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Abstract: Energy harvesting (EH) sources require the tracking of their maximum power point (MPP)
to ensure that maximum energy is captured. This tracking process, performed by an MPP tracker
(MPPT), is performed by periodically measuring the EH transducer’s output at a given sampling rate.
The harvested power as a function of the sampling parameters has been analyzed in a few works, but
the power gain achieved with respect to the case of a much slower sampling rate than the EH source’s
frequency has not been assessed so far. In this work, simple expressions are obtained that predict this
gain assuming a Thévenin equivalent for the EH transducer. It is shown that the power gain depends
on the relationship between the square of AC to DC open circuit voltage of the EH transducer. On
the other hand, it is proven that harvested power increases, using a suitable constant signal for the
MPP voltage instead of tracking the MPP at a low sampling rate. Experimental results confirmed the
theoretical predictions. First, a function generator with a series resistor of 1 k() was used, emulating
a generic Thévenin equivalent EH. Three waveform types were used (sinus, square, and triangular)
with a DC voltage of 2.5 V and AC rms voltage of 0.83 V. A commercial MPPT with a fixed sampling
rate of 3 Hz was used and the frequency of the waveforms was changed from 50 mHz to 50 Hz, thus
effectively emulating different sampling rates. Experimental power gains of 11.1%, 20.7%, and 7.43%
were, respectively, achieved for the sinus, square, and triangular waves, mainly agreeing with the
theoretical predicted ones. Then, experimental tests were carried out with a wave energy converter
(WEC) embedded into a drifter and attached to a linear shaker, with a sinus excitation frequency of
2 Hz and peak-to-peak amplitude of 0.4 g, in order to emulate the drifter’s movement under a sea
environment. The WEC provided a sinus-like waveform. In this case, another commercial MPPT
with a sampling period of 16 s was used for generating a slow sampling rate, whereas a custom MPPT
with a sampling rate of 60 Hz was used for generating a high sampling rate. A power gain around
20% was achieved in this case, also agreeing with the predicted gain.

Keywords: energy harvesting; maximum power point tracking (MPPT); power gain; power management
unit; wireless sensor

1. Introduction

Wireless sensors are key components of the Internet of Things [1]. They are com-
monly powered by primary batteries although energy harvesting (EH) has proven to be
a reasonable alternative. Batteries have a simple design but their energy is limited [2].
Contrariwise, energy harvesters provide unlimited energy, reducing the maintenance and
associated costs of battery-powered wireless sensors at the expense of a more complex
design. Mainly, a power management unit (PMU) is required to adapt the random nature
of the EH transducer to a constant and clean output and to control the mismatch of energy
between the transducer and the wireless sensor.

One key block of PMUs is the maximum power point tracking (MPPT) module [3], which
aims to extract maximum power from the EH transducer. It consists of a power converter and
a tracking algorithm. The power converter mainly consists of a DC-DC converter, but, for AC
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signals, e.g., those coming from mechanical or radiofrequency transducers, a previous AC-DC
rectifier is required. The tracking algorithm provides the reference required to fix the output
voltage of the EH transducer (or that of the rectifier) at its maximum power point (MPP).

Two widespread MPPT algorithms are the fractional open circuit voltage (FOCV) and
the perturb and observe (P&O). The FOCV is based on the ratio (k) between the MPP voltage
(vmpp) and the open circuit voltage (OCV) of the EH transducer, e.g., 0.5 for thermoelectrical
generators and between 0.7 and 0.8 for solar cells. FOCV methods are usually implemented
by periodically opening the EH transducer for a short sampling time (tsamp), measuring its
OCYV, and fixing the new vppp. This technique is simple but the true MPP is not ensured.
Contrariwise, the P&O performs the periodic measurement of the EH transducer’s output
power. The true MPP is achieved at the cost of increased complexity. Anyhow, a periodic
measurement at a given sampling period (Ts) is required in these and other methods. Its
inverse (fs = 1/Ts) is defined as the MPPT sampling rate.

