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Abstract: The present research work proposes a photovoltaic energy harvester and an appropriate
direct current (DC)/DC converter for a harvesting system after the study of the devices and taking the
operation conditions. Parameters such as power, efficiency and voltage are taken into account under
different environment conditions of illumination and temperature in order to obtain the best possible
response. For this reason, suitable metal-oxide semiconductor field-effect transistor (MOSFET),
diode, coil, frequency, duty-cycle and load are selected and analyzed for a DC/DC converter with
boost architecture.

Keywords: energy harvesting; photovoltaic harvester; DC/DC converter; environmental
conditions; simulation

1. Introduction

Nowadays, low-cost, smart electronic systems and wireless sensor network technologies are
experiencing fast growth. They are currently being deployed worldwide into both home [1] and
industry environments [2,3]. On the one hand, they will improve the quality of people’s lives:
environment, health and well-being, security, comfort, education and entertainment [4]. On the other
hand, future smart industry and factories will become more efficient, intelligent, and connected [5].
This is due to the fact that smart sensors, with embedded intelligence for controlling, communication
and interoperability can be integrated within enterprise business systems, thus constituting a change
of system architecture in automation and control process [3].

Besides, there is an increasing interest in green electronics [6] and among other characteristics,
for an electronic system to be green, it must have a contained price and be energy efficient [7].
Thus, electronic devices or systems with wireless capabilities are increasingly popular because
they do not need to be connected to the mains power grid [8]. In this context, energy harvesters
become a proper alternative for gathering energy from the environment and provide answers to
some of the aforementioned technical challenges [9,10], because energy harvesters are, essentially,
transducers devised to extract, not only a sample of the physical phenomena the aim for, but the
maximum feasible amount of energy [11].

A generic energy harvesting system has three main elements [12]: a harvester, low power
management, and a low power storage system. Once the harvester is selected, its characteristics
determine whether direct current (DC)/DC or alternating current (AC)/DC conversion is required [13].
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Afterwards, specifications of its architecture and devices should be analyzed. Many harvesters
collect energy in AC form, while a few, such as photovoltaic and thermoelectric provide DC signals.
Consequently, the converter of a harvester must be adapted to the energy and waveforms that its
technology provides. Therefore, it requires specific research on each of the elements that constitutes
a complete energy harvester [14,15].

This research work is devoted to the characterization, modelling, design and parametrization
of DC harvesters, specifically, photovoltaic harvesters and their required power converter.
Firstly, the model for the energy harvester, a photovoltaic cell, is defined and analyzed through
and mixed structural and electrical model and experimental results. Based on the previous results,
the DC/DC converter architecture is selected. The research ends with a statistical modelling and
analysis of the performance of the state-of-the-art passive and active devices within the DC/DC
converter architecture taking in account parameters as power, efficiency, voltage and current
waveforms. The results obtained are used to identify the most suitable arrangement of discrete
components for maximum efficiency, performance and given by the DC/DC converter architecture.

2. Energy Harvester: Photovoltaic Cell

The analyzed harvester is a photovoltaic cell, which provides a DC signal [16]. Before the energy
can be used, it has to go through several intermediate steps. At an early stage, light power is harvested
and converted to electrical power with an efficiency Nphotovoltaic_cell [17]- Then, the level of the harvested
DC signal is adequated to an appropriate level for tis storage. The latter is done through a DC/DC
converter, with an efficiency of Neonverter [18]. So, the energy is ready for the storage system: battery [19].
or supercapacitor [20].

Figure 1 shows the DC system block diagram and energy conversions with respective efficiencies:
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Figure 1. Block diagram of complete DC system.

Equation (1) provides the power balance as the product of the systems conversion efficiencies and
the input light power:

P3 =1 P1 = (T]photovoltaicfcell'T]converter) Py = (mimp) Py (1)

2.1. Photovoltaic Harvester Model

The definition of an equivalent model of a photovoltaic cell has been based on the work of [21,22].
The chosen photovoltaic harvester is based on a five-parameter Equation (2):

(V+IRs)
q B 1) B V + IR; @)

I e I — I nkTc
ph ? <e Rsh

where, k is the Boltzmann constant, q is the electron charge, I,;, is the current generated by the light,
Io is the dark saturation current due to recombination, Ry is a series resistance, n is the ideal factor,
T. is the cell temperature, and Ry}, is a shunt resistance. This model is a function of the solar radiance
G and the air temperature T,. Equation (2) can be used to measure the value of the parameters Lon, Lo,
n, Rg, Ry, under real-time ambient conditions.

Figure 2 represents the equivalent electric circuit of a single photovoltaic cell. The circuit consists
of a main circuit and two sub-circuits to modify Ry, and Rs values when the ambient condition changes,
these represent the calculation of the real-time resistors.
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Figure 2. Single cell equivalent electrical model.

The main circuit includes a current source, a diode, two opposite voltage sources and cell
dissipate phenomena equivalent resistors which represents the behavior of the cell in open circuit state.
The current generated by the light source is modelled through two current sources and a resistor in
shunt, which is irradiance dependent. Temperature effects are included as a two-voltage source in
series with opposite polarities. The unconnected point at the main circuit represents the output of the
cell, the remaining parts are for the configuration of parameters and variables. In order to complete
the model, an electric load is connected in parallel with the voltage output of the two branches.

The photovoltaic model is completed with the manufacturer data-sheet and the calculated
parameters. The solar harvester devised for this research uses the solar module SLMD481H08
manufactured by IXOLARTM [23].

The selected monocrystalline module has 88.8 mm of width and 54.7 mm of height.
Each individual cell has 20 x 12 mm? = 2 x 1.2 cm? = 2.4 cm?. The whole module has 16 cells
distributed in two branches connected in parallel, each one made of 8 cells. The cell has a nominal
efficiency of 22%. It also has a broad photonic response over a wide range of wavelengths. Thus, it is
suitable for both applications, indoor and outdoor. The architecture and dimensions of the module
used is shown in Figure 3.
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Figure 3. Cellular architecture and dimensions used.

