@d the wearable object [12]. In this scenario autonomous
optimized: microsystems present several key challenges. Due to their

small size and limited power budget they cannot employ
r]goltage regulators for power supply, and they should work
ith any variable input voltage the harvesting system pfesi

oreover they cannot just be placed anywhere on our clothing

Il. CONTRIBUTIONS AND USE CASES

maximization of the energy harvesting ef ciency;
minimization of the energy used for ineffective operatio
(e.g. set of operations which cannot be nished fog

lack of energy) or for too expensive power conditionin o . ; .
processes (e.g. DC/DC components). ecause e_ach position offers different constraints (omes
i , places limit our comfort, some places do not allow sensors
In order to fulll bgth Fhe requirements, this paper pregentg \york properly) and the problem of energy haressing
the following contributions: becomes depended of the place where the sensor is embedded.
We present a photovoltaic harvesting method which alight irradiation (directly from sun or from arti cial ligt) is
lows to operate near th&PP exploiting small pho- available in the large part of our daily life, thereforsolar
tovoltaic modules (PV). It permits to increment the scavengers offer greater degrees of freedom: they are small
ef ciency of the energy conversion under low irradiancaized, frequently exposed to irradiance and wearable avmfo
conditions, at the minimum power consumption. Th& not severely limited.
system does not need any DC/DC converter or voltage
regulator to supply the sensor node. MCUs and any other
components on the sensor board operate in unregulated
mode, since they are powered with a variable voltage Powering sensor nodes with unregulated and variable volt-
supply; age supply lets the developers the degree of freedom of se-
The system operates without batteries, and employs omégting the operating region of the device. Usually tecbei
capacitors or supercapacitors. We show the dependencéhatt aim at maximizing some performance of the system are
system behavior varying the value of the storage devicadopted. For example battery operated sensor nodes with no
We also present the design of an architecture that charvesting features, may adopgeeedy policywhich exploits
operate under unregulated harvested power. The sendm whole operating range in order to maximize the lifetime
node is activated only when the stored energy suf ces tf the system depleting as much as possible the energy
execute speci ¢ atomic operations or a set of operationstored in the battery. Other polices could have as objective
We compute and restrict the region of voltage supplne minimization of the power consumption at the cost of
values performing higher ef ciency. The sensor node caslower execution time, by selecting low voltage supply and
operate under any light conditions for the longest possibdééowing down the operating frequency. Voltage supply may
rate and harvest an averaged power very close to the also dynamically changed according to the behavior of the
allowed maximum Rypp ). system. For example some microcontrollers allow to worlwit

IIl. PROBLEM STATEMENT



£ L to power the sensor node. Since our architecture support a
e P! wide voltage supply range (usually betweéW and 4V),
several con gurations of the de ned windows (varying size
and position) can be realized. When capacitors or superca-
pacitors are used as energy buffer and the system is under
low environmental irradiance, the storage devices perform
continued charging and discharging cycles as shown in Fig. 2
V2 Vpr In fact, when the energy intake from the environment is
0 : 2 U4 v lower than the energy necessary to run a task, the energy
buffer will be depleted. Once the level in the buffer meets
the lower boundaryi,,, the sensor node switches in ultra-
low power mode and stops the execution of the application,
storing the data context and enteri@-F mode with a few
Ws of power consumption. This operating mode allows
OFF  ACTIE the solar harvester to replenish the energy buffer until the
’ ] upper boundany,, is reached. After that, the sensor node
is allowed to retrieve the data context from the memory and
to continue the execution of the applicatiohdTIVE mode).
Vo ‘ ] This cycle repeats inde nitely. We de n®ecovery Times
éeTc‘gﬂvee‘ry iy ‘ the interval required to recharge the capacitor, wiitgivity
15 ] Timeis the interval when the sensor node is operating.
Clearly when the energy from the environment is plentiful
! ] because of the high light irradiance the energy buffer igdigp
fme replenished and thActivity Timebecomes longer even if the
solar cell operates far from the optimum. When the average of
energy intake is greater than the energy spent to execute the
application the system does not register a decreadé &f
. . . . in ACTIVE mode, which can last until a degradation of the
operating voltage oflV, even though particular instructions_ . L
o environmental energy. In such conditions, when the haedest
are not enabled (e.g. ash memory writing) because require

. . : energy is plentiful, working close to the curreMiPP is no
higher supply level for a successful execution. In this wor
onger necessary.

we investigate a policy .oriented to the_ maximizatjon of t.he If capacitors are used as energy buffers, the energy alailab
harvested energy focusing on the optimal operating regiops 4 o wholeActivity time (Tacive ) Can be de ned as follow:
for the system.