The sampling rate must be high enough to follow the fluctuation of the EH source to
continuously place the EH transducer at its MPP. Light and thermal sources are usually
slowly varying. On the other hand, mechanical sources, e.g., vibrations, can have relatively
fast fluctuations. For example, refs. [4,5] present a wind energy harvester (WEH) and a
wave energy converter (WEC), respectively, each with the OCV oscillating at around 1.8 Hz.
WECs are commonly used to expand the autonomy of free-floating monitoring buoys (e.g.,
drifters) and many of them have been recently reported. Reference [6] describes an electro-
magnetic converter that captures energy from the relative motion between a drogue and a
drifter, achieving tens of milliwatts of average power in a simulation test. Reference [7]
presents an electromagnetic-based swing body that achieved power peaks of 0.13 W under
real waves of 0.8 m height. A small-sized, pendulum-type, and electromagnetic-based WEC
was reported in [8], harvesting energy from a 20 cm diameter drifter, achieving an average
useful power of 0.2 mW. These studies show the potential of electromagnetic converters
as a promising approach to generate energy from ocean waves, as long as the MPP of its
oscillating output is tracked fast enough.

Most of the commercial MPPT-based integrated circuits (ICs) use techniques based
on the simple FOCV method, with a T of several seconds, so not appropriate for these
fast-varying EH sources. As an example, the BQ25504/5 (Texas Instruments) and the
ADP5091/2 (Analog Devices) are two of the most widely used ICs. Their DC-DC converters
are very efficient (>80%) and work in a wide range of powers (from uW to mW) from low
input voltages (<100 mV). However, T is fixed to 16 s, which is too slow for fast-varying
EH sources. Conversely, there are several academic proposals where the sampling rate is
high enough. References [9,10] use the FOCV method for PV sources, reporting T values
of 100 ms and 3.33 ms, respectively. Reference [11] examines a vibrational EH source that
employs a piezoelectric device, with the PMU refreshing the FOCV-MPPT after the PZT
voltage rectification step with Ts = 1 s. In [12], a boost converter is used to harvest energy
from PV cells using the FOCV method with very low input voltages and Ts = 150 ms.
Reference [13] presents a FOCV technique with an adaptative sampling period that can
be reduced down to 4 ms. Other fast-tracking MPPT methods have also been reported, as
presented in [14], where the P&O method has been used for PV sources to feed wireless
sensor nodes.

Nevertheless, few works have analyzed the harvested power in function of the sam-
pling parameters. In [15], the sampling parameters are optimized for the FOCV and the
P&O methods to maximize the power harvested from resonant piezoelectric vibration
harvesters (RPVH) after an AC-DC bridge rectification step. Expressions are provided
and experimentally validated for a 153.6 Hz sinusoidal acceleration whose amplitude is
modulated by a 50 s period saw-tooth waveform with acceleration ranging from 0.75 g to
1.25 g. For the FOCV method, an optimum T of 16.7 s with a tgamp of 0.3 s is the result.
An approximate analytical expression is provided in [16] for the harvested power with
the FOCV method, considering a sinusoidal waveform for the EH transducer. It is shown
that for negligible sampling times, the larger the sampling rate, the larger the harvested
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power, and that 99% of the maximum power can be obtained with a sampling rate just
15 times that of the EH transducer’s frequency. On the other hand, the same as in [15], a
trade-off exists for non-negligible sampling times resulting in an optimum sampling rate.
Experimental tests made with a WEC under simulated sea condition were also performed.

Nonetheless, to the best of our knowledge, no work in the literature theoretically
estimates the power gain achieved by sampling at high rates with respect to the case of
low sampling rates. For this, it is necessary to tackle both the favorable case when f5 is
much higher than the EH source frequency (f,), i.e., fs >> f, (high sampling rate), as well
as the unfavorable case when f << f, (low sampling rate) and thus the harvested power
decreases. This paper provides in both cases simple expressions for the harvested power of
time-varying EH sources, assuming they can be modelled as a Thévenin equivalent, and
the corresponding power gain. On the other hand, it is demonstrated that more power
can be harvested by setting a suitable constant value for vypp instead of tracking the MPP
at a low sampling rate. Experimental results corroborate the analytical findings. First, a
function generator (FG) was used to emulate a generic Thévenin equivalent EH transducer.
Then, an actual WEC attached to a linear shaker provided more realistic results.

