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Abstract— Photovoltaic scavenging circuits have been pre- conditions the behavior of thBV integrated system has to

sented to reduce installation and maintenance costs of wirelesshe accurately modeled in order to optimize the scavenger at
sensor networks. When small-size photovoltaic modules are design-time

adopted, optimizing the efficiency of the harvesting process and Si the tvpical i -V ch teristic i
tracking the Maximum Power Point (MPP) becomes very difficult, Ince X € lypica non"near. -V charac e.r's IC IS repre-
and the development of a photovoltaic harvester has to be sented with a complex analytical model without a close-

preceded by extensive simulations. The paper focuses on theform solution [2], [3], development of an accurate circuit
dffki]r::i/%r;grtzesrpe(ﬁsl fTOPFI : ;fggglpi\s/ﬁl'i ;g&vgif;% tgeczli?euﬁﬂgn ofmodel is essential to simulate and implement a photovoltaic
(0] . H i i
MPPT circuit %r cencor networks. y p.owe_red.system [4]. In_th|s paper a photpvolta|c panel RSpic
circuit-oriented model is presented, which accuratelgksa
the behavior of small PV cells over a wide range of irradiance
conditions. We also describe a model characterizationegjya
The vision of developing perpetual powered systems witkhat helps to rapidly extract model parameters from a small
out a necessary periodical maintenance for battery replact set of experiments. The model is then applied to a real design
or recharging is one of the ultimate goals of sensor netwogkise study, namely a high-efficiency ultra low-power MPPT
design. In fact, although research continues to develop larcking circuit for environmentally powered wireless sen
power circuits, the amount of the energy provided by batterinetworks.
or other storage devices still limits the operating lifetim The remainder of the paper is organized as follows. Related
of distributed embedded systems such as wireless sengofks are reviewed in the next section followed by the
networks YWSN. list of the contributions and the innovations that our work
Photovoltaic PV) harvesting circuits have been recentlproposes. The theoretical model is discussed in section IV.
proposed to increase the autonomy of sensor nodes. An ogéction V discusses thBIPPT techniques adopted in our
mized circuit leads to several benefits such as: (i) minitiina design case study and describes the actual implementdtion o
of the size of PV modules; (ii) adoption of smaller energg PV harvester. Experimental validation of the model in the
reservoirs; (iii) higher performance or better QoS by thease study design is reported in section VI, finally sectidin V
supplied systems. The optimization of the energy collecticoncludes the paper.
under non stationary light conditions, is therefore caijadbne

I. INTRODUCTION

of the major key design challenges. In particular when light Il. RELATED WORK
irradiance is low, maximizing the efficiency of the harvegti  So far a complete design flow for solar harvesters which
process is critically important. permits the simulation of user models, the synthesis and the

As the photovoltaic sources exhibit non-linekV cha- verification of the final results, has been proposed only in
racteristics, which are dependent on irradiance and emvirdarge-scalePV systems (i.e. buildings), where the expertise
mental factors, high-efficiency conversion systems ugualh designing MPPT circuits is almost consolidated. In fact
adopt Maximum Power Point Tracking//PPT) techniques to research in this field involves the study of the physic$df
continuously deliver the highest possible power to the loadrrays as well as the design of solar power conversion sgstem
The problem, in fact, is to automatically find the voltagafter intensive simulation steps [5], [6], [4].

(and the current) at which the PV module has to operate inSimilar results are desirable also in scavenging circuits f
order to provide the maximum output power and to track itgireless sensor networks. Better and more efficient coewvert
variations. These methods are generally exploited forelargsystems may be developed by matching the harvesting circuit
scale PV power systems and are based on digital signad the characteristics of thBV module. To the best of our
processor (DSP) or microcontrollers [1]. However with th&nowledge nobody has yet supported the design of solar sca-
increasing interest in harvesting technology for wirekssssor venger with complete and accurate simulations or developed
networks,MPPT techniques have been experimented also @model for such circuits.