Thel-V characteristic of &V module, when neglecting the c

. . . . . . . - 2 2 .
internal shunt resistance, is given by the following eqprati ~ Eav (Kt + Tactive ) = 5 Vi, Vin, + En (G + Tacive ) (2)
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Fig. 1. P-V characteristic of thesolar cell and MPP variation under different
light conditions.
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Fig. 2. How the system works under scarce light irradiation.

lo=1lg lea et (Vo+ 10R 5) 10 1) where Ey is the energy contrit_)ution of th®V module
when the sensor node is operating. To guarantee that any
wherel is the generated curreritsy is the reverse satu- tasks running on the sensor node can be complete before
ration currentq is the electronic charged is a dimensional enter theOFF mode (or at least it will not be interrupted
factor, K is the Boltzmann constanfl the temperature in in an incoherent state), the values ©f Vin,; Vin, should
degree Kelvin,Rs the series resistance of the cell. The Poe accurately evaluated. In our work these parameters are
V plot of the solar cell adopted in our harvesting systengomputed considering only the contribution from the sterag
under two different light conditions, is shown in Fig. 1device, as worst-case scenario. If the task to executeresjui
The gure highlights also the Maximum Power Point orle€ss than available energy, the sensor node is allowed to
the characteristics, tracking its variations with the kléoe switch automatically to th©FF mode using an internal trigger
with dots when the light intensity changes. Under consta@fd starting the buffer recharging before reaching the dowe
temperatureVypp increases if the irradiance becomes moroundary.
intense until a maximum valuéypep .. -
Since our ultra-low power solar harvesting scenario cannot IV. EVALUATION OF THE OPTIMAL REGION
spend energy irlMPP tracking circuits, our objective is to  Since our implementation de nes a regiow) where the
maximize the ef ciency when the environmental energy is,loveystem operates, we performed several simulations in doder
therefore the circuit is designed to optimize the ef ciermly estimate the optimal size and position, validating the kene
operating points placed at the bottom of th#°P trace. To provided by our approach. In particular we will show that
this purpose a window\) with lower and upper boundariesoperating with a narrow window around tiMPP performs
(Min,; Vin,) is dened around these values. The operatingetter than exploiting the whole operating range allowed by
voltage levels included in this range are the only admittétle sensor node.
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We simulate the behavior of the presented system over

60min simulation time, measuring the number of switchinghis phenomenon for all the environmental power used in
events betweerOFF and ACTIVE mode performed by the simulations. To compare different power intake con guoat
system and its total operating time. We simulate differefe normalize the global time to the maximum theoretical time
scarce irradiance environments modifying the maximum powgllowed by given con guration. For example, using the setup
Pwpp provided by the solar modules when it results lowep,,, = 0:5 Pgevice , the maximum theoretical operating time
than the average of sensor node power consumi@ilce - is half the simulation time because the system consumes twic
In particular we present three cases where the ratio betwera power it harvests considering a constant scavengedrpowe
power intake and power delivered to the sensor is 0.1, 05, g) = Pypp . All the con gurations show that the system can
0.9. We perform two different setups for our simulations. IRerform a higher total computation time narrowing the windo

Fig. 3(a) we change the distance between thresholds arogpgund theMPP. Clearly it means that the duty cycle de ned
the estimatedMPP. Increasing the windows size the averaggs:

of the power transferred to the storage device decreases sin
the power provided by thBV module decreases moving away

from MPP. D= Actvity Time | @)
Activity Time + Recovery Time
Vith, increases wheWy,, andVy,, approach the exadtiPP.
b v, P(V)dv 3 ! 2
average Vth2 Vthl ( )
100
The second simulation setup is performed keeping xed T 9 //\
the size of the windowW = 1 V) and performing several o 80 /( Y
simulations moving the position of the boundaries from low £ 70 //
to high voltage values. The setup is shown in Fig. 3(b). 2 60 %
Increasing the size of the window around tMPP the 8 50 //
number of the cycles performed decreases as depicted in g 40 ,/ Iiﬁiﬁéiﬂiﬁi
Fig. 4. This is clearly due to the increasing gap betwegn F 30 -+ Pmpp = 09 Rieuice
and Vi, which requires more time for complete charging 20 \ \ ‘
and discharging processes. According to Eqg. 2 the usable 0 05 1 15 5 25 3
energy increases and the system performs lonietivity Vth1[V] (windowsize Q5V)

interval. Nevertheless the glob&ctivity time, computed as the
sum of all the operating intervals decreases. Fig. 5 iltefr Fig. 7. Total active time varying the position of the window.
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8. Conceptual schematic of the MPP circuit for the sensale.