2. Theoretical Analysis

The proposed analysis derives the harvested power from EH transducers, both for high
and low sampling rates, with respect to the frequency of the EH transducer signal (fs/fo),
and the corresponding power gain that can be achieved. The analysis is circumscribed to
EH transducers that can be modelled as a Thévenin (or Norton) equivalent circuit. This is
the case, for example, of thermoelectric transducers and DC electrical generators as in [17]
and [8], respectively, but also of radiofrequency [18] and resonant piezoelectric vibration
energy harvesters [19] when including the AC-DC rectifier.

Figure 1 shows the Thévenin equivalent circuit of the energy transducer, where vt is
the Thévenin voltage (OCV), Rt is the Thévenin resistance, and v, and i, are the output
voltage and current, respectively. It is well known that the output power, p, = v, X5, can
achieve a maximum value whenever the equivalent resistance connected to the output
terminals is equal to R, or equivalently when v, = vyppp = v1/2 [20]. In this case, p, is
given by

pmpp = v7 /4Rt 1)

Figure 1. Thévenin equivalent circuit and parameters.

EH source variations will translate to variations in vt. So, vT can be expressed as
vT(t) = Vi + UaC(t) )

where V4. and v, are the DC (average) and AC (time-varying) components of v. Sub-
stituting Equation (2) into Equation (1) and performing the time average, we obtain the
average of pypp
— Vi +Vi
Pyppr = pwpp (F) = —4 = = Py (1 + “2) ®)
4Rt

where Vs is the rms voltage of v, Pyc = VC%C/ 4Rt and & = Vims/ Vge. Vg can take
positive and negative values whereas Vs only takes positive values. So, « can take any
positive or negative value, becoming infinite for V4. = 0. For the particular case in which v,
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is a sinus, triangular, or square signal, Vims is Vp/ V2, Vp/ V3, or Vp, respectively, where
V} is the peak voltage of v,.

To fix the MPP, an MPPT algorithm must be used, e.g., FOCV or P&O, that periodically
samples vt (every Ts). Figure 2 shows an illustrative example where vt is represented
as a sinus with positive offset and period T, (=1/f,). Additionally, the corresponding
ompp (=vr/2), together with the resulting v, for high (Ts << T,,) and low sampling rates
(Ts >>T,), is also shown. As can be seen in both cases, v, is fixed to v\ppp; = v1;/2 each T
(the subindex i indicates the sampling number), whereas vt keeps varying.

E S

Voltage

Time

Figure 2. Sinusoidal-shape, time-varying vt signal and the corresponding vypp (=v7/2) together
with the resulting v, for two sampling rates: Ts << T, (blue solid line) and Ts >> T, (red dashed line).

The result in Equation (3) is achieved for the case of high sampling rates. In [16], it is
shown that 99% of the maximum power is achieved for fs = 15f,. For any waveform type,
Equation (3) is achieved whenever fs >> fomax, With fomax being the maximum frequency
component of vac. On the other hand, for low sampling rates and assuming for the sake of
simplicity that T is an integer multiple of T, the average of pypp within T will be

_ 1
pmpp,i(t) = T / ompp,i (01(t) — vmppi) / Rt = vmpp,i(Vae — ompp,i) /Rt 4)
S

Ts

This expression is valid for any vt periodic signal. The value of Equation (4) depends
on the sampled value vypp;. Zero values are achieved for vypp; equal to 0 or V4. (vr; equal
to 0 or 2V4.) and even negative values surpassing these limits, whenever the excursion
range of vt allows it. Differentiating Equation (4) with respect to vyipp; and equating it to
zero, we obtain vypp; = V4. /2 (v = V4c), for which the power is maximum and equal to

pmpp,i(t) = Pyc ®)

Yet, this maximum value is lower than Equation (3) since the sampled value is held
constant and not is following the pace of vr.

