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Abstract—This paper describes a new maximum-power-point-
tracking (MPPT) method focused on low-power (< 1 W) pho-
tovoltaic (PV) panels. The static and dynamic performance is
theoretically analyzed, and design criteria are provided. A pro-
totype was implemented with a 500-mW PV panel, a commer-
cial boost converter, and low-power components for the MPPT
controller. Laboratory measurements were performed to assess
the effectiveness of the proposed method. Tracking efficiency was
higher than 99.6 %. The overall efficiency was higher than 92 % for
a PV panel power higher than 100 mW. This is, in part, feasible
due to the low power consumption of the MPPT controller, which
was kept lower than 350 «W. The time response of the tracking
circuit was tested to be around 1 s. Field measurements showed
energy gains higher than 10.3% with respect to a direct-coupled
solution for an ambient temperature of 26 °C. Higher gains are
expected for lower temperatures.

Index Terms—Energy harvesting, maximum power point track-
ing (MPPT), solar cells, wireless sensor networks (WSNs).

I. INTRODUCTION

OW-POWER devices mainly use either primary or sec-

ondary (rechargeable) batteries. Primary batteries are
cheaper and are suitable whenever they survive the life cycle
of the device. On the other hand, secondary batteries are
used in mobile devices that must often be recharged from the
mains, such as, for example, mobile phones. However, in some
devices, such as the nodes of wireless sensor networks (WSNs),
this solution is not practical. Energy harvesting constitutes a
feasible alternative and has been proposed in order to power
autonomous nodes using optical [1], [2], mechanical [3], or
thermal energy [4] or even a combination of them [5]. Among
the ambient sources, optical (or solar) energy provides high
power density, principally outdoors.

In order to extract the maximum power from a photovoltaic
(PV) panel, several maximum-power-point-tracking (MPPT)
methods have been proposed and used for high-power systems
[6]. Their application to low-power PV panels (< 1 W) has just
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Fig. 1. PFM technique for a boost regulator at light loads.

recently been proposed [7]-[10] and poses new challenges to
achieve a net power gain. In contrast to high-power applica-
tions, the power consumption of the MPPT control circuit can
contribute significantly to the final power efficiency. This paper
proposes and implements a new MPPT method that is partic-
ularly suitable for these low-power source levels. The method
does not require complex operations and can be implemented
with low-power components.

II. BACKGROUND
A. Energy Harvesting

The autonomous nodes of a WSN are composed of sensing,
processing, and communication stages. Power consumption
usually ranges from tens of milliwatts when fully active to
units of microwatts in sleep mode. When the power is pro-
vided by the environment [11], a transducer, e.g., a PV panel,
converts ambient energy into electrical energy, with a given
efficiency. For perpetual operation, the harvested power must
be higher, in average, than the consumed power of the node. An
energy storage unit, e.g., a rechargeable battery, must account
for the variability of the ambient energy. Finally, an energy-
conditioning block matches the transducer to the storage unit.

B. DC/DC Conversion and PFM Control

Direct-coupled solutions use a single diode to connect the PV
panel to the storage unit. More elaborated designs use instead
a dc/dc converter in order to work at the maximum power

0278-0046/$26.00 © 2010 IEEE
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Fig. 2.

point (MPP: Inpp, Vaypp) and then increase the harvested
energy [12].

Switching converters are the most energy-efficient dc/dc reg-
ulators, and plenty of commercial off-the-shelf (COTS) compo-
nents are available. Pulse frequency modulation (PFM) control
techniques, which are based on a hysteresis control of the output
voltage, are used to achieve a low power consumption of the
converter and then a high efficiency with light loads [13]. Fig. 1
shows a schematic of a PEM boost regulator, together with
the temporal evolution of the output voltage (v, ), the inductor
current (i1,), and the control signal of the internal switch Mj.
Switches M; and M5 are off until v,, falls below a low threshold
value (Vier — V1,). Then, the switches alternately activate in
order to transfer electrical charge from the input to the output
until v, reaches a high threshold value (Vief + Virpr), restarting
the process. For light loads, the inactive period increases,
which maintains a low overall power consumption and a high
efficiency.

