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Abstract: Nowadays the photovoltaic (PV) is one of the most renewable source device used in
the harvesting system to support the life time of stand alone devices like sensor node. One of
the most diffused method to increase the PV efficiency is the Fractional Open-Circuit Voltage
(FOCV) that allows the PV to work around its estimated Maximum Power Point (MPP). To
increase the solar harvesting system efficiency both static (in terms of efficiency) and dynamic
(in terms of MPP tracking responsiveness) performances are of crucial interest. Most of works in
the literature focus on improving the static system performance by giving a more accurate MPP
estimation. In this paper, it is proposed a FOCV-based algorithm to improve system dynamic
performance in terms of MPP tracking performance and energy conveyed to the load under
varying solar irradiance conditions. The MPP system dynamically adapts the MPP estimation
to the solar irradiance condition by mean of a ”smart timer” circuitry that continuously adjusts
the operative frequency of the sample and hold component. A detailed hardware implementation
description of a smart timer as well as a related analytical analysis used for component design
are presented. An experimental validation and a comparison of the proposed approach than
the standard FOCV based method are carried out. The results show the effectiveness of the
proposed scheme in improving dynamic system performance in terms of tracking performance

and timeless to convey solar energy to the load storage component (i.e. ultracapacitor).

1. INTRODUCTION

The recent development of low cost smart sensors and
microcontrollers supporting network connectivity (Report
[2004]) has enabled a fast implementation of distributed
consensus and non-consensus based monitoring and con-
trol algorithms in many industrial and civilian applica-
tions (i.e. military, agriculture, environment monitoring)
(Heinzelman [2002], Neumann [2007], Canale [2013], Di-
Giorgio [2013], Manfredi [2012]). In lack of grid connec-
tion, low-power electronics can be partially or completely
supplied by renewable power generator. Among different
renewable devices, the photovoltaic (PV) source is one of
the most used. To face up the variable availability of solar
power during each day, the energy can be harvested in
a storage buffer (a battery or a ultracapacitor) which is
linked to the PV cell by an interposed energy-conditioning
block. A control scheme is required to allow the PV source
to work at its maximum power operative point. This allows
to increase the energy transferred to the storage compo-
nent (i.e. ultracapacitor) according to the scheme in Fig.
1. Several MPPT control methods have been developed
in literature. We can distinguish between inline and of-
fline algorithms. In the former category, the MPPT tunes
the polarization point of the PV cell until the maximum
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power point is reached. Examples of inline algorithms are:
Perturb and Observe (P&O) and the Incremental Con-
ductance. Due to the complexity of harvesting system, a
relatively powerful microcontroller is typically needed to
implement them, which increases the cost of the power
consumption. At the opposite, the offline algorithms are
based on a less complicated way of tracking the maximum
power point. In these methods, the maximum PV voltage
Vimpp (the maximum current I,,,,,) is estimated as a func-
tion of the PV cell open circuit voltage V,. (Schoeman
[1982]) (short circuit current Ig., (Noguchi [2000])). The
differences among inline and offline algorithms consist of
different levels of precision of the MPP tracking (Zheng
[2012]). While in high power applications the ideal MPPT
maximizes the tracking efficiency (Manfredi [2012]), in
low power applications it is suitable that MPPT power
consumption is minimized (Ahmad [2009]).

The Fractional Open Circuit Voltage (FOCV) method
(Simjee [2008]) is an offline algorithm typically used for
low power applications because it merges good MPPT
capability alld low power consumption performance. The

estimation V,,p, of the PV maximum power point voltage,
Vinpp, depends on the open-circuit voltage V,. by the

~

relation Vipp = 04 - Voo (Vinpp = Voo when the PV is
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Fig. 1. The proposed MPPT topology.

in the open circuit mode). In the above estimation law,
0, is characteristic of the PV cell considered and can be
experimentally estimated. It has been studied that for
each PV cell g, is slightly constant for almost any level
of irradiation, (Simjee [2008]). With this introduction, the
FOCYV algorithm periodically samples the Opgn—Circuit

Voltage of the cell, V,., in order to estimate Vj,p, by a
linear estimation law and, finally, to polarize the PV cell

around the estimated V,,,;,. Estimations are periodically
repeated \/R\Iith a fixed sampling period of time in order
to adapt Vi, to the varying solar irradiance conditions
during the day.