Electrical characteristics of the selected solar module provided by the manufacturer are presented
in Table 1.
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Table 1. SLMD481HO08 solar module electrical characteristics [24].

Symbol Cell Parameter Value
Voc Open circuit voltage 5.04V
Tsc Shor circuit current 200 mA
Vmpp Voltage at max. power point 4V
Impp Current at max. power point 178 mA
Pmpp Maximum peak power 712 mW
FF Fill factor >70%
n Solar cell efficiency 22%
AV /AT Open circuit voltage temp. coefficient —2.1mV/K
AJsc /AT Short circuit current temp. coefficient 0.12 mA/(cm?K)

The whole photovoltaic module model is made of single cells (Figure 2) arranged as a commercial
selected photovoltaic module, Figure 3: 16 main cells in 2 rows/branches of 8 cells each.
Simulations provide the maximum out power for the selected ambient conditions [25]. Table 2
and Figure 4 show the achieved results.

Table 2. Maximum voltage, current and power obtained with simulation under different

operation conditions.

G (sun) T (°O) Rioad Q) Vout (V) Iout (mA) Pout (mW)
0.1 5 380 2913 7.666 22.333
0.1 25 360 2.937 8.157 23.956
0.25 10 160 3.167 19.792 62.675
0.25 30 155 3.224 20.803 67.077
0.5 15 80 3.204 40.044 128.281
0.5 45 75 3.258 43.437 141.511
0.75 20 55 3.324 60.439 200.908
0.75 40 50 3.275 65.502 214.525

1 22 40 3.304 82.606 272.948
1 60 35 3.277 93.627 306.812

300 s T I I §
. —Iradiance: 0.1 suns; Temperature 5 °C

| \ Iradiance: 0.25 suns; Temperature 30 °C
| X Irradiance: 0.5 suns; Temperature 15 °C

A Iradiance: 0.75 suns; Temperature 40 °C
Imadiance: 1 sun; Temperature 60 °C
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Figure 4. Simulated power curves with load sweep for 0.1, 0.25, 0.5, 0.75 and 1 sun irradiance at
different temperatures.

These results show that the cells produce more power at higher temperatures for the same
irradiance level. Besides, irradiance has more effect on power production than temperature, e.g.,
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0.25 sun and 10 °C against 0.1 sun 25 °C. The cell power generation range from 22.333 mW with 0.1 sun
at5 °C to 306.812 mW with 1 sun at 60 °C.

2.2. Model Simulation and Test Results Comparison

In order to verify and validate the accuracy of the photovoltaic electro-physical model, solar tests
are carried out. This test is done with a sun luminaire, a controlled source of light. This solar light
had the restriction to produce a maximum of 0.5 sun. In addition, a black box is used to avoid any
interference of irradiance on the test and maintain the light seal. Figure 5a shows the test set-up
diagram, and Figure 5b shows the real implementation of the set-up.

Temperature
measurement system
Temp. Data Temp.
N | PC
i
Data logger
EeSni——
V- |
P L
I I
Solar
cell .~ Electronic
~ - load

(a) Test set-up diagram.

Black box (Solar module and luminaire in)
PT-100 Temperature sensor

PC

Temperature acquisition system

Data logger

Electronic load

(b) Used equipment and real test set-up.

Figure 5. Photovoltaic cell test set-up.

The test procedure has been as follows: The solar module is positioned inside the black box and
under the luminaire. The electronic load is connected to the solar cell, for a sweep measurement.
A data logger is connected to the solar cell and electronic load in order to measure and register the
voltage and current produced by the solar cell. The temperature sensor, PT-100, is located in the box
near the solar cell and connected to the temperature measurement system, configured to save data
periodically. Finally, the test stars and data is registered for future processing.

Some tests under different irradiance and temperature conditions are developed to verify the
model and two of them are shown below under the following conditions:

1.  Solar irradiance 0.25 sun and 46 °C temperature.
2. Solar irradiance 0.5 sun and 65 °C temperature.
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Then, these tests are compared with electro-physical model simulations. In Figures 6 and 7,
blue traces represent the simulation results and the orange traces the values measured during the test.
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(a) Simulated vs. measured current.

Figure 6. Test vs. simulation photovoltaic

46 °C temperature.

(b) Simulated vs. tested power.
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Figure 7. Test vs. simulation photovoltaic module results with 0.5 sun irradiance and 65 °C temperature.

With 0.25 sun and 46 °C, short circuit current is 27 mA, Figure 6a; MPPT (maximum power
point track) is 75 mW and is produced around 3.4 V, Figure 6b.
With 0.5 sun and 65 °C, short circuit current is 78 mA, Figure 7a; MPPT is 180 mW and is produced

around 2.9V, Figure 7b.

In order to verify the model, the deviation between the model values and the data measured is

determined, and the results are shown in Table 3.

Table 3. Comparison between simulation and test results values at different ambient conditions.

Ambient Conditions

Mean Standard Deviation

G (sun) Temp (°C) I (mA) P (mW)
0.25 46 1.760 5.056
0.5 65 6.625 18.254

Mean Percent Deviation
I (%) P (%)
0.25 46 3.148 3.009
0.5 65 2.316 2.395

In those tests the worst deviation, which is 3.148% in current, occurs when ambient conditions

are G =0.25 sun and T = 46 °C, with 3.148% in current and 3.009% in potency. The lower deviation is
produced in G = 0.5 sun and T = 65 °C test, with 2.316% in current and 2.395 in potency. The obtained
results confirm that the model is appropriate and can be used in the research.
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3. Direct Current (DC)/DC Converter

Usually, the DC/DC converter is placed between the harvester and the storage device as the
power manager. The system block diagram with the harvester (photovoltaic cell), power management
(DC/DC converter) and the storage device (supercapacitor) is shown in Figure 8.