We propose to use the same PFM technique, using COTS
components, in the energy-conditioning block of solar energy
harvesters (Fig. 2). Now, an input capacitor (Cj,) is connected
in parallel with the PV panel, and an external hysteresis com-
parator is placed between the panel and the feedback (FB)
terminal of the dc/dc converter. First, during a time Tiparge,
switches M; and Mj are off, and the current of the PV panel
(is) charges Ci, until the voltage of the PV panel (vs) reaches
Um + Vru. Then, Vip toggles, and the converter switches My
and M, alternately activate, during a time 7jyjsch, in order to
transfer charge from Cj, to the output until v, decreases to
Um — V1, restarting the process. The voltage operating point
of the PV panel is determined by v,,. To reach the MPP, v,
must be obtained from an MPPT controller.

PFM technique applied to the energy-conditioning block of solar energy harvesters.

In Figs. 1 and 2, a boost converter has been shown for
illustration, but the same concepts can be applied to buck or
buck—boost converters.

C. Low-Power MPPT Methods

An MPPT controller that is suitable for low-power PV panels
must have low power consumption. Then, low computation
complexity and low-power components are preferred.

One of the simplest MPPT methods is the fractional open-
circuit voltage (FOCV), which exploits the nearly linear re-
lationship between the PV panel open-circuit voltage (Voc)
and its voltage at the MPP (Viypp) under varying irradiance
and temperature levels. However, this result is based on obser-
vations and must be empirically determined for each specific
type of PV panel [14]. V¢ is either measured periodically by
momentarily opening the output of the PV panel, as that in [9],
or by using a pilot cell (an additional PV panel of the same type
in an OCV configuration), as that in [8].

A more elaborated method is the perturb and observe (P&Q)
method, as that in [7]. The basic idea is to slightly perturb
the operating voltage of the PV panel and see how the power
changes. If the power increases, the perturbation should be
kept in the same direction; otherwise, it should be reversed.
To compute power, current and voltage measurements must be
usually performed. Overall, a true MPPT is achieved at the
expense of increasing the circuit complexity and the power
consumption with respect to the FOCV method.

Recently, a new low-complexity technique has been pro-
posed [15]. However, the method has only been tested in a
(relatively high power) 55-W PV panel and presents a poor
tracking efficiency for low-power irradiation levels.
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Fig. 3. Observation and hysteresis windows of the proposed MPPT method.

III. PROPOSED MPPT METHOD
A. Theoretical Approach

A true MPPT method must measure the generated power of
the PV panel and find and follow its maximal value. Here, we
propose to use the circuit described in Fig. 2 in combination
with a new proposed MPPT technique well suited for low-
power PV panels. In order to achieve the MPP, the method nulls
the difference of the panel average power in two consecutive
time intervals (17 and T5) within Ty,,0c. As Fig. 3 shows, T}
and T5 correspond to the lower and upper halves, respectively,
of an observation voltage window (whose gap is 2V},) centered
on the operating voltage v,,. As can be seen, the minimum
voltage of the observation window is slightly higher than the
minimum voltage of the hysteresis window to let the devices
used in the MPPT controller (see Section I1I-B) to overcome the
transient response produced by the fast discharge of C},,. On the
other hand, the upper limits of the hysteresis and observation
windows match. For the sake of simplicity, we will assume
in the rest of this paper that both windows match and that
Tcharge ~ Tl + T2~

Referring to Fig. 3, the period of vy is given by

Tcycle = Lcharge + Taisch- (D

As the converter is inactive during Tcharge, the output power
of the PV panel (Fs) is equal to the incoming power at Ciy;
then,

Py = vgis = USCin%. 2)
The average power results in
to+T vs(to+T)
P, = % / Pt = O / vsdus 3)

to vs(to)

where tg and T are an arbitrary time instant and a time interval
within Tparee, Tespectively. Applying (3) into the calculation
of the average power during 7% and 7% results in

VUm

- Cin Cith Vh
P, = dp, = GV (W
LT / U@ = Ty (” 2 )

Vm—Vh
Vh
m - . 4
<v + 2) @

Um+Vh

vedvg = Cin Vi
15 T
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Fig. 4. Evaluation of the operating point (vm) with respect to the MPP
(Vmpp)-

From (4), the power difference is

Ci n ‘/h
15Ty

L Vi
AP;=Pg — Ps1 = (’Um(Tl_TQ)_‘_;(Tl +T2)>-

®)

