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Abstract—The Fractional Open-Circuit Voltage (FOCYV) based
Maximum Power Point Tracking (MPPT) method, typically used
in low power energy harvesting circuits, is not truly dynamic
and wastes harvestable energy in each MPPT cycle. Commercial-
off-the-shelf (COTS) energy harvesting chips offer provision for
externally setting the MPPT reference using more accurate and
dynamic algorithms like Perturb-and-Observe (P&O), Incremen-
tal Conductance (INC) etc., but this can come at the cost of
increased power consumption and sensing complexity. To address
this issue, a simple low power implementation of the P& O method
in an energy harvesting wireless sensor node (WSN) is presented
in this paper. With only two additional analog load switches
(SOT23 package), and no extra current or voltage sensor, the
proposed method achieves dynamic MPPT with a power overhead
of only eight microwatts.

[. INTRODUCTION

On-board harvesting of ambient energy (light, heat, vi-
bration, radio frequency signals etc.) complemented with
a rechargeable energy storage (battery, supercapacitor etc.)
has proven to be a competitive alternative to a traditional
non-rechargeable-battery for powering wireless sensor nodes
(WSN), by increasing their operating lifetime [1], [2]. For a
given load power, the combined size of the energy harvester
(EH) and rechargeable energy storage is minimised if maxi-
mum energy harvesting is ensured from the harvesters.

The maximum power point (MPP) of a source occurs where
the product of their terminal voltage and output current is max-
imum. Energy harvesters like photovoltaic (PV) cells, thermo-
electric generators (TEG) etc. are high output impedance
sources. The method of extracting maximum power from such
sources is called impedance matching or maximum power
point tracking (MPPT). This is achieved with an active power-
electronic circuit which dynamically controls the loading on
the harvester to track its MPP. Depending on the environment
parameters like temperature, irradiance etc., the MPP of a
harvester may vary in a wide range. The MPPT method must
be able to track this varying point efficiently.

Popular MPPT algorithms like Perturb-and-Observe (P&O)
[3] and Incremental Conductance (INC) [4] use the sensed val-
ues of voltage and current of the harvester to compute its MPP.
The analogue power management integrated circuits (PMICs)
normally used in low power energy harvesting applications
are not capable of doing such rather complex computation.

Accurate sensing of harvester output current, which is often
of the order of only microamperes, is another complexity to
be addressed when implementing P&O and INC algorithms.

A simpler MPPT method, commonly found in many low
power Commercial-off-the-shelf (COTS) energy harvesting
PMIC:s, is the use of a constant voltage reference derived from
the I-V characteristics of the harvester in its nominal operating
condition. For example, in the LTC3105 [5], The MPP voltage
is determined by

Vaep = Rypp x 107° n

where Rypp is an external resistor. It is obvious that with
the change of the harvester cell parameters due to external
influence, this method may result in an operating point which
is far away from the MPP. A better variant of this constant-
voltage-reference approach, called the fractional open-circuit
voltage (FOCV) method, is taken in many other PMICs [6]—
[8], where the MPP voltage is determined by

Vmpp = EVoc. 2)

Here, k is a fraction set by a resistive divider and Voc
is the open-circuit voltage of the harvester. The value of k
is usually set to 0.8 for PV cells and 0.5 for TEGs with
the assumption that their MPP voltages are typically at about
80% and 50% of their open circuit voltages, respectively [9],
[10]. In this method, the power drawn from the harvester is
momentarily interrupted and the open-circuit voltage of the
harvester is measured. The circuit then resumes operation
with the harvester terminal voltage regulated at kVpc. This
is repeated in every MPPT cycle. While this technique is
simple to implement and therefore suited for extreme low
power harvesters (microwatts) where computational resources
are limited, it wastes some harvestable energy during periodic
Voc sampling. This waste should, in theory, be avoidable as
the harvester power increases (milliwatts and above) and more
computational resource is available.

The FOCV method is also limited to the assumption of
a fixed k value which, in reality, may change with varying
operating conditions. For example, the choice of k¥ = 0.8 is
based on the standard test conditions (STC) of 1000 W/m?
(one sun) of irradiance at an ambient temperature of 25°C.
However, in practice, PV cell MPP voltage can vary in the



range 60% to 90% [11], [12] of the open-circuit voltage
depending on the irradiance level and temperature, with the
temperature effect being more pronounced.