Supercapacitor

1= LT

DCsignal Step:up
DC signal

Figure 8. DC complete system block diagram.

The main objective of this subsection is to research, simulate and verify the DC/DC converter
for the photovoltaic cell, considering all operating voltage and frequency ranges, and assuming an
efficiency greater than 80%.

The DC/DC converter requirements are:

e Impedance matching between source and load for maximum energy transference.

e  To step up the voltage received from harvesting.

e To maintain operation functionality and efficiency with sun irradiance as well as with artificial
light irradiance.

e  MPPT control algorithm.

3.1. Boost Architecture and Control Definition

3.1.1. Boost Architecture

The architecture employed in the DC/DC converter is the boost topology [26,27] showed in
Figure 9. The main challenge of the design of this converter is that it must manage low power levels
and voltage [28], which limits the performance and availability of the semiconductors.

L Diode

; Y »I .

v, — ‘i

NMOS —— Rigaa | Vou

ol
T3 T

Figure 9. DC/DC boost architecture for the photovoltaic module converter.

Boost control techniques are based on the change of the duty cycle value. This element controls
the steady-state output concerning the input voltage [29]. The DC/DC converter construction starts
with the selection of the coil value, MOSFET, and diode appropriate devices. This selection has been
made bearing in mind two extreme temperature and illumination operation conditions:

1.  Minimum: G = 0.1 sun and Temperature =5 °C.
2. Maximum: G =1 sun and Temperature = 60 °C.

The selection of the coil value and MOSFET and diode devices was performed with Linear
Technology Simulation Program with Integrated Circuits Emphasis (LTSPICE®) [30], however other
simulation packages could be used.
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3.1.2. Control Definition

Nowadays, most converters have two modes of operation or control schemes, a continuous mode
with pulse frequency modulation (PFM) or pulse wide modulation (PWM) control for maximum
output power; i.e.,, maximum load and discontinuous control mode (DCM) with variable frequency
for low loads or unloaded condition, which can be implemented through current or voltage control
loops. The DCM improves the quiescent current of the converter, and, consequently, its efficiency [29].
Besides, most DC-DC converters for photovoltaic (PV) modules employ different types of MPPT
control algorithms in order to drain, at any time, the maximum power that the PV module provides.
The basic form of MPPT tracking algorithm employs the measure of input power and adjust the
DC-DC control signal accordingly to get the maximum power the PV could deliver regardless the load
demands, the eventual excess or lack of energy should be absorbed of provide by a backup storage
device: battery or supercapacitor. In the literature could be found many types of MPPT algorithms [31].
Thus, the control of the DC-DC converter must include an MPPT control algorithm.

The switching frequency of the converter constitutes a key parameter to improve maximum
efficiency, and it is related with the power input condition. Therefore, the goal is to minimize the
switching losses in the converter, it is done reducing the frequency and choosing active devices that
provide less switching losses. On the other hand, there is the issue of component size, the higher
the frequency, the smaller the inductance and capacitor values and sizes will be, and consequently,
the lower the losses in the inductance serial resistance and the voltage drop in Equivalent Series
Resistance (ESR) of the capacitors. The aforementioned is achieved at the expense of increasing the
switching losses.

In the present study, the DC-DC converter is of low power, therefore the control frequencies may
range from 10 kHz to tenths of MHz, more concretely to hundreds of kHz are shown in Section 3.4.

3.2. MOSFET Selection

At minimum temperature conditions and irradiance, the switching frequency is set to 50 kHz,
the duty-cycle to 0.15, the coil inductance to 270 uH, the Rjy,4 to 400 () and the selected commercial
diode model is the MBR0520L. Next, several commercial MOSFETs are selected to test on the basis of
their appropriate characteristics for the present case in use: Table 4. At maximum ambient conditions,
the switching frequency is set to 20 kHz, the duty-cycle to 0.16, the Rjy,q to 50 (2 and the coil value and
diode are maintained. Table 4, Table 5 and Figure 10 summarize the results with detailed conditions.

Table 4. Comparative results between different MOSFETs at 0.1 sun and 5 °C.

Pcontrol Rds Qg Vin Vout Iout Pout Pin
MOSFET %
0s @ @ @O  (Vp) V) @A) @W  mw "%
Si1555DL_N [32] 61.252 0.63 0.8 2221 2.674 6.686 17.884 19.438 91.94
Si8416DB [33] 1197.9 21 17 2.185 2.655 6.639 17.618 19.183 90.64
SiA436D] [34] 1189.1 8.7 15 2.182 2.653 6.633 17.603 19.159 90.69
Si1553CDLN [35] 26.717 0.55 0.578 2.256 2.69 6.726 18.096 19.679 91.93
Si8466EDB [36] 592.41 6.8 0.05 2.246 2.685 6.714 18.032 19.608 91.37
Si3900DV [37] 156.68 130 2.1 2.261 2.694 6.735 18.144 19.711 91.89
Table 5. Comparative results between different MOSFETs at 1 sun and 60 °C.
Pcontrol Rds Qg Vin Vout Tout Pout Pin
MOSFET %
0s WV @ @O  (Vp) V) @A) @W  @mw %
Si1555DL_N 28.181 0.63 0.8 3.424 3.772 75.45 284.64 305.836 93.04
5i8416DB 487.35 21 17 3.416 3.778 75.568 285.532  305.964 92.83
SiA436D] 476.33 8.7 15 3.415 3.778 75.57 285.548  305.984 92.84
Si1553CDLN 11.603 0.55 0.578 3.432 3.768 75.364 283.989  305.708 92.88
Si8466EDB 242.1 6.8 0.05 3.418 3.778 75.569 285.537  305.935 93.09

Si3900DV 64.318 130 2.1 3.421 3.777 75.548 285.382  305.884 93.23
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Figure 10. Comparisons between MOSFETs at 0.1 sun and 5 °C; and 1 sun and 60 °C.

