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Abstract: Conventional fractional open-circuit voltage (FOCV) methods in maximum power point
tracking (MPPT) are widely adopted for their simple structure and low computing power require-
ments. However, under mismatch and environmental changing conditions, the FOCV methods
introduce a large amount of energy loss due to their maximum power point being fixed at the initial
setup. To reduce energy loss, the intermittent FOCV MPPT proposed in this paper regularly refreshes
all the parameters for each condition in time by using an I-V curve tracer. The proposed intermittent
FOCV consists of two phases: the scan and set phases. In scan phase, the I-V curve of a photovoltaic
(PV) cell is scanned and its power is calculated. In set phase, the global MPP of the PV cell is extracted
and set by controlling the 8-bit capacitance array. Simulation and calculation based on experimental
results with a single PV cell show that the energy loss of the proposed intermittent FOCV under
daily temperature and illuminance distributions decreased by up to 99.9% compared to that of the
conventional FOCV.

Keywords: maximum power point tracking (MPPT); fractional open-circuit voltage (FOCV); photo-
voltaic (PV); I-V curve; energy harvesting

1. Introduction

Batteryless Internet-of-Things (IoT) devices have been widely used for various wire-
less sensors by converting light [1], vibration [2,3], and thermal gradient [4] into electric
energy. Among these various sources, a photovoltaic (PV) cell that harvests electric energy
from light is the most anticipated energy source [1,5]. Since the performance and I-V
characteristics of the PV cell vary depending on external environmental factors such as
irradiance, temperature, and load impedance, maximum power point tracking (MPPT)
methods are necessary for maximizing the power output of PV cells under various condi-
tions [6]. Figure 1a shows an electrical model of a PV cell. Sweeping the voltage of the PV
cell, Vpy, the current, Ipy, and the power, Ppy can be obtained as Figure 1b [7]. The MPP
can be determined at the voltage Vypp = aVpc, where a (0 < a < 1) is linear factor.

There have been many MPPT methods: single step algorithm including perturb & ob-
serve (P & O), binary-weighted step algorithm including successive approximation register
(SAR) [8], combined algorithm based on adaptively binary-weighted step (ABWS) and
monotonically decreased step (MDS) [8], and fractional open-circuit voltage (FOCV) [9-12].
The P & O method is very popular method due to its flexibility and balance between
complexity and accuracy. It can also dynamically detect the actual MPP with high track-
ing efficiency, although at the expense of oscillation around the MPP at the steady state,
which causes a large amount of energy loss [12-14]. Therefore, the P & O technique is
not appropriate for low power and low energy environments. SAR MPPT technique is
based on the binary-weighted step (BWS) for fast tracking [13], but the most-significant-bit
(MSB) operation runs first in the SAR MPPT, which aggravates the overall energy loss [6].
Although least-significant-bit (LSB) switching at the initial step in [8] reduces abrupt energy

Appl. Sci. 2021, 11, 9006. https:/ /doi.org/10.3390/app11199006

https:/ /www.mdpi.com/journal/applsci


https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-9187-9169
https://orcid.org/0000-0002-6177-1496
https://doi.org/10.3390/app11199006
https://doi.org/10.3390/app11199006
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11199006
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app11199006?type=check_update&version=2

Appl. Sci. 2021, 11, 9006

20f16

PV Cell

loss, a large amount of power consumption for calculating PV power makes this method
improper for low energy environments. Furthermore, the three aforementioned methods
cannot detect the global MPP (GMPP), so that they are not appropriate for PV cells with
multiple MPPs.
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Figure 1. PV cell: (a) Electrical model and (b) I-V and P-V characteristics of a PV cell.

As depicted in Figure 1b, in an FOCV method, the MPP is determined at the fraction
of the open-circuit voltage Vpc of a PV cell, a. For a simple structure and low power
consumption, the FOCV methods adopt approximation-based techniques that are a more
appropriate method for low energy environments [8]. However, if changes in environmen-
tal conditions are present, the mismatch of « between the new and the previous values by
the FOCV leads to a large amount of energy loss. In this paper, while taking advantage
of FOCV methods, the GMPP is regularly scanned by using an I-V curve tracer, and the
re-evaluated « is set for MPPT without using an additional ad-hoc parameter.