To maximise the energy extracted from the harvester, a
dynamic MPPT algorithm is desirable. Many COTS energy
harvesting chips provide the option to externally set Vimpp
from a microcontroller unit (MCU) using accurate dynamic
algorithms like P&O or INC. However, the additional sensing
requirement and the increased power consumption for main-
taining a continuous MPP reference make this option less
attractive.

This paper proposes a solution to this problem with an
innovative and simple low power implementation of the P&O
algorithm for an energy harvesting WSN. The on-board MCU,
which is an integral part of a WSN (to drive the radio and read
the sensor data), is used for the MPP computations. However,
unlike the standard P&O implementation, the proposed method
does not require sensing of the harvester voltage and current.
Instead, it uses only the internal voltage sensor of the MCU
to periodically sense the PMIC output voltage. Using this
voltage, the average output power of the harvester is estimated
and used in the P&O algorithm. No energy is wasted as the
periodic sampling of harvester open-circuit voltage is avoided.
The power overhead for implementing the proposed method
is only a few microwatts.

II. SYSTEM DESCRIPTION
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Fig. 1. Functional block diagram of the WSN with the proposed implemen-
tation of MPPT.

A simplified functional block diagram of the system is
shown in Fig. 1. It is a standalone energy harvesting wireless
sensor node comprising an energy harvester (EH), a power
management integrated circuit (PMIC), a buck regulator, a
rechargeable energy storage (supercapacitor), a microcon-
troller (MCU), a transceiver (radio), and an array of sensors.
The radio and the sensors together are considered as the system
load. In many cases, the buck regulator and the radio are
integrated within the PMIC [7] and the MCU [13] respectively.

The PMIC boosts the input voltage Viy into an unregu-
lated output voltage Vour with a resistor-programmable upper
bound Vputov. A bulk storage capacitor Coyr is connected

to Vour to accumulate enough energy to support the primary
load of the system i.e. periodic sensing and radio transmission.
Any excess energy from Coyr is then passed on to the buck
regulator which generates a regulated output voltage Vorec
which charges the supercapacitor. The body diode of the
buck MOSFET helps to support the system load from the
charged supercapacitor in the absence of input power from
the harvester.

The OUT_OK signal from the PMIC indicates the state
of Vour. It goes high when Vpyr surpasses Vogy during the
charging of Couyr, and goes low when Voyr falls below Vokr
during the discharging of Coyr. The values of Voky and Vokr,
are resistor-programmable. The logic OR and the logic AND
gates shown in Fig. 1 helps the PMIC and the MCU in the
overall operation and energy management of the system. This
has been explained in detail in our previous work [14].

The FOCV MPPT [6]-[8] is implemented by periodically
turning off the PMIC and then sampling the open-circuit
voltage of the harvester. A fixed fraction (determined by the
resistive divider) of this open-circuit voltage is used as the
MPP reference voltage Vypp and held in the capacitor Crgr
during the period between two such sampling events. The
PMIC, while on, simply tracks Vypp to regulate its input
voltage at the MPP.

To implement the proposed MCU-assisted MPPT method,
we have introduced only two extra components — an SPDT
switch S; and an SPST switch Sy. Switch Sy is used for
changing over from FOCV MPPT to MCU-assisted MPPT,
and vice versa. Note that in MCU-assisted MPPT we dis-
able the periodic sampling of the harvester open-circuit volt-
age (thus prevent wastage of harvestable energy), which is
achieved by pulling up the FOCV pin to Vgyr in our system
(see Fig. 1). Switch S5 prevents the slow discharge of Crgr
into the DAC_OUT pin of the MCU, after Crgr has been
charged to Vypp. A high value resistance Rrpr (=10 MXQ) is
used in series with CRgr to limit its charging current.

As common with low power WSN applications we make
extensive use of the low power modes (LPM) [15], [16]
of the MCU, where the central processing unit (CPU) and
the individual peripherals can be turned-off selectively to
minimize energy consumption when the MCU is sleeping. The
roles of the general purpose input/output (GPIO) pins shown
in Fig. 1 are summarised below.

e« MCU_ON: is OR-ed with OUT_OK to keep the MCU
on when Vokr > Vour > Veemin. Here, Veemin is the
minimum supply voltage required for the MCU, which is
typically 1.8 V. The MCU can be turned off only when
both OUT_OK and MCU_ON goes low.