The results obtained show that the efficiency for both conditions is higher than 90% with all
MOSFETs. Moreover, with low light irradiance and temperature they reach up to 91% and in high
conditions up to 93%. Si1555DL_N and Si3900DV present the best efficiency regarding the rest of the
devices. However, Si1555DL_N and Si1553CDLN have the least consumption at both work operation
modes. Because of these reasons, Si1555DL_N MOSFET is selected to be the MOSFET at the DC/DC
boost converter. However, Si3900DV is also a feasible alternative to be used.

3.3. Diode Selection

The diode is selected employing the same procedure as with the MOSFET, the same minimum
circuit values are adopted. So, several commercial diodes are selected on the basis of their
characteristics for the present case in use: Table 6. In Table 6, Table 7 and Figure 11 the results
achieved with the conditions detailed are shown.

Table 6. Comparative results between different diodes at 0.1 sun and 5 °C.

Diode Vin (Vp) Vout (V) Tout (mA) Pout (mW) Pin (mW) 1 (%)
MBRO0520L [38] 2221 2.674 6.686 17.884 19.438 92.01
BAT15-03W [39] 2.332 2.636 6.591 17.378 20.177 86.13
1PS79SB31 [40] 2.253 2.675 6.687 17.89 19.692 90.85

NSR20F30NXT5G [41] 2.268 2.688 6.72 18.066 19.759 91.43

NSRO”[%WZ“G 2238 2676 669 17.907 1955 91.60

NSVR351SDSA3 [43] 2273 2.669 6.673 17.815 19.79 90.02

STPS20L15G [44] 2.089 2.614 6.536 17.092 18.485 92.46
Table 7. Comparative results between different diodes at 1 sun and 60 °C.

Diode Vin (Vp) Vout (V) Iout (mA) Pout (mW) Pin (mW) 1 (%)
MBRO0520L 3.221 3.761 75.229 282.974 304.822 92.83
BAT15-03W 3.456 3.502 70.046 245.324 305.18 80.39
1PS79SB31 3.254 3.731 74.635 278.525 305.531 91.16

NSR20F30NXT5G  3.226 3.756 75.129 282.222 304.939 92.55
NSR0320MW2T1G 3.236 3.748 74.97 281.028 305.166 92.09
NSVR351SDSA3 3.31 3.675 73.502 270.134 306.289 88.20
STPS20L15G 3.134 3.805 76.108 289.623 302.117 95.86




Sensors 2019, 19, 1578 10 of 16

350.000

100 300.000
95 = 25
S e = . 0.000 e—— Pout (MW)[0.1 sun ; 52C]
< 90 % 200.000 Pin (mW)[0.1 sun ; 59C]
in{m .lsun; 5=
§ 85 = 150.000
K] . 9,
2 o 100.000 Pout (mW)[1 sun; 602C]
= e 50.000 Pin (mW)[1 sun; 60°C]
70 0.000
v Y RN SR S N S o> &2 N ¥ &
Q-QC;LQ S & & & ¢ & & & &
~ A 3 < ) °
¥ %‘;\\/ R Q<<%Q '@\ 4‘23’6’ NE N X & WQQ% %’”@ A@’ &
C)
é,jlg’ &Q@% N 0.1sun; 5°C %L% @Q‘Q N
Diode 1 sun; 60°C Diode

(a) Efficiency. (b) Input/output power.

Figure 11. Comparisons between diodes at 0.1 sun and 5 °C; and 1 sun and 60 °C.

Efficiencies in this case at both conditions are higher than 90% with the exception of the
BAT15-03W diode. Moreover, in low light and temperature ambient they reach up to 92% and
in high conditions up to 95%. STPS20L15G and MBRO520L present the best efficiency regarding the
rest of the diodes. However, with STPS20L15G converter, efficiency is 0.4% higher at the worst ambient
conditions and 3% better in the best ambient conditions. Due to these reasons, the STPS20L15G
diode is selected for the DC/DC boost converter. However, after having issues with the PSPICE
model of the STPS20L15G diode, MBR0520L is used for simulations because it has a proper response
too. Nevertheless, it is recommended to keep track continuously of the new releases of the diode
manufacturer in order to consider STPS20L15G.

3.4. Coil and Switching Frequency Selection

With minimum ambient conditions, the duty-cycle is set to 0.2, the Rjy,4 to 2 k(2 and the selected
diode in the previous section. In the Table 8, Table 9 and Figure 12 the results achieved with the
conditions detailed are shown.

Table 8. Comparative results between different coils and frequencies at 0.1 sun and 5 °C.

L (uH) T (us) fsw Vin Vout Tout Pout Pin Pcontrol 1_total
(kHz) (Vp) V) (mA) (mW) (mW) (UW) (%)
10 100 2.377 5.872 2.936 17.249 20.458 137.85 84.18
20 50 1.611 5.168 2.584 13.354 14.614 62.802 91.32
100 30 33.3 1.094 4.282 2.141 9.171 10.06 38.516 91.12
40 25 0.938 4.03 2.015 8.124 8.659 29.024 93.79
50 20 0.768 3.6 1.8 6.482 7.113 24.891 91.10
10 100 3.278 6.266 3.133 19.635 20.743 133.97 94.52
20 50 2.386 6.192 3.096 19.175 20.512 60.406 93.42
200 30 33.3 1.86 5.628 2.814 15.841 16.68 41.029 94.93
40 25 1.604 5.19 2.595 13.471 14.549 30.029 92.56
50 20 1.298 4.667 2.333 10.891 11.882 24.737 91.63
10 100 3.334 6.221 3.11 19.351 20.168 124.32 95.82
20 50 3.076 6.518 3.259 21.245 22.034 66.122 96.35
300 30 33.3 2.604 6.448 3.224 20.794 21.639 44911 96.05
40 25 212 6.021 3.011 18.127 18.712 34.287 96.84