2. Conventional MPPT Algorithms
2.1. Perturb and Observe (P & O)

The procedure to track the MPP in the P & O algorithm is explained as follows: the
P & O algorithm operates by periodically incrementing or decrementing the voltage of a
PV cell. At first, the MPPT controller measures the voltage and the current of the PV cell.
Then, the present power is compared to the previous power of the PV cell. Depending on
whether the present power or the previous power is larger, the controller changes the PV
voltage. If the present power is higher than the previous power, the P & O algorithm keeps
increasing the input voltage of the PV cell, and vice versa. It is very simple to implement,
but it is not appropriate for low power and low energy environments because of overall
power loss caused by the fluctuation of its operating point around the MPP. If there are
multiple MPPs, it cannot detect the GMPP because of the oscillation.

2.2. Successive Approximate Register (SAR)

The SAR MPPT includes an active mode and a power down mode that alternate
periodically [6]. The SAR MPPT tracks the MPP in the active mode, and maintains the
final voltage of the previous active mode during the power down mode. Unlike the P & O
algorithm that tracks the MPP with a single step, the SAR MPPT uses the BWS to make the
tracking speed faster than the P & O. Therefore, like the P & O, it is not appropriate for low
power and low energy environments. Figure 2 shows the MPP tracking procedure of the
conventional P & O and the SAR over time.

oooog
P&0

Figure 2. The MPP tracking procedure of the conventional P & O and the SAR over time.
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2.3. Combined Algorithm Based on the Adaptively Binary-Weighted Search (ABWS) and
the Monotonically Decreased Step (MDS)

The combined algorithm based on the adaptively binary-weighted search (ABWS) and
the monotonically decreased step (MDS) aims at tracking the MPP as quickly as possible
in order to reduce the power loss under rapidly changing environmental conditions [8].
Similar to the BWS, the ABWS tracks the MPP by increasing the voltage step, but starts from
the LSB until the operating voltage step passes the MPP. Then, the ABWS stops and the
MDS starts to operate, tracking the exact MPP. The MDS monotonically reduces the voltage
step until the MPP is found. If the variation of the MPP drops below 1 LSB resolution, the
MPP remains unchanged and the MDS operation is finished. Compared to the P & O and
the SAR, this algorithm tracks the MPP faster than the P & O and consumes less power
under stable environments.

2.4. Fractional Open-Circuit Voltage (FOCV)

The main principle of this technique comes from the relationship between the voltage
of maximum power-point (Vjpp) and the open-circuit voltage (Voc), which the Vypp
approximately equals to some fractional value of the Voc. The relationship between the
two voltages is defined as

Vmpp = aVoc, )

where & (0 < & < 1) is the linear factor. Since there is no procedure for tracking the MPP,
the FOCV method features the lowest implementation complexity and consumes the
lowest circuit power. Therefore, the FOCV method is the most appropriate method for
low-power and low-energy devices. Figure 3 illustrates the comparison of the circuit power
consumption over time and the power consumption for the given time between the P & O,
the SAR, and the FOCV algorithm.
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Figure 3. Comparison of (a) the power consumption for MPPT in time (b) the energy loss between the P & O, the SAR, and
the FOCV algorithms for the given time.

However, the MPP of the FOCV method is not the real MPP, but the approximated
value. In [15], it is insisted that & can be located within the range from 0.71 to 0.78. However,
the « values of recent PV cells on the market can be easily found between 0.8 and 0.86, as
shown in Figure 4, which shows the histogram of distribution of the a values for PV cells
in [16-33]. Therefore, it is essential to set the exact « and the MPP because &« values are
distributed in a wide range for each PV cell.

Furthermore, if external environmental factors like illuminance and temperature cause
changes in the MPP, energy loss can potentially happen unless the previous value of & is
reset to new a. Figure 5 shows how the P-V characteristics and the & of a PV cell that has
the value of 0.88 at 27 °C vary depending on temperature.
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Figure 4. Histogram of distribution of the « value.
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Figure 5. Power versus voltage characteristics of a PV cell and the change of the value of « under
various temperature conditions.