small-scalePV power systems, tackling the development of The first prototypes of energy scavengers were charaoterize
circuits with power consumption of few mW. Under theséirectly by a connections between tR¥ panel and the energy



buffer (usually a supercapacitor), forcing the operatiognp Tpane
to the capacitor voltag&-4p [7], [8]. Moreover they do not
perform anyMPP, although the size of the panel permits to
exploit some forms of power conversion management. Real LD Ry Veana
MPPT system is insteaétverlast[9], proposed by Chou et al.
They exploit a microcontroller and analog circuits to track <
MPP during light variations. The size of the adopt&yV/ o )
modules is greater tha20cm? which is enough to provide Fig. 1: Equivalent circuit of th@V cell representing the model
tens of mW and to achieve an efficient power collection, b@@rameters and the cell output.

they did not perform any simulation to optimize the design of

their circuit.

i
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encountered in actual operation environment and neverctefle
1. CONTRIBUTIONS the indoor behavior.
) o _ _ . Accurate, reliable and easy to apply methods for predicting
The main contribution if this work is the introduction ofy,o energy production oPV panels under variable working
a design flow for solar energy harvester which includes thengitions are essential to allow optimum photovoltaidesys
characterization of th®V module and the simulation of thedesign and their customization related to the actual employ
small-scalePV systems. _ ment. For this reason the Photovoltaic Panel Model predente
Compared to large-scaleV systems, small-size photo-jn this paper focuses on the prediction ¥ output power
voltaic scavengers have to tackle the following issues: (g)er a wide range of environment condition.
the energy budget is small due to the size of the cells; (b)The electrical power available from a panel can be modeled
implementation of efficienMPP circuits usually takes large it the well known equivalent circuit shown in Fig. 1 [2]. &h
part of the power harnessed; (C) there is a substantialitiereqyivalent circuit contains a current generator that etesla
tion between scavenger and the powered devices. This leggs |ight generated current (), a diode to account for the
to the consideration that the design phase must be SUPPOig(lca| knee of the current-voltage relation through theerse
by simulations, in particular when conversion efficiencs Nasatyration currentit), a series resistoii{s) and a shunt resis-
to be optimize in cases of low insolation (e.g. in indoogy, (R ), emulating intrinsic losses depending on sinBM
applications). In order to fulfill this requirement, the Bap ce|| series and parallel connections. In order to reprodbee
presents the following contributions: electrical behavior oPV panel, this equivalent circuit requires
« We present a simple PSpice numerical model for smaieme specific parameters that relate components values to th
size photovoltaic source, useful for integrat®d system photovoltaic panel characteristics. These parameterts dmu
design. The model is tailored to fit energy scavengeitracted in two different ways: (i) exploiting an analgic
circuits for sensor nodes and it focuses on the emulatiertraction procedure, (i) adopting a simplified procedure
of the |-V relation over a wide range of irradianceusing some empirical relations. As described in following
intensity, cell temperature variation and incident angle.subsection, the analytical extraction procedure leads $eta
« The validation of the model on a low-power photovoltaiof non-linear and implicit exponential equations, therefa
harvesting circuit design example is also presented. Thiwsed-form solution of the equations system is not avkilab
harvester tracks variations of ttPP and does not re- While the PV panel description resulting by the presented
quire any computational unit to find the suitable operatingimplified procedure provides a solution which depends only
point of the PV module. As energy buffer the circuiton panel implementation technology (i.e. mono- or poly-
works exploiting only supercapacitors, which have longerrystalline silicon cells) and the particular working cdtiahs.

operating lifetime than batteries. . .
P 9 A. Analytical parameter extraction procedure