50 20 1.894 5.628 2.814 15.841 16.96 26.132 93.38
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Table 9. Comparative results between different coils and frequencies at 1 sun and 60 °C.
fsw Vin Vout Tout Pout Pin Pcontrol 1_total
L (uH T -
WH T gy v W @A) @W) @mW) W) (%)
10 100 4.1 6.408 32.04 205.319  217.159 144.07 94.40
20 50 3.785 7.228 36.143 261.27 276.827 76.571 94.30
100 30 33.3 3.48 7.546 37.724 284.631 304.52 52.631 93.42
40 25 3.263 7.512 37.561 282.178  305.686 33.705 92.28
50 20 2.765 7.2 35.977  258.887  280.732 28.683 92.19
10 100 4.207 5.848 29.242 171.023  178.726 143.69 95.55
20 50 4.127 6.327 31.639 200.212  209.853 73.559 95.33
200 30 333 3.988 6.805 34.018 231.554 243.55 48.988 95.03
40 25 3.89 7.208 36.04 259.786  277.011 36.973 93.74
50 20 3.74 7.303 36.487 266.706  286.158 29.011 93.17
10 100 4.207 5.848 29.24 171.023  179.139 143.8 95.33
20 50 4218 5.813 29.067 168.984  176.696 71.312 95.56
300 30 33.3 4.136 6.322 31.617 199.987 212.42 48.61 94.10
40 25 4.009 6.678 33.391 223.001 238.667  37.604 93.40
50 20 3.992 6.904 34.52 238.333  256.205 28.677 93.00
100.00 100.00
95.00 95.00
T S
> 90.00 5 90.00
ZfE_J 85.00 § 85.00
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Figure 12. Comparisons between different coils and frequencies at 0.1 sun and 5 °C; and 1 sun and 60 °C.

If input/output power is taken into account, the simulation results show that the most suitable
value for the coil is 200 pH. With 0.1 sun and 5 °C temperature condition the best coil value is 100 uH
and with 1 sun and 60 °C temperature the best coil is 300 pH. However, the coil values for maximum
and minimum extreme conditions are not adequate for nominal conditions; consequently, 200 uH is an

The performed test shows that 100 kHz provides the best performance at low input power levels,
and 20 kHz provides the best performance for high input power levels. Thus, in order to obtain get
the maximum efficiency from the converter, its switching frequency should be dynamically changed
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between the previous values depending on the ambient conditions and the power input ranges or
a trade of the previous frequencies [45].

3.5. Simulations and Results of the Converter. Duty-Cycle and Resistive Load

After making the selection of the components and establishing operation modes of control,
several simulations have been carried out to analyze, adjust and obtain the maximum efficiency of the
converter at different ambient conditions and input power levels.

The MPTT control algorithm of the DC-DC converter guaranties that the input power is delivered
to the load with maximum efficiency, but the maximum power transfer occurs when the source and
the load are matched, which is not always feasible. In solar farms this issue does not exists for the
electrical grid absorbs the fluctuations. Therefore, in order to further improve the energy efficiency,
it should be required a technique to dynamically change the load. This could be achieved by means
of an energy storage device, battery or supercapacitor, and controlling the energy it stores or deliver.
In doing so, it is required to know the load consumption patterns and the optimum loads of the PV
and DC-DC converter, [46] analyses DC-DC power supply systems for pulsed loads from maximum
efficiency perspective.

In order to identify the optimum values of load and duty-cycle, and dimension, accordingly,
the energy storage device, a load and duty-cycle sweep is performed in five ambient condition ranges.
Figure 13 shows the sweep results obtained.
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Figure 13. DC/DC output values dependent on different input and configuration conditions.

In the first case (Figure 13a), the highest output power is 21.247 mW and is obtained with
0.2 duty-cycle and 500 () resistive load. In the second case (Figure 13b), the highest output power is
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61.476 mW and is obtained with 0.3 duty-cycle and 400 () resistive load. In the third case (Figure 13c),
the highest output power is 122.292 mW and is obtained with 0.3 duty-cycle and 150 Q) resistive
load. In the fourth case (Figure 13d), the highest output power is 195.57 mW and is obtained with
0.3 duty-cycle and 100 Q) resistive load. In the fifth case (Figure 13e), the highest output power is
283.18 mW and is obtained with 0.2 duty-cycle and 50 () resistive load.

Table 10 and Figure 14 summarize maximum output values obtained in previous simulations for
different irradiance and temperature levels: from 0.1 sun and 5 °C to 1 sun and 60 °C.

Table 10. Converter sweep maximum results with different irradiance and temperature.

Ambient DC/DC Operation

Conditions Condigons Output Values

0.1 5 150 500 0.2 2.858 3.856 22.633 21.247 93.88
0.25 30 86 400 0.3 3.043 4.958 65.51 61.476 93.84
0.5 15 66 150 0.3 3.141 4.283 130.061  122.292 94.03
0.75 40 45 100 0.3 3.074 4.42 210.78 195.57 92.78
1 60 25 50 0.2 3.206 3.76 304.45 283.18 93.45

—\Vin
5.5 |—Vvout

Sast E
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g 45 ]
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(c) Efficiency
Figure 14. Converter sweep maximum results with different irradiance and temperature.

Table 10 and Figure 14a show the evolution of the input (Vi) and output (Vout) voltage levels at
the different environment conditions considered. The DC/DC converter provides an output voltage
between 3.7 V and 4.9 V, this range is into the most common range of power supply voltage in
consumer electronics. The results in Figure 14b show that the power increases linearly with irradiance.
Moreover, whenever the input irradiance power increases, so does the difference between input and
output power because the system efficiency diminishes. Besides, Figure 14c shows that the efficiency
is always much greater than the 80% considered in Section 2 for the DC/DC converter architecture,
which correspond to the expected efficiency of commercial boost converters [47,48]. The highest
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efficiency is 94.03%, and occurs at 0.5 sun and 15 °C; and the lowest efficiency (92.30%), is obtained at
0.75 sun and 40 °C.