If « and the MPP are not reset as soon as possible, the energy loss increases. To reduce
the energy loss caused by unreal MPP, the proposed FOCV intermittently and dynamically
scans the I-V curve of the PV cell to detect the GMPP and reset the « and the MPP. Although
the circuit power consumption caused by dynamically scanning and resetting the MPP can
be larger than the P & O and SAR, it operates intermittently, so that the total energy loss of
the proposed FOCV is much lower than that of the P & O, SAR, and conventional FOCV.
Figure 6 illustrates the comparison of the energy loss between the conventional and the
proposed FOCV under varying « conditions.
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Figure 6. Comparison of the accumulated energy loss between the conventional and the proposed
FOCV with refreshing frequency of 1/2ty under varying .
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3. Proposed FOCV MPPT Algorithm

Unlike conventional MPPT methods, the proposed MPPT method finds GMPP because
it scans the I-V curve for its working voltage range regardless of the number of local MPPs.
The block diagram of the proposed FOCV MPPT circuit using an I-V curve tracer is shown
in Figure 7 and the flow chart of the proposed FOCV MPPT is shown in Figure 8. The
proposed FOCV MPPT technique consists of two phases, scan and set. In the first phase,
also called scan phase, the system scans the voltage and current and calculates the power
of the PV cell with the current-to-voltage converter (12V), the voltage-to-PWM converter
(V2PWM), and the multiplier. In the second phase, also called set phase, the system sets
the MPP and « with the calculated value of the scan phase. Set phase consists of the sample
and hold (S & H), and the proposed FOCV circuit.
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Figure 8. The flow chart of the proposed FOCV MPPT using an I-V curve tracer.

3.1. Scan Phase

3.1.1. Current-To-Voltage (12V) Converter and Voltage-To-PWM (V2PWM) Converter
Figure 9 shows the block diagrams of the proposed 12V converter and the proposed

V2PWM converter, and the timing diagrams of the 12V and the V2PWM. The 12V converter

that uses the current mirror technique sweeps and scans the voltage and the current of

a PV cell and makes the I-V curve. Once the enable signal (EN) is high and the switch

between the PV cell and the I2V converter turns on, the 12V sweeps and scans the current
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of the PV cell (Ipy) from the short-circuit current (Isc) to 0 A, and the voltage of the PV cell
(Vpy) from 0 V to V. At the same time, Ipy, which is mirrored by two current mirrors, is
converted into voltage form (Ipy_y) by being multiplied with a resistor, R;. The relation
between Ipy and Ipy y can be expressed as

Ipy_v(n) = Rylpy(n), ()

where 7 is the number of iterations. For better linearity, two OP AMPs are implemented in
the I2V by making each Vp of MOSFET that is connected to the input of OP AMP the same.
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Figure 9. The block diagrams of (a) the current-to-voltage (I12V) converter and (b) the voltage-to-PWM
(V2PWM) converter and (c) the timing diagrams of the I2V converter and the V2PWM converter.

The V2PWM converter is composed of two circuits, a ramp generator and a comparator.
The ramp generator generates a ramp signal (Vg app) whose peak voltage (max(Vrapp))
is higher than the maximum value of Ipy v, max(Ipy y). Comparing Ipy v with Vr amp,
the comparator generates the PWM duty signal, Ipy_pwas. Using the constancy of the slope
of Vramp, the slope can be expressed as

max(Vramp) _ Ipv_v(n)
T Tpwm(n)

where T is the period of the ramp signal and Tpw (1) is the width of the duty signal of
each iteration. Therefore, Tpy (1) can be expressed as Equation (4).

®)

_ TxIpy y(n)
max(Vramp)

Trwm(n) @)
As shown in Equation (4) and Figure 9c, the higher the current is, the wider the width
of the duty signal is.