¢ BUCK_ON: is AND-ed with OUT_OK to ensure that
the Buck regulator is disabled when Vokr > Vour >
Veewmn, even if BUCK_ON is high. This prevents the
sudden turn-off of the MCU during the trickle-charging
cycles of the rechargeable storage (supercapacitor) on the
buck regulator output bus (Vo rec)-

e LOAD_ON: controls the switch S; which is used for
turning on/off the load (i.e. the radio and the sensors).



e MPP_SEL: controls the switch S; which is used for
selection of MPPT mode between FOCV (MPP_SEL =
0) and MCU-assisted (MPP_SEL = 1).

o DAC_CONN: controls the switch S5 which is used for
making or breaking the connection between Rrgr and the
DAC_OUT pin.

III. PROPOSED IMPLEMENTATION OF MPPT
A. Workflow in the System
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Fig. 2. Tlustration of slow buildup of output voltages showing the transition
from FOCV MPPT to the proposed MCU-assisted MPPT method. The time
axis is not to scale..

Fig. 2 shows an illustration of the voltage build-up in the
unregulated and the regulated output buses for our example
case discussed later in section V. Note that the numeric values
of different voltage levels in Fig. 2 are specific to this study,
but the proposed method can be adopted to any other similar
application as long as the following relation is satisfied.

Voreg > Voku > VokL > VeoMin. 3)

The major steps of the algorithm are described below.

1) The PMIC starts up in cold-start mode where all of
its features are disabled except an auxiliary unregulated
hysteretic boost converter whose only function is to
charge up Coyr to a minimum voltage required to power
up the main boost converter [6].

2) The cold-start circuit is disabled when the main boost
circuit is powered up. The output capacitor Coyr iS now
charged by the main boost converter using FOCV MPPT
method.

3) When the OUT_OK signal goes high for the first time
(with Vour = Voku = 3 V at t4 in Flg 2), the MCU
is turned on, and it sets its MCU_ON signal high. Note
that V¢ becomes equal to Vour after the turn-on of the
MCU.

4) The MCU then goes to sleep (i.e. low power mode) for
t1 s. After waking up, the MCU checks if Voe > Vi ggg-
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Fig. 3. Flowchart of proposed implementation of MPPT.

If not, it goes back to sleep again for ¢; s. This keeps on
repeating until Ve becomes greater than V{§pgg, when
the MCU enters the infinite loop.

The infinite loop starts by ensuring Voe > Voki-
Since sensing and transmitting is the first priority of
the system, the LOAD_ON signal is set high so that
the radio and the sensors can perform their tasks. The
LOAD_ON switch is pulled low when this is done.

If Ve is still more than Vg, after the radio transmis-
sion, the buck regulator is enabled by setting BUCK_ON
signal high to charge the rechargeable energy storage
(supercapacitor), and the MCU goes to sleep for ¢ s.
The buck regulator is disabled when either Vpyr falls
below Vokr, or the MCU pulls the BUCK_ON signal
low after waking up. This is taken care of by the logic
AND operation between OUT_OK and BUCK_ON sig-
nals. The supercapacitor is thus trickle-charged in each



iteration.

7) At this point if Vec < Vgggg, the MPP_SEL signal
is set high to enable the MCU assisted MPPT method,
as described in the next subsection. However, if Ve >
Voreg» it is decided that the supercapacitor has been
fully charged up to its target voltage Virpg and the
MPP_SEL signal is pulled low to fall back to the FOCV
MPPT mode.

8) Finally, the MCU goes into another sleep period for t5
s before going back to the next sense and transmit event
(step 5).

Fig. 3 shows the flowchart of the proposed algorithm. It is easy
to see that the system prioritises sense and transmit operation,
and can continue to support it with energy from only the
supercapacitor storage in the absence of harvester energy (e.g.
at night for a PV-based WSN) until the supercapacitor voltage
falls below Voki..

B. MCU-assisted MPPT

After the sense and transmit step (step 5) and the super-
capacitor trickle-charge step (step 6) have been completed,
the input energy from the harvester only charges the output
capacitor Coyr. Assuming the quiescent currents and leakage
currents of various parts of the system as constant and negli-
gible, the average input power is estimated as

1"
Pn=— Cour(V)V.dV “4)
nts Jv,

where V; and V5 are the sensed values of V¢ (and therefore
of Vour) using MCU internal voltage sensor with a fixed
time interval ¢3 between the two sensing events, and 7) is the
nominal efficiency of the PMIC. Note that the value of Coyr
is a function of its dc bias voltage [17] since it is typically a
class II (X7R, X5R etc.) ceramic capacitor. This function is
estimated from the datasheet of the capacitor using a linear
fit, as shown later in (6) for our example system.