Different improvements to the basic FOCV method are
proposed in literature. In (Scarpa [2009]) and (Yang
[2013]) the authors focus on the static PV characterization.
Specifically, they introduce a non linear function of Vi,
on the V. to better evaluate the MPPT estimation, thus
improving the static performance in terms of power effi-
ciency. Few works in the literature try to improve dynamic
performance of the FOCV-based controller under varying
solar irradiance conditions. In (Lapena [2012]) authors
propose a low-power FOCV so that the sample and hold
of the V. is adjusted on the base of the solar irradiance by
mean of PV current measurement. This paper presents an
adaptive low-power MPPT system based on the FOCV
method. Similarly to (Lapena [2012]), we implement a
controller that adaptively changes its tracking accuracy
as function of the solar irradiance. Differently than the
approach in (Lapena [2012]), we propose an alternative
hardware MPPT implementation that continuously adapts
the MPP estimation frequency to the varying solar irra-
diance. Additionally the evaluation of the different irradi-
ance condition is carried out by mean of a photoresistor in
place of the PV current sensor. In this way, the controller
has a transduced measurement directly related to the level
of solar energy, differently than the PV current sensor
that indirectly depends on the solar irradiance. Indeed the
latter measurement may lead with irradiance evaluations
that can be affected by parametric variations, temperature
fluctuations or health conditions of the PV cell. Moreover,
an analytical analysis of the proposed scheme and an iden-
tification of o, parameter procedure are presented. These
may help the designer in tuning the system parameters.

The paper is organized as follows. In Sec. 2, we give the
block description of the proposed adaptive MPPT. Then
we illustrate an identification procedure to estimate the
value of o, of a PV cell. Then, in Sec. 3 the adaptive
FOCYV control scheme based on a smart timer is presented.
Details about the smart timer analysis as well as its
hardware implementation are given. Finally, in Sec. 4 an
experimental validation of the proposed scheme and its

comparison than the standard FOCV standard scheme are
presented

2. THE PROPOSED ADAPTIVE FOCV SCHEME

U
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Fig. 2. Block diagram of the MPPT scheme.

In Fig. 2 the block diagram of the proposed FOCV control
1s depicted. The estlmator block provides the evaluation of
Vmpp by the formula Vmpp = 0y Voe. During the harvesting
period, the controller block senses the V,,, voltage and

polarizes the cell to get V,, ~ IA/mpp. In the following,
Ty and Ty respectively refer to the time duration of
estimation and harvesting phases. Both estimator and
controller blocks are enabled or disabled by mean of V&7,
that is generated by the Smart timer block (described later
in details). During the estimation time T, the controller is
disabled while the estimator block is enabled. During this
period of time, V},, reaches the open-circuit voltage V. and

the estimator block evaluates Vi, with Vi, = 0y - Vi
On the opposite, during the harvesting period of time Ty,
the estimator block is disabled and the controller is able
to polarize the PV cell at V,,,, voltage. Therefore:

ytimer 1 during the estimation time, Ty
our 0 during the harvesting time, 77,

Typically, Ty is lower than T7, because the MPPT spends
the most of time for the energy harvesting process. There-
fore, we can assume that Ty < T7,. The enhancement we
have introduced is on the adaptation of the harvesting
time 77, by a smart timer that adjusts the sample time
of the V,.. The Smart timer adaptively varies 77, on the
base of the variation of solar irradiance conditions, I,... In
the following of this section, we will describe the estimator
and the controller blocks in Fig. 2.

2.1 FOCV-based adaptive estimator

Ve

» O, S&H P

controller
‘TLbUT

block
Fig. 3. Estimator block scheme.

Vou

In Fig. 3 the scheme that implements the estimation
Vmpp = 0, - Vo is presented, where Vmpp is defined as:

~ oy Voelk) i VEE =1
Vipp (k) = {‘7 (k—1) if Vgg -0 (1)
mpp I Vour =
for each k € N, being k the discrete sample time and V&7

the output of the Smart Timer block in Fig. 2. The value of
0, in (1) depends on the employed PV cell. We implement
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Fig. 4. Xiao model with the addiction of R, as a term of
loss.
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Fig. 5. PV source Voltage-Current identification: experi-
mental curve (dotted line) and modified Xiao’s model
(continuous line) curve.