3.1.2. Multiplier

Figure 10 shows the block diagram and the timing diagram of the multiplier. The
proposed multiplier calculates the power of the PV cell. For consuming low power, the
proposed multiplier is implemented with analog circuits. The voltage form of the power of
the PV cell, Ppy_pw is calculated by the amount of energy in capacitor C;. The current
form of Vpy (Ipy 1) can be expressed as

Vpy(n)

Ipy_1(n) = TR, 5)
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where R; is the value of a resistor. Ipy (1) charges the capacitor, C1, during Tpywp (1)
that Ipy pwar(n) is high. Calculated, the power of the PV cell, Ppy y, can be expressed
as Equation (5).

_ Qi) _ Ipy 1 X Tpwm(n)

Ppy_pwm(n) = C @ (6)
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Figure 10. (a) The block diagram and (b) the timing diagram of the multiplier.

Using Equations (4)—(6) can be expressed as

p (n) = 1 Vev(n) Txlpyy(n) _ T
Pv_PwM C1 Ry max(Vramp)  CiRomax(Vramp)

Vpy (n)Ipy_v(n) (7)

Using the Equations (2) and (7) can be expressed as

B TR
CiRymax(Vramp)

Ppy_pwm(n) Vpy (n)Ipy (n) 8)
3.2. Set Phase
3.2.1. Sample and Hold (S & H)

Figure 11 shows the block diagram and the timing diagram of the proposed sample
and hold (S & H) circuit. In the S & H circuit, the MPP is tracked by comparing the current
power, Ppy pwum(n), that is stored in C;, with the previous maximum power, Pyax(n — 1),
that is stored in Cy. If Ppy_pwas(n) is lower than P,y (1 — 1), the output Q of D flip-flop is
low, then move to next iteration. If Ppy pwas(n) is higher than Py, (n — 1), Q is high, thus
SWi is on. Then, C; stores the new value of maximum power, Py,qx(1), via charge sharing.
Pyax(n) can be expressed as

C
Puax(n) = c +1C2 Ppy pwm(n) )

4 TSR Prnax

M-

t

AN

tupp

(@ (®

Figure 11. (a) The block diagram and (b) the timing diagram of the sample and hold (S & H).
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If C; is much higher than Cy, Equation (9) can be expressed as

Puax(n) = Ppy_pwm(n) (10)

At the same time, SWj is also on and the previous value of the Vypp, Vipp(n — 1),
is replaced by Vpy(n). After all iterations are done, the point that has the final value
of Puax and Vypp is the maximum power point. We can track the MPP timing by all
these iterations.

3.2.2. Proposed FOCV

Figure 12 shows a simplified block diagram of the proposed FOCV that is composed
of an « generator, which is an analog-digital converter based on the SAR algorithm, and
a capacitor bank. With two inputs of Vpoc and Vi pp, the a generator generates a digital
n-bit signal, < n : 1 >, that represents the ratio of Vjspp to Vpc based on the successive
approximate register (SAR) algorithm. The relationship between these two signals can be
expressed as
Vmpp (1)

a<n:l>=
Voc

where & is an n-bit digital signal.

Voc
L Cap.

a
Vurr a<n:1> Bank

m Generator

Figure 12. The block diagram of the proposed FOCV circuit.

Figure 13 shows the detailed block diagram of the capacitor bank circuit inside the
proposed FOCV circuit as well as the internal capacitor array circuit. Variable capacitors
Cx and Cy consist of a number of unit capacitor, Cy. The relation between these capacitors
can be expressed as

Cx+Cy=2(2"-1)Cy (12)

where 7 is a natural number.

Figure 13. The detailed block diagram of the cap bank circuit inside the proposed FOCV circuit;
(a) the block diagram of the C-array circuit, (b) phase 1, and (c) phase 2.
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The proposed FOCYV circuit operates with two phases. In the first phase, switch S; and
switch S3 are closed, and switch S; is open. Then, V¢ charges in Cx. The energy charged
in Cx can be expressed as Equation (12).

Qx = CxVoc (13)

In the second phase, the S; and the S3 are open, and the S, is closed, generating a V¢
via charge sharing of Voc. The energy charged in the Cx and the Cy can be expressed as
Equation (13).