The changes in input power and input reference voltage with
respect to their previous iteration values are now calculated as

AP = BN — PinoLp-
AV = Vmpp — VMPPOLD-

Using AP and AV from above equation a basic P&O
algorithm is implemented [3] and the value of Vypp is updated.

To charge Cggr to the updated Vjpp voltage, the DAC
module of the MCU is enabled and the DAC_CONN signal is
set high so that the DAC_OUT pin is connected to Rgrgp. The
DAC_OUT pin is now held at Vypp for ¢4 s to complete the
charging of Crgr. Once completed, the DAC_CONN signal is
pulled low and the DAC module is disabled to save power.

Note that the switch S5, which is connected between the
DAC_OUT pin and Rggr and controlled by the DAC_CONN
signal (see Fig. 1), is critical for this application to keep Vapp
steady for the duration between MPPT cycles, which is usually
more than 10 s. The MCU pins typically have a leakage current
of 50 nA even in their high-impedance state (tri-state). If the

DAC_OUT pin is directly connected to Rggr, this leakage
current can discharge Crgr (usually a few tens of nanofarads)
within fraction of a second. The switch S5 realised by a load
switch with sub-nanoampere leakage current in its off-state
(e.g. TPS22860) holds Wpp at a steady value for several tens
of seconds.

IV. DESIGN ASPECTS
A. Output Capacitance

In the energy budget of the system, the sensing and radio
transmission has the first priority, then any extra energy is used
for charging the supercapacitor. Clearly, Coyr has to be large
enough to sustain at least one sense and transmission cycle
[14], and therefore, is calculated as

Cour = Iroantroan/(Voku — Vokr) 5)

where t1 oap is the combined duration of the sense and transmit
events, and I pap is the average current consumed by the load
during tLOAD-

For example, in our experiment described in the next
section, we need a load current of 20 mA for a pulse duration
of 40 ms. According to (5), for a Vg, and Vpgy of 2.6 V and
3 V respectively, we need at least 2 mF of Coyr to drive this
load. Ceramic capacitors are generally preferred as Cour in
low power WSN applications as they have very low leakage
current. However, among the commercially available ceramic
capacitors rated for voltage above 3 V, the highest capacitance
value we could find is with the AMK432BJ477MM capacitor,
rated as 470 uF, 4 V. Also, the effective value of capacitance
of the class II ceramic capacitor (X7R, X5R etc.) drops
drastically with the increase of dc bias [17]. We have used
10 numbers of AMK432BJ477MM capacitors in parallel. A
simple linear fit of its dc bias characteristics from the datasheet
is

Cour(Vx) = (—771Vx + 5194) x 107°. (6)

Equation (6) is used for calculating the effective value of
COUT in (4)

B. Sleeping Times

As shown in Fig. 3, the MCU goes to sleep mode (LPM) at
various stages of the workflow for various amounts of times.
Most of their values (¢, o, t3, t5) are application specific and
depend on available energy, load power requirement, period of
load pulse etc.

Time t4 is calculated based on the time constant of the RC
network formed by Rggr and Crgr. To give enough margin,
we chose t4 as twice this time constant in our design:

t4 = 2 X RrprCREF- (N
The period of the load pulse is given by
T =ty+ts+ta+ts. ®)

Note from Fig. 3 that 7' remains the same irrespective of
whether the system is in FOCV MPPT mode or MCU-assisted
MPPT mode. For better MPPT accuracy, we could split 3



into multiple parts and/or eliminate ¢5 completely in order to
have multiple MPP update cycles within one load pulse period.
However, we must trade any gains against the increased energy
consumption that will result.

As an example, the values used in the experimental valida-
tion of this work are t1 = 18, to =15, t3 = 10 s, t4 = 200
ms, and t5 = 4.8 s.

C. Harvester Capacity

A minimum average power required from the harvester can
be calculated for the bare minimum function of the system,
which is to sustain the periodic sense and transmit cycle. For a
known input voltage Vin, the minimum average input current
required from the harvester can be found as

Ivvin = Tourmin(Voku + Vokw) / (20Vin) )
with

Ioutmin = Cour(Voru — Vokr)/T' (10)

For a meaningful implementation of the proposed MPPT
method, we must avoid reaching the over-voltage limit Voyrov
on the output capacitor during the fixed time interval t3
between the two sensing of V¢ events. Therefore, for a known
input voltage Vi, the maximum average input current required
from the harvester can be found as

Ivmax = Toutmax (Vourov + Voke)/(2nVin) (11)
with

Ioutmax = Cour(Vourov — Vokw)/t3 (12)
V. VALIDATION

A. Example System

VO,REG
(supercap)

PMIC (BQ25504)

Buck regulator
(TPS62736)

Microcontroller
(MSP430F4270)

Fig. 4. Experimental setup of the proposed system.