an identification procedure by Xiao in (Xiao [2004]) in
order to identify the model parameters of the photovoltaic
device. Then, we use this PV model to calculate the o,
value. We have considered the PV model depicted in
Fig. 4, that is the Xiao’s model with a loss resistance
Rgp. It is a classical single-diode model and includes four
components: a (photo)current source Iy, a diode D1 in
parallel to the source, series Rs; and shunt Ry, resistors.
The model parameters have been identified in order to fit
the theoretical curve with the experimental one (derived
by the available data). The result of the identification is
depicted in Fig. 5, while the numerical value of parameters
and their meanings are both summarized in Table 1. Once
the adopted PV model is found, we can calculate the

Vinpp from the model and finally, we can obtain o, by

the relation o, = Yorr  In our case, the identification

procedure yields to 0: ‘= 0.76. Notice that experimental
results show that the value of o, is almost constant for
any irradiance conditions (Simjee [2008]).

2.2 Controller

The controller manages the PV operating point to stay
close the estimated maximum power point. It is a switching
ON/OFF controller with an hysteresis Vy. In Fig. 6,
Contgyst is an hysteresis comparator that generates the
control signal Vgy for the converter (Fig. 1). Control
is based on the comparisonAbetween the instantaneous
voltage of the cell, V},,, and V;,p, according to the law:

View  if Vio(t) = Vinpp < —Vir and Vi, =0
Vow (t) =  Vaigh  if Voo (t) = Vingp > Vi and VG5 =0
‘/low LOUT =1

(2)
where Vjo,,, and Vj;gp respectively denote the low and high
values of Vg . Specifically, the behavior of the controller
can be summarized as follows: when Vew = Viign, energy
is harvested, V), (t) decreases until Vg switches to Vjgy,.

Model parameters Value Meaning
Tj 290 K Junction temperature
n 15.5 diode un-ideal factor
Voc 12.55V PV open circuit voltage
ipv 0.995A PV short circuit voltage
I 1.2fA diode saturation current
Rs 0.761 p2 series resistance
Rgsp 12.5 k2 Pv open circuit voltage

Table 1. Xiao’s model parameters

to
converter
block

Fig. 6. Block diagram of the proposed controller.

Consequently, the harvesting process is inhibited, V,,(t)
increases and this condition holds until V,,(t) = Vhaign.
Then, another cycle restarts. In conclusion, the PV cell
with the control law given in (2) works at its expected
MPP. As depicted in Fig. 6, the controller is enabled by
the output signal of the smart timer. The controller is
implemented by a standard circuit comparator shown in
Fig. 6. In the following we will detail the smart timer
hardware implementation, its analysis and design.

3. THE ADAPTIVE SMART TIMER: ANALYSIS,
DESIGN AND IMPLEMENTATION

Let 4 be the duty cycle of the squared signal V&,

Ty,
Ty + 1L
we note that high value of ds; corresponds to spend more
time in harvesting phase (i.e. Ty < T1,), while low values
implies that the V;,,, is carried out more frequently. By
at large, there is a trade off between the amount of energy
harvested and the tracking performance of the variable
maximum power point. In other words, the selection of
the 4 value impacts on the overall performance. In this
paper, we propose to adapt s as function of the solar
irradiance I,.. The required behavior of the proposed
adaptive scheme is:

5st =

(a) at low irradiance conditions, a low estimation fre-
quency is required in order to reduce the dynamic
power loss related to the estimation process. More-
over, at this low efficiency operative point (low ir-
radiance condition), the system should spend more
time in the harvesting phase, trying to transfer to
the storage device energy as soon as possible. On the
other hand, at higher value of irradiance condition,
it is required an increase of the MPP estimation
frequency so that the system spends relatively more
time in the estimation phase improving its tracking
MPPT performance, thus pulling out more energy
from the solar panel. Additionally, this increases the
system responsiveness under varying solar irradiance
conditions and improves the dynamic performance of
the Ultracapacitor charging phase.
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Fig. 7. Physical implementation of the proposed Smart
timer.

Behavior (a) implies that Js; is inversely proportional to
I,... The proposed smart timer implementation is shown
in Fig. 7. In the following, we will carry out an analytical
derivation of Ty and T7,.

Let define with V,..¢ the reference signal and with veon: (¢)
the control signal of the proposed timer. Let define ty :
Ve (to) = 1 and t; : VE™.(t1) = 0, according to the
scheme, the dynamic of vyt is described by:
_t

Ucont(t) = Via - (1 —€ T ) (3)
with 7y = Ry -C and V4 the drain voltage of the circuitry,
stated the following initial and final condition:

AV
Ucont(tO) - ‘/T'Cf - M

By (3) and (4), it can be easily derived that:

2. AVvast (5)
2Vdd - 2Vref - A‘/Hyst

THle-ln<l—|—

On the opposite, when V&#.(t1) = 0 the control voltage

Vcont (t) satisfies the condition: veont(t1) = Vier + %.