Qy = (Cx + Cy)aVoc = Qx = CxVoc (14)

4. Simulation Results

To validate the potentiality of the proposed FOCV MPPT algorithm, the proposed
system is simulated with an electrically modeled PV cell that has the value of Voc and Igc,
3.79 V and 100 pA, respectively. Furthermore, « is set in 8-bit resolution in the proposed
FOCYV circuit for the 99.6% tracking efficiency of « The Cadence Spectre with TSMC 0.18 pm
process parameters was used for SPICE (Integrated Circuit Emphasis) simulation. Figure 14
shows the simulation results of the operating voltage, Vpy, Ipy v, Ipy pwm, Ppv_pwam, and
Pmax, and the maximum power point tracking in the time domain of the proposed FOCV
MPPT algorithm.

il

13 14 15

Time (ms)

Figure 14. Simulation results of the maximum power point tracking for the proposed FOCV MPPT.

Figure 15 shows the simulation result of the comparison of the energy loss between the
conventional and the proposed FOCV MPPT under varying «. The total simulated period
was 4 h and the refreshing period of the proposed FOCV MPPT was 30 min; the « varies
every 1 h. The energy loss of the conventional and the proposed FOCV were 356.37 mWs
and 0.09 mWs, respectively. The energy loss of the proposed FOCV decreased by 99.97%
compared to that of the conventional FOCV. The simulated result shows that the proposed
FOCYV can reduce the energy loss tremendously compared to the conventional FOCV.

Figure 15. Simulated results of the energy loss for the conventional FOCV and the proposed FOCV
MPPT under varying «.
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5. Experimental Results

The proposed FOCV MPPT circuit was in a 0.18-um CMOS process. Figure 16 shows
a microphotograph of the fabricated chip. The proposed FOCV MPPT circuit occupies
an area of 750 x 300 pm?2. Figure 17 shows the experimental setup. A 5-W LED lamp
(Power Stand-X1) and the neutral density filter (Kenko ND) was used for the varying
illuminance condition instead of solar irradiance. A PV cell was attached on the Peltier
module for the varying temperature condition. The specifications of the PV cell (AM-1815)
were Voc =49V, Vyppp = 3.0V, and Is¢c = 47 pA under the condition of 200 Ix and 25 °C.
Under the experimental conditions, the specifications were Vpoc = 4.16 V, Vypp =3.50V,
and Igc = 40 pA, respectively.

R [ e
S eadp

.

PV cell and

Test chip and Peltier module

PCB circuit

Figure 17. Experimental setup for the proposed FOCV MPPT.

Figure 18 shows the measured I-V curves and the a valuesat 25 °C and 65 °C. As the
temperature varied from 25 °C to 65 °C, not only did V¢ and Vypp change, from 4.20 V
to 3.40 V and from 3.50 V to 2.30 V, respectively, but a also changes significantly from 0.84
to 0.69, a 17.86% difference.
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Figure 18. Measured I-V curves and « of PV cell under various temperature: (a) 25 °C, (b) 65 °C.
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The measured MPP tracking waveforms and the operating voltages (Vpy, Vampp, Puax,
and Ppy pwy) are shown in Figure 19. In Figure 19, the operating points of the PV cell
track the MPP according to the proposed FOCV MPPT algorithm.
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Figure 19. Measured power tracking waveforms with the proposed FOCV MPPT under 25 °C.

Figure 20 shows the measured varying P-V characteristics and « of the PV cell under
various temperature conditions, from 25 °C to 65 °C. Even in the single PV cell, « varied
significantly depending on temperature variation from 0.85 to 0.69. Comparison of the
energy loss caused by wrong a between the conventional FOCV and the proposed FOCV
MPPT with the refreshing frequency fj for 13 h under varying temperature conditions
is shown in Figures 21 and 22. Each temperature daily profile was measured at Death
Valley, California, USA on 30 April, 2021 [34] (Scenario I), and Seoul, South Korea on
30 July 2021 [35] (Scenario II), respectively. According to Figure 21, the energy loss of
the conventional FOCV and the proposed FOCV MPPT were 441.12 mWs and 0.25 mWs,
respectively while the temperature varied from 25 °C at 06:00 to 42 °C at 18:00. The energy
loss by the proposed FOCV decreased by 99.94% of that of the conventional FOCV per
hour. In Figure 22, the energy loss of the conventional and the proposed FOCV are 521.71
mWs and 0.36 mWs, respectively; the proposed FOCV reduced the energy loss by 99.93%
compared the conventional FOCV.