An experimental setup as shown in Fig. 4 was built to
validate the proposed concept with a 1 cm? PV cell (KXOB22-
04X3F) used as the energy harvester. The setup uses BQ25504
[6] as the PMIC, TPS62737 as the buck regulator, and
MSP430F4270 [15] as the MCU, all from Texas Instruments.
The pulsed load of sense and transmit (i.e. sensor and radio
respectively in Fig. 1) is emulated by a simple LED in series

with a resistor after the load switch S;. This is done to
keep the system simple and focus on the MPPT part without
loss of generality. A 0.33 F supercapacitor is chosen as the
rechargeable storage.

The list of important components used in the experimental
setup is presented in Table I. An effort was made to choose the
components with the lowest quiescent and leakage currents.

TABLE I
LIST OF IMPORTANT COMPONENTS

Component Part number

PMIC BQ25504

Buck regulator TPS62737

MCU MSP430F4270

AND gate 2 x TPS22860 in series
OR gate 2 x TPS22860 in parallel
Sa, S3, Sa (SPST switch)  TPS22860

S1 (SPDT switch) TMUX1119

10 x AMK432BJ477MM in parallel
SCMR14L334SSBBO0 (0.33 F supercapacitor)

Cour
Rechargeable storage

B. Experimental Results

Fig. 5 shows the key waveforms of operation with the con-
vergence of MPPT and the slow charging of the supercapacitor.
The FOCV MPPT which is an inbuilt feature of the BQ25504
PMIC is visible briefly in Fig. 5, and with more details in
Fig. 6. Two notable load events (sense & transmit, and buck
regulator ON) are captured in Fig. 7.
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Fig. 5. Key experimental waveforms showing different stages of MPPT and
slow charging of the supercapacitor.

A fixed step size of 50 mV is used for the P&O algorithm,
which can be smaller or variable for better tracking. Also, the
initial guess of the input voltage reference is chosen arbitrarily
as 0.5 V. In practice, with prior knowledge of the harvester
cell type (e.g. PV cell or TEG etc.) and rating, one can
choose this initial guess more precisely to expedite the MPPT
convergence.

C. Power Overhead

Table II lists the energy required to implement the proposed
MPPT method [15]. Since the cycle repeats every 16 s the
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Fig. 7. Important events at each load cycle (zoomed).

average power required = 8.6 x 10 nJ /16s ~ 5 uW. Added
to that is the continuous power loss of about 3 V x 1 pA
= 3 uW due to the leakage/quiescent currents (assumed as 1
pA) in the additional MPPT circuitry (S, S2). Therefore, a
total of 8 W of power overhead is needed to implement the
proposed MPPT method. In comparison, the BQ25504 has a
preset 256 ms FOCV sampling period that is repeated every
16 s [18], which means it wastes 500 uW x 0.256/16 = 8
uW of power for harvesting energy from a cell with 500 uW
average power.

In this example, the proposed method and the FOCV method

TABLE I
ENERGY REQUIRED TO IMPLEMENT MCU-ASSISTED MPPT

Task Time Energy required

Sense Voyr twice and calculate Vypp 95ms 3V x 0.3mA x 95ms
=8.5x10* nJ

Charge Crer (=10 nF) to Vmpp (=1 V, say) 5 ms 0.5 x 10nF x (1\/)2
=5n]

DAC module active 5 ms 3V x 0.06mA x 5ms
=750 nJ

have similar effective power consumption figures. The pro-
posed method will produce a net energy gain if the harvester
average power is larger than 500 uW, and/or if the MPP of
the harvester is not well represented by a fixed open-circuit
voltage.

VI. CONCLUSIONS

A COTS component-based dynamic MPPT method for low
power energy harvesting WSN applications is demonstrated
in this paper. With minimum extra components and less than
10 uW power overhead, the proposed method overcomes the
shortcomings of FOCV method in the low-milliwatt power
realm and does not require additional current and voltage
sensors. The analysis and experimental demonstration indicate
the speed and accuracy of MPPT can be traded against power
consumption by adjusting the step size and the frequency of
the MPPT cycle.
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