Evaluating the global operating time of the sensor nods, t
trend is con rmed. Indeed Fig. 7 shows the normalized time.
all the con gurations the global operating time increasdgew
the operating range moves closeMi®P. Clearly, because of
a not negligible size of the window/, the registered values §
never get a full utilization of the theoretical time, eventta
exactMPP. Fig. 9.  Solar sensor node. Fig. 10. Solar ZigBee node.

The simulation presented in this section have shown that a
design strategy oriented to maximizing the power harvgstin
from a PV module without DC/DC and complex tracking Two low-power comparators are used to control the sensor
systems, improves the performance. Better results, in tdrmnode activity. Comparing the supply voltage provided by the
duty cycle and total utilization time, are achieved tigliten €nergy buffer with the thresholdgVin,;Vin,), the circuit
the operating region around thdPP. Clearly it causes higher drives the sensor node tOFF mode (e.g.LPM4 or to
switching rate betwee®FF and ACTIVE modes due to the ACTIVE mode.OFF mode consumes fewV , allowing the

low usable energy budget at each cycle. PV module to recharge the capacitor. When the voltage level of
the capacitor passes the higher threshgid the comparator
V. SYSTEM DESIGN raises a trigger signal, waking up the sensor node andrgjarti

its Activity Time Clearly, even if they are not depicted in the
gure, there are some protections in case of overvoltagdef t
The main contribution to the functionality of theSolar energy buffer leading to a malfunctioning of the sensor node
sensor node is given by the MSP430 microcontroller. It im- 14 protect from over-voltage and to limit the maximum
plements a 16-bit RISC CPU architecture with 16-bit regist@ange of the energy buffer, a small zener diode is inserted
RO to R15 and it is supplied by an operating voltage ir_1 ﬂ},eonstrainingvthz t0 be loWerVhoge yx
range of 1,8 V10 3,6 V. The_ clock speed can be dynamlca!ly In order to avoid a situation where the energy available at
selected up to 8 MHz, using software control. The maig particular time interval is not suf cient for the executio

Icharacterlstlc gf this ?’e"'fce Is it features upbto .(\j/e d'ﬁft” of an assigned set of operations, the computation will oely b

ﬁg;&\g’ir mooséanglng romLP(I;/IOto LPM4 esi ES alu triggered when the harvested energy can provide the nagessa
S oW power modes ope_rate In t_ e system arge for its completion. The minimum capacity valGe

deactivating components in MSP430 micro-architecture a complete the task before enterif@FF mode can be

provic_jing a decrease of power consum_ption. In our system WSmputed using the Eq. 2 and it is evaluated considering
exploit the lowest-power modePMA4which stops completely the set of tasks that requires the larger amount of energy

the MCU and performs a lower gonsumpt|on than 'the comm Q.g. radio transmission). When other less energy consuming
sleep mod@perated by other microcontroller architectures. | sks are executing, they complete their execution largely

this mode the registered current consumption is three smfer p ¢ reaching the lower boundavl ,, the node is therefore
magnitude lower thaNORMAL MODind the MCU can be 5564 1o switch automatically int®FF mode using an

only waked up by external interrupt .trigger. Beforg entgrininternal software trigger.
;E’é\ﬂ iosno;tuwraer':;a tsr: er(tt:rielljlssi?ci?tt%ngae: grna-tveolta;]t’lalewrr;i;noryv\/e implemented the proposed system on two diffe_rent ultra-
triggers l!lgw power pIatfc_;rms usgd as testbed. The rst one, |_I!us'tdat

' in Fig. 9, is equipped with nine CPC1824s, monolithiaro-

) PV modules provided by Clare, Inc. [13]. The photovoltaic
B. System Implementation array area, which supplies the whole system, measures only
A conceptual schematic circuit is presented in Fig. 8. TH&8 cm? globally (highlighted in gure with red squares). In
proposed MCU architectures are supplied between 1,8 V afié picture, it is also easy to identify the capacitor used as
3,6 V, the operating point of thBV module depends on theenergy storage device and the ultra-low power microcaletrol
actual voltage of the capacitor used as energy buffer aadopted (MSP430F2012 provided by TI [14]). As communi-
therefore two thresholdévin,; Vin,) are de ned around the cation interface, we exploit a simple LED, which emits burst

MPP of the PV cell. of coded impulses to send messages.