In a realistic scenario, Ts will not be a multiple of T, and vypp; will take values within
the full range of vr/2. In the long term, all the instants within a period T, where the
measurements every T are performed, are equiprobable. Thus, the overall average of pypp
can be obtained performing the time average of Equation (4), resulting in

t t VT(VdC_%) Py (1 —a? 6

pMPP()_pMPP,z()—T— dc( —04) (6)
where vppp; has been substituted by v1/2, and vt is given by (2). The result of (6) can be
extrapolated to any waveform type as long as fs << fomin, Where fonin is the minimum
frequency component of Uy.
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As can be seen, Equation (3) is higher than Equation (6). This means that using low
sampling rates decreases the harvested power. In fact, for x > 1, Equation (6) becomes
negative, which means that the EH transducer, on average, would drain the power instead
of producing it. The value of Equation (5) is also higher than Equation (6). So, whenever
the sampling rate cannot be conveniently increased, a better strategy is to fix vppp to V4. /2
to achieve Equation (5). Moreover, Equation (4) is also higher than Equation (6) whenever

(Vdc - Vrms)/2 < UMPP,i < (Vdc + Vrms)/2 (7)

However, the knowledge of V4. (and Vms) requires a previous characterization of
the EH source and transducer. To assess the benefit of increasing the sampling rate, a nor-
malized power gain factor (Gp) is defined as the difference between Equations (3) and (6)
divided by Py,

Gp = PMPPHP— PvppL _ 5 2 (®)
dc

The value of P4, can also be obtained as the average of Pyppry and Pyppr. Whenever
vt is a purely DC signal, i.e., Vims and thus « are zero, Equations (3) and (6) are equal to P4,
and Gp = 0, so that no power gain is achieved by operating at high sampling rates. When

la| is increasing, Gp increases too, and thus using high sampling rates makes sense. The
larger the |a |, the larger the power gain. An infinite value of |« | and Gy, is achieved for
V4c =0, i.e., for vt with no DC value because P4. becomes zero.

3. Materials and Methods

Two setups and tests were used and performed to validate the analytical findings. First,
an FG was used to emulate a generic Thévenin equivalent EH transducer. Then, an actual
WEC attached to a linear shaker emulated a drifter’s movement under a sea environment.

3.1. Test with a Function Generator

Figure 3 shows the experimental setup of the first test used to prove the formulation of
Section 2. The EH transducer was emulated with a function generator, FG (33210A, Agilent;
output impedance of 50 Q) in series with a resistor of 1 k() (Rg), and thus Rt = 1,05 kQ.
As for the MPPT, the evaluation board of the AEM30940 PMU chip (e-peas) was used. It
implements the FOCV technique with Ts = 0.33 s (fs = 3 Hz) and tsamp = 5.12 ms. The value
of k was set to 0.5. A power analyzer, PA (WT310, Yokogawa), was placed between the FG
and the MPPT to measure the input power. The PA was programmed with an integration
time of 100 s, accounting for 300 samples of the MPPT (300T5). The PMU output (BATT
pin) was connected to a source measure unit, SMU (B2901A, Agilent), fixed at 3.9 V.

I——————‘

FG [ W“"‘I_fcm PMU SMU
2. MPPT
33210A PA w310 AEM30940 B2901A

Energy

transducer

Figure 3. Experimental setup for the test with the function generator.
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The MPPT only accepts positive values of v, and iy, and therefore of p,. Thus, v was
set positive and its minimum value (0Urmin) Was set higher than the maximum value of
UMmpP;i (UMPPmax) to keep i, positive. Hence, the following inequality must be satisfied for
periodic signals:

UTmin = Vdc - Vp > UMPPmax — ? = Vp < Vdc /3 (9)

Accordingly, the FG was programed with V4. =2.5V and V}, =0.83 V (a = 0.236). Three
waveforms types were used: sinus, square, and triangular. Thus, we have Py, = 1.488 mW
and for the sine/square/triangular waveforms: Pyppy = 1.571/1.653/1.543 mW from
Equation (3), Ppppr = 1.405/1.323/1.433 mW from Equation (6), and Gp =111 /22.2/7.41%
from Equation (8). Frequency f, was swept over 3 decades from 50 mHz (T, = 20 s) to 50 Hz
(To =20 ms) in a sequence 1-2-5-10. The resulting fs/f, ranged from 0.06 (low sampling
rate) to 60 (high sampling rate).