IV. PHOTOVOLTAIC CELL MODELLING The current-voltage relationship at a fixed cell tempegatur

. . .and solar insolation for the circuit in Fig. 1 is expressed in
The electrical power QUtPUt dehvenled. by a phOtOVOIta'Eq. (1). Five parameters must be known in order to determine

panelide.pends on the incident solar. radiation, cell tentpezra the current and voltage to evaluate the power deliveredeo th

solar incidence anglg and Ioad_ resistance. . load. These parameters are: the light currdn,(the diode
Manufacturers typically provide only few operational dat verse saturation currenk], the series resistancé(), the

for photovoltaic panels, such as the open circuit voltagg)( shunt resistanceRsy), and the modified panel ideal factor
the short circuit current I(¢.), the maximum power point () defined in Eq (2)’

voltage (/,.,p) and current {,,,,,,), the temperature drift coef-
ficients at open circuit voltage and short circuit curres (.
anday,,, respectively). These data are usually available only Ipanei= I — Io
at Standard Test Conditions (STC), for which the irradiance

is 1000 W/m? and the panel temperaturd) is 25 °C. NgnkTeo

These conditions produce high power output, but are rarely a —q (2)

Vpanel t Tpanel s 1 VipanertIpanel s 1)
S el v



The electron charge and the Boltzmann’s constahtare B. Simplified parameters extraction procedure

known values;y is the usual photovoltaic single cell ideal  gjnce differenPV panel implementation technologies imply
factor (which value varies within +-2), N is the number of ery different current-voltage relation profiles, an aater
cells in series andc is the PV panel temperature [2]. PSpice model parameters extraction is needed to descebe th
The power delivered by th®V panel correspond to the panel behavior. In particular: mono-crystalline silicoalls
product of the output current/fane) and voltage Ypane) at @  exhibit an initial flat current-voltage slope with a sharpekn
particular working condition. while poly-crystalline and amorphous silicon cells exhiai
The five parameter appearing in Eq. (1) correspondir@rrent-voltage slope with a smooth knee spanning ovege lar
to operation at STC are designated:cs, 1, rcr, lo,ref, voltage range. The parameter extraction procedure prdpnse
Rs, rey and Rsp,rep. In general, these five parameters argis paper allows to obtain a complete descriptiofP®fpanel
functions of the solar radiation incident on the panel arel tilectrical characteristics over an extended range of atisol
panel temperature. Reference values of these parameterscahditions and concerning all kind of implementation tech-
determined for a specified working condition, such as STCnologjies.
To evaluate these five parameters in Eqg. (1), a system ofThis is possible dimensioning components involvedP
five independent equations is needed. Three current-wltaganel equivalent circuit shown in Fig. 1 with some accurate
relations are normally available from the manufacturer gbservations oPV panel output. Implementation technology
STC: the short circuit current, the open circuit voltage angependent fixed parameters, such s and Rg, can be
the current and voltage at the maximum power point, Eqngetermined through an approximated measured currerdgelt
(3) - (5). Fourth equation results from recognizing that thelation curve fitting. To fit a reaPV panel characteristic
derivative of the power at the maximum power point shoulgihce fixed parameters have been determined, insolation and
be zero, Eqn. (6). temperature dependent parameters can be determined using
For short circuit currentlpanel = Isc,ref, Vpanel = 0 simplified relations derived from Eqn. (4).
In fact, in first approximation, it is possible to assume that
Lo vet RS ves the short circuit currenti(.) is equal to the generated light
Tec.ver =TI res—TIo, res (e“f—l)—IRS}quSff (3) current (1) [6], consequently the equation that relates the
o short circuit current and open circuit voltage becomes:

For open circuit voltagelpanel = 0, Vpanel = Voe, ref L.=1I, (e%g B 1) " Voc @
Rsy
Voe, ref Vaooves Assuming that the ratio betwedr,. and Rsy is negligible
0 = TIp ref — Lo rer (e fref = 1) ~ e (@) pecause ofRgy is typically severalkilo-ohms the diode
saturation current determines the open-circuit voltdge)(of
At the maximum power pointlpanel = ILimpp, ref, Vpanel = the PV panel, and can be extracted from (7) as shown in (8)
‘/mpp, ref kT, I
Ve = (C) In ( + 1) ®)
q Iy
Vmpp, ref t Impp, ref BS, re; . . .
Inpp. et =T ves—To, ves (e s E=2 f_1> Furthermore, extraction of insolation and temperature ehod
parameter dependency involves a couple of well known phys-
_ YVinpp, ref ;;fo;;ef' RS, ref (5) ical relations [2] [6]; Eqn. (9) provided, and Eqn. (10)
providesIy,.
. . . T 3 (ch) 11
The derivative of output power with respect to panel output Iy = Iy src ( c ) \FTc ) TocF ~7Te 9)
voltage at the maximum power point is zero. ’ Trey
1 1
d (VI dI I =11, s7c S +ai, - = (10)
= Impp + Vmpp - =0 (6) ' ¢ Tref Te
dV mpp dV mpp

S is the solar insolation expressed i[#/m?] andT¢ is the
This approach provides only a system of four non-linear am/ panel working temperature {&]. Iy s¢ is extracted from
implicit exponential equations. To obtain the desired nhodEqn. (7) imposing STC working condition, whilg, s7¢ is
parameters for the evaluation of the output current ancgelt determined considering that, at zero output voltdgds equal
the equations system should be solved as function of onetofthe short-circuit current,.. Using these relations the model
them. Therefore an iterative approach is needed, such &s viias been verified and compared with the measurement results
the Levenberg-Marquardt method [3]. validating the model performances. Panel current and power
For this reason the analytical model has been dropped athracterization reported in Fig. 2 and Fig. 3, have beeatecar
parameter have been extracted using the procedure dekbcritngt with a customized set-up based on a halogen light source.
in following subsection. The employment of a halogen light source implies a gradual



exclusively affected by light intensity variation perfoech at
an equivalent constant temperature.

Fig. 4 shows the comparison of real panel measurements
with proposed model simulations at different indoor intiola
conditions. Results analysis validates the proposed model
parameters extraction procedure.

@100 W/m? (40,2°C)

@80 W/m?(38,8°C)

@60 W/m? (35,7°C)

@40 W/m?(32,4°C)

V. SOLAR ENERGY HARVESTER CASE STUDY

TEOWE 2750 A. MPPT techniques

Pe oS 10 1S 20 2530 35 40 4s There are several methods and algorithms to analyze and
pene find theMPP, certainly the most used aRerturb and Observe

Fig. 2: Photovoltaic cell output current measured at d#ffiér (P&O) [10] andFractional Open-Circuit Voltage (FOC|L1].

indoor insolation condition with data correction to scailg-c P&0O method is widely used for largBV systems, because

@20 W/m2(29,1°C)

rent values at the equivalent temperatur®fC. it is very accurate but exploits DSPs or microcontrollers,
which consume non-negligible power. Fractional Open-@irc
80 4 S S Voltage FOCV) is the most used and cost-effective in small-
70 ; @100 W/m (40,2°C) scale PV systems. This method exploits the nearly linear
60 ] ; relationship between the operating voltageM®P (V,pp)
5 80 Wi (38,8°C) of a PV module and the open circuit voltag€c).
I
£
f 407 @60 W/m? (35,7°C) Vurpp = Kroc - Voc (11)
o 307
. @40 Wm* (32.4°C) where the proportional constahtzoc belongs to the interval
w20 (291%) (0.71,0.78). Table | shows the behavior of the constant
10 m? (29, . . .
Gowmals | (Kroc) of the solar cell used, under different irradiance
R ‘ ‘ - ‘ ‘ AR conditions.
0,0 0,5 1,0 1,5 2,0 25 3,0 3,5 4,0 4,5
Vpaner (V) .
; ; . LSW/m?] | Vinpp [V] | Voc [V] [ Kroc |
Fig. 3: Photovoltaic cell output power measured at differen 20 2,29 3,23 0,71
indoor insolation condition with data correction to scatsver 40 2,69 3,58 0,75
values at the equivalent temperature2sf C. 60 2,92 376 | 078
80 3,08 3,98 0,77
100 3,12 4,01 0,78
30 7 @100 W/m? (40,2°C) BV Panel 200 3,17 4,10 0,78
......... o PV Model 400 319 4,16 0,77
] esowm@ss) N\ 600 3,24 4,21 0,76
800 3,27 4,26 0,77
o 1000 (STC)| 3,29 4,29 0,78
< @60 W/m? (35,7°C)
% 15 TABLE I: Fractional Open-Circuit Voltage, relation betwee
£ | @0Wm(324) Vo and V,,,,,, at different light conditions.
10
@20 W/m2(29,1°C)
® The MPP can be approximated measuring periodicglly
0 L @IOWIME@TSC) T e, N MM Y by a temporary disconnection of tHeV module from the
60 05 10 15 20 25 30 35 40 45 circuit. Of course this is a disadvantage because of theigah