During time ¢ > t; the voltage veont(t) is driven low by
Vérer, by an exponential law given by: veont(t) = (Vier +
t—t
%) . 6771, being 75 = Ry -C. After Ty, the condition
Veont(t1 +T1) = Vies — % holds and V&, switches
to his high state. The same derivation given above yields
to:
2 AViyst
T, =7o-ln| 14+ —— 42 6
2Vtref - A‘/vast ( )

By (5) and (6) it appears that Ty and T}, can be designed
as function of Vyer, 71, 7o and AVpye. For instance, for
a given value of Ty, we can design Ty so that Ty < T,
if we choose a time constant 7, lower than 7. In order to
adapt d, as function of the irradiance I, we introduce a
photoresistor R, in a voltage divider configuration along
with the resistor R. Among different kind of photoresistors,
we choose one with negative characteristic (i.e. the value of
resistance Ry, reduces when the irradiance I, increases)
so that V,.r increases for increasing value of irradiance
condition according to:

R
Rpn(Irr) + R
If we choose Ryp > R (i.e. Rpp ~ MQ and R ~ kQ) then
it results Viep ~ %Vdd (i.e. Vier < Vgq). From (5)
if Vier < Vgq, then Ty becomes approximately constant

Viep = Vaa (7)

Component Application
ID and function
LTC1440 Estimator: V. voltage sensing block
Hysteresis voltage Controller: hysteresis comparator block
amplifier Smart timer: hysteresis comparator block
DG412 Estimator: V,. Sample and Hold block
Sample and Hold
NSL-19M51 Smart timer: negative photoresistor
photoresistor

Table 2. Components of the hardware implementation of Sec. 4.

with I,... Moreover, taking into account (5), (6) and (7) it
follows:

AViys
Terl-ln<1+Hyt>
Vad

TL(ITT) =Tp-In <]- + 2 AVHySt >

2(%‘/@) — AViryet

(8)
In (8) we have used the approximation AVyys < Vier <
Viq. By using a photoresistor with negative characteristic
it results that T}, decreases when I, increases and, finally,
we have that dg; is inversely proportional to the irradiance
level I, according to:

1
6st =

(9)

T,
Yt mrwme oy
4. EXPERIMENTAL VALIDATION

In this section, we show the effectiveness of the adaptive
FOCV-based method. The proposed MPPT scheme has
been experimentally implemented and indoor tests have
been carried out. The main hardware components adopted
into our prototype are summarized in Table 2. During
indoor tests, a lamp with tunable brightness emulates the
solar irradiance variation over time.

Firstly, we verified that the proposed Smart timer behaves
as postulated above. Fig. 8(a) shows the experimental evo-
lution for d5; under increasing lamp brightness, confirming
the expected theoretical behavior in (9).

To experimentally validate the effectiveness of the pro-
posed adaptive scheme, we propose to compare one com-
plete UC charging cycle when the adaptive FOCV and
the standard (non adaptive) FOCV approach are imple-
mented. In Fig. 8(b) the experimental results are shown:
the continuous line represents the charging curve when the
adaptive FOCV-based MPPT controller is adopted, while
the dashed line is the experiment result for the standard
FOCV method case. Notice that the experiments have
been carried out starting from the same initial conditions
and under the same environmental scenario (i.e. same
brightness variations). Fig. 8(b) clearly shows the effec-
tiveness of the proposed scheme because it speeds up the
ultracapacitor recharging process, increasing the dynamic
efficiency of the overall system.

5. CONCLUSION

In this paper we presented an adaptive FOCV-based con-
troller to deal with solar irradiance environment varia-
tions. The implementation scheme has been described and
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Fig. 8. Experimental validation: (a): measured d4:; (b) Vye ultracapacitor voltage for the proposed adaptive scheme

(continuous line) and standard scheme (dashed line).

the details of the design have been presented. Finally, we
demonstrate the effectiveness of our controller by experi-
mentally comparing performance of the proposed adaptive
MPPT with classical FOCV method. The results show
that the proposed scheme is effective in improving the
dynamic performance of the overall harvesting system.
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