3.2. Test with a WEC

In [16], experimental tests were carried out with a WEC embedded into a drifter and
attached to a linear shaker (APS 129), with an excitation frequency of 2 Hz (f,), in order
to emulate the drifter’s movement under a sea environment (Section V.C of [16]). A block
schematic and a picture of the experimental setup are shown in Figures 4 and 5, respectively.
The electrical model for the WEC matches that of Figure 1. The WEC was attached to the
shaker’s moving platform with the device’s pendulum aligned to the movement axis.
The shaker’s acceleration was set with a sinus wave of frequency 2 Hz and peak-to-peak
amplitude of 0.4 g, similar to that reported in [5] from a drifter under sea-wave excitation.
The WEC’s output was connected to the PMU. Two MPPT systems were used, both using
a FOCV method. First, the commercial ADP5092 IC with a low sampling rate (config.
R: fs =1/16 Hz = f,/32) was used. Second, a custom PMU using the ADP5092 IC with
additional low-power sampling circuitry to drastically increase the sampling rate with
respect to config. R. (config. C: fs = 60 Hz = 30f,) was used. A Li-ion rechargable battery
of 165 mAh and 3.7 V was placed as a load at the PMU’s output. An oscilloscope (Lecroy
Wavesurfer 3024) was used to measure both v, and i, (this last one also using a shunt
resistor and a current sense amplier as described in [16]). From these parameters, input
power to the PMU can be estimated. The data obtained in [16] were used here with further
processing to validate the equations presented here for high and slow MPPT sampling rates.

- PMU
Tﬂ N MPPT BAIj[lon

Lecroy 3024 Conf.C/R 165mAh / 3.7V

Figure 4. Scheme of the experimental setup for the WEC test.
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Oscilloscope
PMU ol =L

BAT

Linear Shaker

Figure 5. Picture of the experimental setup for the WEC test.

4. Results and Discussions
4.1. Test with a Function Generator

Figures 6 and 7 show, for the sine waveform, oscilloscope screen captures of v, (in
orange) and at the output of the FG (in green) for f, = 0.1 Hz and f, = 10 Hz, respectively.
The output of the FG nearly provides vr. In both cases, the sampling process happens
every 0.33 s approximately, as previewed, where v, instantly rises to v and then settles
to the updated value (vr/2). For f, = 0.1 Hz (fs/f, = 30), v, nearly follows vt/2, whereas
for fo =10 Hz (fs/f, = 0.3), v, cannot keep the pace of vr.

DS0: 20128, MYSZ 16447 Tha fug 13 18:44.57 2021
S00%/ 00w/ 00s 1.000s/ Stop c 240V

“& Agilent
"‘ 1 4 ha\ Bcquisition &

Mormal

Py, 2 50kSa/s

Channels

Ts

A -
»

d
-

Figure 6. Oscilloscope screen capture for the sine waveform when f, = 0.1 Hz. CH1: v,—500 mV /div,
CH2: v1—500 mV /div, and time base 1 s/div.

Table 1 shows f,, fs/fo and the experimental results of p, for the three waveform
types. As can be seen, p, approaches the predicted values both for high (fs/f, >> 1) and
low sampling rates. Experimental values are slightly lower, which can be justified by
the non-negligible value of tsamp with respect to Ts (1.55%) during which no energy is
harvested [16]. In between, a minimum is found around fs/f, = 1.5. The experimental
values of Gp are obtained from Equation (8) using the power values of the first row as
Pyvppr and those of the last row as Pyppr. Pge was calculated from the average of these
two values. The resulting values are G, = 11.1/20.7/7.43%, thus mainly agreeing with
the theoretical ones. Larger values of G, could be achieved by increasing V}, and thus
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«. However, as stated in Section 3.1, this was not implemented by the limitations of the
MPPT chip.

[0 20128, MEYSZ1644 T Th Aug 19 184242 2021

a00=y 2 S00%/ 0.0z 100.0%¢ stop £ 240V
5 Agilent
nﬁ j'lﬁll jlﬁ'i Ir.l.ﬁ.!.l Iﬂ j!nu_ll h‘ lln'!l rlhA rlh'_ | Apquisition |
Ir § D I I | | 1|; { f 1 i J III | l'rl Hormal
. | I A | ' L | LI | I R 75 OkSads
i i

Channels

¥ Flr

(R R

VgL }
|I

Figure 7. Oscilloscope screen capture for the sine waveform when f,, = 10 Hz. CH1: v,—500 mV /div,
CH2: v1—500 mV /div, and time base 100 ms/div.