A. Ultra-low power devices
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& l ““““ of the systems using indoor light. We adopte@W bulb
lamp varying the distance to the system. Fig. 14 depicts how
the intervals length of the two states, assumed by the sensor
oo im  deo a0 4 8 12 1amsqz Node, change under the variation of the intensity. Movirg th
lamp toward the system the intensity of the light increases,

Fig. 11. Power trace of commorFig. 12. Impact of a memory erasing onmore energy is harnessed with a reduction of Rexovery
sensor node operations. the energy reservoir level. Time and an increment of théctivity Time of the node.
When the energy harvested from the environment becomes

To support also RF communications, we tested the c¢&20ugh to performa complete sustainability Recovery Time
pability of our scavenging system using a second p|atf0rrq|’sappears. In Fig. 14 it is illustrated in the last part of th

which is illustrated in Fig. 10. It is a CC2430EM ZigBeethart.
compliant module provided by TI [15]. We power it with a

0,61~

18 \ \%\“’x‘ i o .
Iy, ! ! ) . . . . ..
Flgsh Erase 2 el 0 / e / ef ciency in low-irradiance condition, we tested the beiwav

,_.
o
|

scavenger circuit composed byRV module of3 cm? and B Activity Time 2
two supercapacitors df:7 F . 8 1" mRecwery Time =
To determine the minimum value of the energy buffer, for 6 | %

a sustainable periodical activity, we have characterizesl t @ @
application analyzing the most power-consuming operation =4 £z
such as analog-to-digital conversions, memory accesses, 0 2 | T
transmitting and receiving ZigBee messages. In particular

Fig. 11 shows the power trace of a simple application, rugpnin 0 ‘

8,60 8,55 8,508,40 8,30 8,15 8,00 7,90 7,8

on the platform presented in Fig. 9, which performs an A/D distance [cm]

conversion followed by the erase of a segment of the internal
FLASH memory, then another A/D conversion is executggly 14. variation of the Activity and Recovery Time of the s varying
before storing the obtained sample in the memory. The nge light conditions.
sults about power consumptions and energy requirements are
summarized in Table I. Powering the system equipped with the ZigBee compliant
As shown the most energy-consuming operation is erasingransceiver, we can register a similar behavior, asseshtg
segment of the internal FLASH memory. Using small capaghe MPP system works also with unexpected peaks of power
itors as energy buffers, estimating when a set of operatiofgnsumption. Fig. 15 shows the power trace of the ZigBee
is feasible becomes necessary. An example of the impacta@iplication used for the measurements. After powering the
such energy-hungry operations is plotted in Fig. 12. In thEgBee solar node, it starts to search a network (join phase)
case a complete erase of a memory segment is perfoBnsed |t takes 200 ms and the power consumption increases up
after the node is activated at every cycle, and it is possilige 87 mW . The sensor node attempts the connection up to
to notice that the level of the stored enerdi£p ) decreases three times, before the coordinator of the network assigns
substantially. a short address to the node. Once joined, we perform an
uninterrupted data transmission in order to stress theesyst
VI. EXPERIMENTAL RESULTS with the maximum power consumption. Fig. 16 shows how the
Fig. 13 shows the variation of the buffer voltage level usingigBee sensor node behaves using the proposed scavenging
two different values of capacity2ROF and 470F ). As system as power supplier. It alternates intervals of agtith
depicted, sensor nodes may operate for tens of secondbefiatervals where the node is switched in low-power mode. iAfte
entering theOFF mode. any recovering phase, the sensor node repeats a join-teques
Increasing the capacity, smoothes the charging and digchdor a reconnection to the network (taking ag&00 ms),
ing curves and th@V can operate longer time close¥gpp , before performing the rst transmission. The minimum energ
performing higher ef ciency. required by this initialization phase is arou6@mJ. To this
Measurements under different light conditions are algmrpose the systems switches automatically to higher salue
performed. In particular, since our purpose is to maximiee t of energy buffer.
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VIl. CONCLUSION

An exploration of solar energy harvesting circuits, exploi
ting miniaturizedPV modules, has been proposed. The power
provided by this small solar cell is not always enough to
track the MPP, so other techniques to get high ef ciency
Fig. 15. Power trace of the adoptedFig. 16. Identi cation of Activity from th,e pgwer harvestlng should be ado!oted. We focused
ZigBee application. and Recovery Timein the ZigBee ON Maximizing the conversion when the environmental energy

application. is poor (e.g. cloudy days, indoor deployment) using a method
that can be easily integrated on chip. The adopted sensesnod
] have ultra-low power features and we exploited the wide @ang
A. Efciency of the supported voltage supply to operate close/iep .

Measurements are performed to evaluate the power c@xperimental results show that the sustainability of senso
sumption of the scavenging system and to nd out theodes in low irradiance condition is also possible, allayviull
ef ciency in different scenarios. We used an outdoor scéunctionality also for wireless nodes which adopt the ZigBe
nario (aboutl00 mW=cm?), an indoor scenario where theprotocol.
scavenger was solely irradiated by arti cial light (leseth
200 W=cm?), and a mixed scenario where the scavenger REFERENCES
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