70 ‘ : : 0.95
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P —=—135°
B 50 I _9_450
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5] —%—65°
% 30+
20t
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0 ‘ ‘ ‘ 0.8 ‘ ‘ ‘ ‘
0 1 2 3 4 0 20 40 60 80 100
Voltage (V) Temp. (°C)
(@) (b)

Figure 20. Experimental results for (a) power versus voltage characteristics a PV cell and (b) « under
various temperatures: 25, 35, 45, 55, and 65 °C.
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Figure 21. Calculated energy loss based on experimental results in Figure 20 for the conventional
and the proposed FOCV MPPTs with the daily temperature profile at Death Valley on 30 April 2021
(Scenario I).
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Figure 22. Calculated energy loss based on experimental results in Figure 20 for the conventional and
the proposed FOCV MPPTs with the daily temperature profile at Seoul, South Korea on 30 July 2021
(Scenario II).

Figure 23 shows the measured varying P-V characteristics and « of the PV cell under
varying illuminance conditions, from the normalized illuminance 1 to 1/16. Each illumi-
nance step is quantized by the distance and the neutral-density filter and normalized by
the Illuminance-1 that was measured under a 0.3-m distance between the PV cell and the
LED lamp. As shown in Figure 23b, « varies significantly from 0.69 to 0.79 depending on
illuminance. Figure 24 illustrates comparison of the energy loss between the conventional
and the proposed FOCV with the refreshing frequency, fy, under varying illuminance
over 13 h (Scenario III). In Figure 24, the energy loss caused by the conventional and the
proposed FOCYV are 585.58 mWs and 0.35 mWs, respectively. According to Figure 23, the
energy loss by the proposed FOCV decreased by 99.94% of that of the conventional FOCV.
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Figure 23. Measured (a) power versus voltage characteristics and (b) « of a PV cell under various
normalized illuminance.
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Figure 24. Calculated energy loss for the conventional and the proposed FOCV MPPTs under varying
normalized illuminance (Scenario III).

Figure 25 compares energy losses of a PV cell and the proposed FOCV MPPT according
to refreshing frequency under three scenarios. In Figure 25a, the energy loss in a PV cell
depends on the refreshing frequency of &, where refreshing frequencies are normalized
by fo. The energy dissipation of the proposed control is proportional to the refreshing
frequency. The energy loss reaches to almost zero when the refreshing frequency is higher
than or equal to one. The total energy loss of the system, including a PV cell and the MPPT
control, is the sum of the energy loss and the dissipated chip energy. Figure 25b indicates
that the total energy loss of the proposed system can be minimized when the refreshing
frequency is one.
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Figure 25. Proposed FOCV MPPT according to refreshing frequency under three scenarios. (a) energy loss and the dissipated
chip energy, (b) total energy loss (the sum of energy loss and dissipated chip energy).

6. Conclusions

In this paper, an intermittent FOCV MPPT using an I-V curve tracer is proposed as
a solution for energy loss caused by the mismatch of « due to varying environmental
conditions like temperature and illuminance. To minimize energy loss, the proposed FOCV
MPPT system is designed to dynamically scan the I-V curve of a PV cell to detect the
GMPP, not the local MPP, and intermittently reset the MPP for varying environmental
conditions. The proposed FOCV MPPT system sets « in 8-bit resolution. As the chip
power consumption is relatively small compared to the PV cell rated power, the proposed
FOCV MPPT system with a refreshing frequency higher than the environmental change
substantially reduces the energy loss, by up to 99.9% as compared to a conventional FOCV,
based on daily environmental conditions.
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