4. Conclusions

Energy harvesters are being increasingly used for gathering energy from the environment and
feeding electronic circuits without the help of a mains power grid connection or battery back-up
support. An energy harvester system needs management control, and in this work a DC/DC converter
is proposed for a photovoltaic harvester after the analysis of different possible devices, looking at
different parameters such as efficiency, power and voltage.

A boost architecture is chosen for the DC/DC converter, and between considered devices the
chosen ones are: the MOSFET Si1555DL_N (Si3900DV is adequate too), the diode STPS20L15G
(MBRO520L is adequate too), the suitable value for the coil is 200 uH, the switching frequency must
be dynamic between 150 kHz and 20 kHz depending on the input condition. Finally, the appropriate
duty-cycle and resistive load for each input case are analyzed, the best results are obtained with
a duty-cycle between 0.2 and 0.3, and the load between 50 (2 and 500 Q).

The results show that proposed harvesting system works properly for the considered
ambient conditions.

Author Contributions: Conceptualization, B.P. and J.I.G.; Data curation, B.P.; Investigation, B.P.; Supervision,
J.L.G and S.F.; Writing—original draft, B.P, J.1.G., ].A.A. and S.F.

Funding: This work has been supported by IK4-TEKNIKER research institute own funds and the joint work of
Electronics and Communications and Intelligent Information System units and by the Department of Education of
the Basque Government within the fund for research groups of the Basque university system [IT978-16].

Acknowledgments: Thanks to Electronics and Communications and Intelligent Information System units of
IK4-TEKNIKER research institute and to the Electronic Technology department of the University of the Basque
Country (EHU/UPV).

Conflicts of Interest: On behalf of all authors, the corresponding author states that there is no conflict of interest.

References

1.  Perera, C.; Liu, C.H.; Chen, M.; Jayawardena, S. A Survey on Internet of Things from Industrial Market
Perspective. IEEE Access 2014, 2, 1660-1679. [CrossRef]

2. Wan, J.; Tang, S.; Hua, Q.; Li, D.; Chen, L.; Lloret, J. Context-Aware Cloud Robotics for Material Handling in
Cognitive Industrial Internet of Things. IEEE Internet Things J. 2017, 5, 2272-2281. [CrossRef]

3. Lydon, B. Industry 4.0 for Process Automation—Process Sensors 4.0 Roadmap. 31 05 2016.
[En linea]. Available online: https://www.automation.com/automation-news/article/industry-40-for-
process-automation-process-sensors-40-roadmap (accessed on 30 March 2019).

4. Mathtina, C.O.; O’'Donnell, T.; Martinez-Catala, R.V;; O’Flynn, ].B. Energy scavenging for long-term
deployable wireless sensor networks. Talanta Int. |. Pure Appl. Anal. Chem. 2008, 75, 613-623. [CrossRef]
[PubMed]

5. Morkevicius, A.; Bisikirskiene, L.; Bleakley, G. Using a systems of systems modeling approach for developing
Industrial Internet of Things applications. In Using a Systems of Systems Modeling Approach for Developing
Industrial Internet of Things Applications; IEEE: Waikoloa, HI, USA, 2017.

6.  Charter, M. Designing for the Circular Economy; Routledge (Taylor & Francis Group): New York, NY, USA, 2019.

7. Chu, S; Cui, Y;; Liu, N. The path towards sustainable energy. Nat. Mater. 2017, 16, 16-22. [CrossRef]
[PubMed]

8. Gungor, V.C.; Hancke, G.P. Industrial Wireless Sensor Networks: Challenges, Design Principles,
and Technical Approaches. IEEE Trans. Ind. Electron. 2009, 56, 4258-4265. [CrossRef]

9.  Zorzi, M.; Gluhak, A ; Lange, S.; Bassi, A. From today’s INTRAnet of things to a future INTERnet of things:
A wireless- and mobility-related view. IEEE Wirel. Commun. 2010, 17, 44-51. [CrossRef]

10. Clifford, G. Energy Harvesting: How We’ll Build the Internet of Perpetual Things. Jabil.
Available online: https://www.jabil.com/content/dam/insights/white-papers/en/energy-harvesting-
how-we-will-build-the-internet-of-perpetual-things (accessed on 30 March 2019).


http://dx.doi.org/10.1109/ACCESS.2015.2389854
http://dx.doi.org/10.1109/JIOT.2017.2728722
https://www.automation.com/automation-news/article/industry-40-for-process-automation-process-sensors-40-roadmap
https://www.automation.com/automation-news/article/industry-40-for-process-automation-process-sensors-40-roadmap
http://dx.doi.org/10.1016/j.talanta.2007.12.021
http://www.ncbi.nlm.nih.gov/pubmed/18585122
http://dx.doi.org/10.1038/nmat4834
http://www.ncbi.nlm.nih.gov/pubmed/27994253
http://dx.doi.org/10.1109/TIE.2009.2015754
http://dx.doi.org/10.1109/MWC.2010.5675777
https://www.jabil.com/content/dam/insights/white-papers/en/energy-harvesting-how-we-will-build-the-internet-of-perpetual-things
https://www.jabil.com/content/dam/insights/white-papers/en/energy-harvesting-how-we-will-build-the-internet-of-perpetual-things

Sensors 2019, 19, 1578 15 of 16

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Webster, J.G.; Eren, H. Measurement, Instrumentation, and Sensors Handbook: Spatial, Mechanical, Thermal,
and Radiation Measurement, 2nd ed.; CRC Press: New York, NY, USA, 2014.

Tan, YK,; Panda, SK. Review of Energy Harvesting Technologies for Sustainable Wireless Sensor Network (WSN).
December 2010. Available online: https:/ /www.intechopen.com/books/sustainable-wireless-sensor-networks /
review-of-energy-harvesting-technologies-for-sustainable-wsn. (accessed on 30 March 2019).

Spies, P.; Pollak, M.; Mateu, L. Handbook of Energy Harvesting Power Supplies and Applications; Pan Stanford
Publishing: Singapore, 2015.