Table 1. Experimental values for the test with a function generator.

F, (Hz) fslfo Sinus p, (mW) Square p, (mW) Triangle po (mW)
50 0.06 1.385 1.314 1.412
20 0.15 1.386 1.310 1.412
10 0.3 1.395 1.327 1.418
5 0.6 1.374 1.294 1.406
2 15 1.357 1.267 1.395
1 3 1.454 1.417 1.457
0.5 6 1.520 1.527 1.501
0.2 15 1.543 1.589 1.517
0.1 30 1.546 1.609 1.520

0.05 60 1.547 1.617 1.521

4.2. Test with a WEC

Figure 8 shows the measured v, for the WEC test using configurations C (fast MPPT)
and R (slow MPPT). For the fast MPPT, an acquisition window of 5 s was used, whereas for
the slow MPPT, it was set to 200 s. For the slow MPPT, v, increases to vt every Ts =16 s
during tsamp = 256 ms. In the fast MPPT, the voltage is nearly sinusoidal and corresponds
to V1 /2. In this case, v, does not rise to V1 on each sample, as usual, which is a particularity
of config. C [16]. From these last data, we can process the values of V4. and Vims, which
are 2.006 V and 0.616 V, respectively. Thus, from Equation (3), Ppmppy = 8.67 mW, and from
Equation (6), Ppppr, = 7.17 mW. These values nearly match those experimentally measured
in [16] with the fast and slow MPPT systems, 8.66 mW and 6.93 mW, respectively. The
corresponding theoretical and experimental values of G, are 18.9% and 22.2%, respectively.
S0, a good match is also achieved with an actual EH transducer.
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v, V]

Fast MPPT - [ f, =30 f]
T

0.5 1 1.5 2 25 3 3.5 4 4.5 5
Slow MPPT - [ f, = f,/32]

- :

20 40 60 80 100 120 140 160 180 200
Time (s)

Figure 8. Measured v, for the WEC test. (Top): fast MPPT (config. C). (Bottom): slow MPPT (config. R).

5. Conclusions

This work shows that by increasing the sampling rate of MPPTs, more power can be
extracted from the energy transducers. In particular, the sampling rate should be quite a
lot higher, e.g., at least 15-30 times, than the frequency of the EH source. Contrariwise,
sampling at low rates, lower than the frequency of the EH source, is detrimental. A
normalized power gain factor has been defined resulting in a simple analytical expression,
which depends on the relationship of the square of the AC to DC voltage of the EH source,
which is assumed as an equivalent Thévenin circuit. Experimental results have confirmed
the theoretical predictions. A generic Thévenin equivalent EH source has been emulated
using an FG programmed with sinusoidal, square, and triangular waveform types. The DC
voltage was set to 2.5 V and the AC RMS voltage to 0.83 V in all cases. A commercial MPPT
system with a sampling rate of 3 Hz has been used to measure the power gains achieved
by varying the frequency of the FG across three decades, from 50 mHz to 50 Hz. The power
gains obtained have been 11.1%, 20.7%, and 7.43% for sinusoidal, square, and triangular
waves, respectively, which are in agreement with theoretical predictions. Additionally,
experimental tests have been conducted with a WEC embedded into a drifter and attached
to a linear shaker, mimicking the drifter’s movement under a sea environment, with an
excitation frequency of 2 Hz and a peak-to-peak amplitude of 0.4 g. The WEC provides a
sinus-like wave. A commercial MPPT with a sampling period of 16 s has been used to fix
a low sampling rate, whereas a custom MPPT with a sampling rate of 60 Hz generates a
high sampling rate. This results in a power gain of around 20%. Therefore, the expressions
presented in this study provide a useful tool for predicting the power gain that can be
achieved by choosing an appropriate sampling rate for the MPPT system. This can help to
optimize the performances of MPPT systems in future studies.
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