Veana (V) drop of power. To overcome this problem, we exploit an

Fig. 4: Comparison oPV panel PSpice model output currentidditional smalPV module acting as pilot cell, which matches
with measured output current at indoor illumination, fronthe characteristics of the princip&V array. We adopt the
10 W/m? to 100 W/m?2. CPC1824 from Clare, Inc [12]. It is a monolithic photovottai
string of solar cells of only0.1c¢m?, and it is used as light
insolation sensor to provide feedback information for the
panel overheating increasing the light intensity. The matracker.
drawback of this set-up is that many panels suffer a thermalSince the pilot cell has been manufactured with the same
drift phenomena. In order to obtain a reliable charactéidra technology of thé?V panel, it has been assumed that the output
thermal drift correction has been applied to measured datarrent of the pilot cell follows linearly the behavior ofeth
The correction exploits thermal drift coefficientSy,,, and solar panel during light variations. In a custom implem&ata
ars., to scale all curves to the one provided at the equivaleot the harvesting circuit, this assumption leads to condide
temperature of25°C. In this way the characterization ispilot cell as a single cells of the whole maV array.
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adopted to provide a fixed voltage supply to the wirelessaens
node. The whole scavenger is powered by the rRdimodule
when the final DC/DC is shut down because the voltage of
the energy buffer is not enough to start it up. This permits to
reduce the power consumption during the initial phase of the
energy buffer charging procedure and then increase thalbver

i

performance.
VPV DC-DC VOUT
\\AC> 1 T+ |output supply P VI. EXPERIMENTAL RESULTS
>
pv =) S
Module I Bors! node The solar scavenger, proposed as case study, has been

extensively characterized in order to compare and valithete
simulation results. The performance of the implementeclidir
has been investigated by measuring the charging efficiehcy o
the energy buffer and measuring the power consumed by the

Fig. 5: Schematic diagram of the harvester platform

Following these assumptions, several simulations hava bddPPT system.
carried out to validate the maximum power point tracker &t dia, Scavenging efficiency
ferent light conditions. Table Il shows the comparison lestw We consider the following equations which define the
the simulated maximum power point voltage imposed by th(—ﬁ. . T
i . . efficiency of a power conversion:
MPP tracker Uppp, sim) With the optimum maximum power

point voltage measured during tiR/ panel characterization n = Pyransferred (12)

(Vinpp, meas)- MPP tracker validation confirms that the adopted Pypp

approach lead to &V panel polarization within a 5% from Pyupp = Vurp - Iupp (13)

the ideal working conditions. 1c, ,

[STW/m? | Vinpp, sim IV] | Vinpp, meas [V] | Error [%] | FPrransgerred = 57 Vi) - Vi - 1)) (14)