Munir, B.; Dyo, V. On the Impact of Mobility on Battery-Less RF Energy Harvesting System Performance.
Sensors 2018, 18, 3597. [CrossRef] [PubMed]

Vracar, L.; Prijic, A.; Nesi¢, D.; Devi¢, S.; Priji¢, Z. Photovoltaic Energy Harvesting Wireless Sensor Node for
Telemetry Applications Optimized for Low Illumination Levels. Electronics 2016, 5, 26. [CrossRef]

Zhou, G.; Huang, L.; Li, W.; Zhu, Z. Harvesting ambient environmental energy for wireless sensor networks:
A survey. |. Sens. 2014, 2014, 815467. [CrossRef]

Research Cell Efficiency Records. Solar Energy Technolgies Office, September 2015. Available online:
www.energy.gov/eere/solar/downloads/research-cell-efficiency-records (accessed on 30 March 2019).
Aktakka, E.E.; Najafi, K. A Micro Inertial Energy Harvesting Platform with Self-Supplied Power Management
Circuit for Autonomous Wireless Sensor Nodes. IEEE ]. Solid-State Circuits 2014, 49, 2017-2029. [CrossRef]
Sharma, P; Bhatti, T. A review on electrochemical double-layer capacitors. Energy Convers. Manag. 2010, 51, 2901-2912.
[CrossRef]

Palacin, M.R. Recent advances in rechargeable battery materials: A chemist’s perspective. Chem. Soc. Rev.
2009, 38, 2565-2575. [CrossRef] [PubMed]

Vergura, S. A complete and simplified datasheet-based model of pv cells in variable environmental conditions
for circuit simulation. Energies 2016, 9, 326. [CrossRef]

Sera, D.; Teodorescu, R.; Rodriguez, P. PV panel model based on datasheet values. In Proceedings of the 2007
IEEE International Symposium on Industrial Electronics (ISIE), Vigo, Spain, 4-7 June 2007; pp. 2392-2396.
IXYS. Digi-Key Electroniks (SLMD481HO08L-ND). Available online: https://www.digikey.com /product-
detail /es/ixys/SLMD481HO08L /SLMD481H08L-ND /3463127 (accessed on 30 March 2019).

IXYS. SLMD481HO8L (Datasheet) IXOLAR High Efficiency SolarMD. 5 2017. Available online: http:/ /ixapps.
ixys.com/DataSheet/SLMD481HO8L_nov16.pdf (accessed on 30 March 2019).

Pozo, B. Double Smart Energy Harvesting System for Self-Powered Industrial IOT. Ph.D. Thesis, University of
the Basque Country, Lejona, Spain, 2018. Available online: https://www.educacion.gob.es/teseo/
mostrarRef.do?ref=444036 (accessed on 30 March 2019).

Chini, A.; Soci, F. Boost-converter-based solar harvester for low power applications. Electron. Lett. 2010, 46, 296-298.
[CrossRef]

Wang, S.-Y.; Wu, H.-H.; Wei, C.-L. An integrated boost converter with maximum power point tracking
for solar photovoltaic energy harvesting. In Proceedings of the Technical Papers of 2014 International
Symposium on VLSI Design, Automation and Test, Hsinchu, Taiwan, 28-30 August 2014.

Albrni, M.A.; Sampe, J.; Islam, M.S.; Yeop, B.Y. Ultra low power energy harvester using hybrid input for
wireless communication devices—A review. J. Theor. Appl. Inf. Technol. 2005, 86, 365-376.

Erickson, R.W.; Makximovic, D. Fundamentals of Power Electronics; Kluwer Academic Publishers:
Dordrecht, The Netherlands, 2001.

LTspice. Analog Devices. Available online: http:/ /www.analog.com/en/design-center/design-tools-and-
calculators/ltspice-simulator.html# (accessed on 30 March 2019).

Antolin, D.; Medrano, N.; Calvo, B.; Martinez, P.A. A Compact Energy Harvesting System for Outdoor
Wireless Sensor Nodes Based on a Low-Cost In Situ Photovoltaic Panel Characterization-Modelling Unit.
Sensors 2017, 17, 1794. [CrossRef] [PubMed]

5i1555DL (Datasheet). 08 02 2017. Available online: http://www.vishay.com/docs/71079/71079.pdf
(accessed on 30 March 2019).

5i8416DB (Datasheet). 08 02 2017. Available online: http:/ /www.vishay.com/docs/63716/si8416db.pdf
(accessed on 30 March 2019).

SiA436D]J (Datasheet). 08 02 2017. Available online: http://www.vishay.com/docs/63535/sia436dj.pdf
(accessed on 30 March 2019).


https://www.intechopen.com/books/sustainable-wireless-sensor-networks/review-of-energy-harvesting-technologies-for-sustainable-wsn.
https://www.intechopen.com/books/sustainable-wireless-sensor-networks/review-of-energy-harvesting-technologies-for-sustainable-wsn.
http://dx.doi.org/10.3390/s18113597
http://www.ncbi.nlm.nih.gov/pubmed/30360501
http://dx.doi.org/10.3390/electronics5020026
http://dx.doi.org/10.1155/2014/815467
www.energy.gov/eere/solar/downloads/research-cell-efficiency-records
http://dx.doi.org/10.1109/JSSC.2014.2331953
http://dx.doi.org/10.1016/j.enconman.2010.06.031
http://dx.doi.org/10.1039/b820555h
http://www.ncbi.nlm.nih.gov/pubmed/19690737
http://dx.doi.org/10.3390/en9050326
https://www.digikey.com/product-detail/es/ixys/SLMD481H08L/SLMD481H08L-ND/3463127
https://www.digikey.com/product-detail/es/ixys/SLMD481H08L/SLMD481H08L-ND/3463127
http://ixapps.ixys.com/DataSheet/SLMD481H08L_nov16.pdf
http://ixapps.ixys.com/DataSheet/SLMD481H08L_nov16.pdf
https://www.educacion.gob.es/teseo/mostrarRef.do?ref=444036
https://www.educacion.gob.es/teseo/mostrarRef.do?ref=444036
http://dx.doi.org/10.1049/el.2010.2903
http://www.analog.com/en/design-center/design-tools-and-calculators/ltspice-simulator.html#
http://www.analog.com/en/design-center/design-tools-and-calculators/ltspice-simulator.html#
http://dx.doi.org/10.3390/s17081794
http://www.ncbi.nlm.nih.gov/pubmed/28777330
http://www.vishay.com/docs/71079/71079.pdf
http://www.vishay.com/docs/63716/si8416db.pdf
http://www.vishay.com/docs/63535/sia436dj.pdf