10 1.91 1,83 +4,4 Where Pypp is the power at theMPP, Pironsferred 1S
4218 §’2§ 5‘23 * 8"3 the average power transferred in the energy buffer. When
0 2.82 2.92 T34 supercapacitors are adopted, it is usually computed as the
80 2,94 3,08 -45 value necessary to increase the energy level flof, — T')
100 3,00 3,12 - 3.9 to F (t1) during a given time interval’. In our tests,; has
288 g’(l)i gi; :i’g been evaluated considering also the DC/DC converter which
500 315 324 29 affects the result with its own intrinsic losses. Fig. 6 show
800 3,16 3,27 -3.2 the efficiency of the method proposed during the refilling
1000 (STC) 3,18 3,29 -33 of the energy buffer over elapsed time. The curve with

TABLE Il: Validating the MPP Tracker over a wide range offiangles represents the linear charging behavior withrectli

illumination conditions through comparison of simulategpm connection between theV panel and the storage device. The
V0|tage anp ng) with the measuredPV pane| ideal mpp curve with squares, instead shows the trend when the harvest

voltage Vsmpp. meas)- circuit is powered only using the final DC/DC converter. In
this case the harvester works properly only after the DC/DC
) starts up as evidenced by a change in the slope. The charging
B. Solar scavenger architecture behavior using the proposed energy scavenger is plottéd wit
The hardware architecture of the solar scavenger adoptedtses curve with dots. The curve approaches well the simuiatio
a case study, is displayed in Fig. 5 and it has been desigmedult obtained using the model of oBW cells (continuous
after several simulation steps using the proposed model famrve). Fig. 7 shows the efficiency, defined as in (12), over th
PV array. We adopt a buck configuration as power convertéme. Looking at the curve with squares, it is more evideat th
betweenPV module and the storage device, since the solanly when the level of the energy buffer is sufficient to turn
cell's nominal voltage is higher than the values reachalgle the DC/DC on, the scavenger can work properly and increase
the energy buffer. As pointed out in sec. V-A, theactional the efficiency. Finally the curve with dots approaches the
Open-Circuitmethod is exploited by matchint,...; to the simulations results with an error less than 5% and represent
estimated/,,,,, using a pilot-cell as input signal. The ultra-lowthe efficiency when the scavenger is powered also by the
power comparator adopted bounds the buck converter to wdt¥ cell. It is important to remark that the model covers
inside a voltage range aroumdPP. Narrowing the windows irradiance variations as well as temperature changes of the
around estimatetlPP means to operate at higher switchind®V array. Under light irradiance, heat affects the perforneanc
frequencies, with higher conversion efficiency, on the othef the scavenger smoothing the efficiency increment, and
hand it requires a faster comparator, which is generallyemaosimulations take in account this effect. Using the modehwit
power consuming. Finally an integrated step-up convegerthe assumption of constant temperature, simulation esult



diverge from the actual efficiency by more than 10%, as showbout1mW (Psuiicnh—on) happen as soon as the comparator
in Fig. 8. switches the MOS transistor on to replenish the energy buffe

. Therefore the average power can be easily computed using the
B. Power consumption . .
following equation.

Adopting the proposed model for the design of the solar
harvester, we have also built MPPT circuit with very low P =D Psitch—ofs + (1 — D) (15)
powercon_sumptlon. In fact, when the switch m_the buck POWfince the duty cycle of the switch is typically higher than
converter is open, the overall power consumption of theudirc gnos, gsg in indoor conditions, the average power consumed
is less than half anW. (Pswiten—ors = 300uW). Values of p poth the buck and the control circuit is beldwa V.

' Pswitchfon

VIl. CONCLUSION

25
oo In this paper we have presentedP¥ cell model for solar
— L 4 . .
= 0] S _— energy powered sensor networks, suitable over a wide range
OJ L . . . . . .
2 2 o of irradiance intensity, cell temperature variation ancident
= » . . . .
S s o ‘ . e angle. An implementation of a solar scavenger optimized for
_g - e at “ indoor environments, using the model and simulations, has
] . .
g 101 g = : ot been also presented as case study. Finally, experimentdige
Q o T4 [=Cireut Simulation with Thermal brif have validated the proposed model for small-$txéarrays.
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