Sensors 2019, 19, 1578 16 of 16

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

5i1553CDL (Datasheet). 08 02 2017. Available online: http://www.vishay.com/docs/67693/si1553cdl.pdf
(accessed on 30 March 2019).

Si8466EDB (Datasheet). 08 02 2017. Available online: http://www.vishay.com/docs /63683 /si8466edb.pdf
(accessed on 30 March 2019).

5i3900DV (Datasheet). 08 02 2017. Available online: http://www.vishay.com/docs/71178/71178.pdf
(accessed on 30 March 2019).

MBRO0520L (Datasheet). 10 2014. Available online: http://www.onsemi.com/pub/Collateral/MBR0520L-D.
pdf (accessed on 30 March 2019).

BAT15-03W (Datasheet). 30 06 2018. Available online: http://www.infineon.com/dgdl/Infineon-BAT15-
03W-DS-v01_00-EN.pdf?fileld=5546d46265{064ff01663896078c4e80 (accessed on 30 March 2019).
1PS79SB31 (Datasheet). 11 01 2002. Available online: http:/ /assets.nexperia.com/documents/data-sheet/
1PS79SB31.pdf (accessed on 30 March 2019).

NSR20F30NXT5G (Datasheet). 10 2013. Available online: http://www.onsemi.com/pub/Collateral /
NSR20F30-D.PDF (accessed on 30 March 2019).

NSVR0320MW2T1G (Datasheet). 12 2018. Available online: http://www.onsemi.com/pub/Collateral /
NSR0320MW2T1-D.PDF (accessed on 30 March 2019).

NSVR351SDSA3 (Datasheet). 05 2018. Available online: http://www.onsemi.com/pub/Collateral/
NSVR351SDSA3-D.PDF (accessed on 30 March 2019).

STPS20L15 (Datasheet). 10 2016. Available online: http://www.st.com/resource/en/datasheet/stps20115.
pdf (accessed on 30 March 2019).

Mandourarakis, I.; Koutroulis, E. Optimal design of a boost-type DC-DC converter for PV power-supplied
wireless sensor networks. In Proceedings of the 2015 IEEE International Conference on Industrial Technology
(ICIT), Seville, Spain, 17-19 March 2015; pp. 1100-1105.

Garate, J.I. Aportaciones a los Sistemas de Alimentacién con Cargas Discontinuas. Ph.D. Thesis, University
of the Basque Country, Lejona, Spain, 2010. Available online: https://www.educacion.gob.es/teseo/
mostrarRef.do?ref=891312 (accessed on 30 March 2019).

Kimball, J.; Flowers, T.; Chapman, P. Issues with low-input-voltage boost converter design. In Proceedings of
the PESC2004—IEEE 35th Annual Power Electronics Specialists Conference Proceedings, Aachen, Germany,
20-25 June 2004.

Guan, M.; Wang, K.; Zhu, Q.; Liao, W.-H. A High Efficiency Boost Converter with MPPT Scheme for Low
Voltage Thermoelectric Energy Harvesting. J. Electron. Mater. 2016, 45, 5514-5520. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://www.vishay.com/docs/67693/si1553cdl.pdf
http://www.vishay.com/docs/63683/si8466edb.pdf
http://www.vishay.com/docs/71178/71178.pdf
http://www.onsemi.com/pub/Collateral/MBR0520L-D.pdf
http://www.onsemi.com/pub/Collateral/MBR0520L-D.pdf
http://www.infineon.com/dgdl/Infineon-BAT15-03W-DS-v01_00-EN.pdf?fileId=5546d46265f064ff01663896078c4e80
http://www.infineon.com/dgdl/Infineon-BAT15-03W-DS-v01_00-EN.pdf?fileId=5546d46265f064ff01663896078c4e80
http://assets.nexperia.com/documents/data-sheet/1PS79SB31.pdf
http://assets.nexperia.com/documents/data-sheet/1PS79SB31.pdf
http://www.onsemi.com/pub/Collateral/NSR20F30-D.PDF
http://www.onsemi.com/pub/Collateral/NSR20F30-D.PDF
http://www.onsemi.com/pub/Collateral/NSR0320MW2T1-D.PDF
http://www.onsemi.com/pub/Collateral/NSR0320MW2T1-D.PDF
http://www.onsemi.com/pub/Collateral/NSVR351SDSA3-D.PDF
http://www.onsemi.com/pub/Collateral/NSVR351SDSA3-D.PDF
http://www.st.com/resource/en/datasheet/stps20l15.pdf
http://www.st.com/resource/en/datasheet/stps20l15.pdf
https://www.educacion.gob.es/teseo/mostrarRef.do?ref=891312
https://www.educacion.gob.es/teseo/mostrarRef.do?ref=891312
http://dx.doi.org/10.1007/s11664-016-4765-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Energy Harvester: Photovoltaic Cell 
	Photovoltaic Harvester Model 
	Model Simulation and Test Results Comparison 

	Direct Current (DC)/DC Converter 
	Boost Architecture and Control Definition 
	Boost Architecture 
	Control Definition 

	MOSFET Selection 
	Diode Selection 
	Coil and Switching Frequency Selection 
	Simulations and Results of the Converter. Duty-Cycle and Resistive Load 

	Conclusions 
	References