The sign of (5) will indicate the position of the operating
voltage vy, with respect to Vrpp. Fig. 4 shows the characteristic
power profile versus the operating voltage of a generic PV
panel (P-V curve) and illustrates this concept. As can be seen,
whenever (5) is positive, v, < Vypp and should be increased.
On the other hand, whenever (5) is negative, vy, > Vyipp and
should be decreased. The sign of (5) depends exclusively on the
term within the parentheses. This term will be defined as L(vy, )

L(Um) = Um(Tl — Tg) + %(Tl + TQ) (6)

An equilibrium point vy, oq Will be achieved when AP,=
0,1i.e.,

Vi
L(Um,cq) = Um,cq(Tl - TZ) + %(Tl + TQ) =0 (7)

resulting in Um,eq = Vaep if Vi < Vipp.

B. Implementation

To implement the MPPT control law, we propose to calculate
U, as the iterative sum of L(v,,) in each new cycle

/ v (i)t — / v (i)t

I (7) 0

+ / %-dt (8)

T4 (4)+T2(4)

where vy, (n) is sampled at the end of each Teharges TINT 18
an integral constant, and n is the cycle number. As can be
seen, the multiplication operations in (6) have been replaced
by integral operators. This equivalence is based on the fact that
Vh is a constant and that the sampled vy, has a constant value
during 7T and T5. Moreover, in contrast to other methods, the
measurement of the current is not required. The value of v,,, will
increase whenever vy, (n) < Viypp and will decrease whenever
Um(n) > Vapp, thus tending to vy, oq ~ Vaipp.

Fig. 5 shows the schematic diagram of the implemented
MPPT circuit. Comparator CMP5 toggles SW, at the instant
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Fig. 5. Simplified schematic of the energy conditioner with the proposed MPPT control circuit.
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Fig. 6. Expected temporal evolution of vy, vs, and vinT, for the case in which v, < Vipp.

time vy crosses vy,. Hysteresis comparator CMP3 activates the
converter during Tgyisch. This same comparator, together with
CMP,, enables SW5 and selects terminal 1 of SW; during 7T}
and T5. The output signals of SW; and SW5 are added and
integrated, and the resulting output vy is sampled at the end
of Tiharge, providing a new value of v,,. Fig. 6 shows the
expected temporal evolution of v, v, and vinT, for the case in
which vy, < Vrpp. As can be seen, vy, is updated at the end of
Ttharge and increases toward Vyrpp. The state of SW; and SW5
during a whole cycle is also shown.

IV. ANALYSIS

In order to achieve an optimum design, the static and dy-
namic MPPT performance will be theoretically analyzed. Static

performance will be assessed by the overall power efficiency,
which can be split up into three terms

©)

where nyppr = (Ps(Vm,eq)/Pripp)s Nav = (Ps/Ps(Um,eq)), and
Ne = (Pout/Ps); Pupp and Ps(vy oq) are the PV power at the
MPP and at vy, cq, respectively; Ps and Py, are the average po-
wer at the input and output of the dc/dc converter, respectively.
On the other hand, the dynamic performance will be assessed by
the time constant of v,,, modeled as a first-order time function.

T = NMMPPT * Nav * Tlc

A. Efficiency of the MPPT Algorithm (nppT)

The goal of the proposed MPPT controller is to achieve
high tracking efficiency with low power consumption. The
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Fig. 7. Definition of the time intervals when the propagation delays of the
comparators are taken into account.

propagation delays of the comparators CMP;-CMPj3 (Fig. 5)
will affect the tracking efficiency. This is of particular relevance
due to the design tradeoff between the power consumption and
the propagation delay of COTS comparators. In the following,
we analyze how these delays affect the tracking efficiency.

Fig. 7 shows the observation window considering the propa-
gation delays t,q41, tpd2, and t,q3 introduced by CMP, CMP»,
and CMPs, respectively.

The relationship between the different time intervals is
given by

T int =T win — tpd1 + tpd2

T5int =15 win — tpd2 + tpas- (10)

T win and T iy are the ideal interval times defined by the
observation window and provide the actual AP through (5).
T ,ine and T ;¢ are the integration times of the MPPT circuit
in Fig. 5 and determine vy, ¢4 through (7). Therefore, due to the
propagation delays, APs(vm eq) Will not be zero, and conse-
quently, vy oq Will not reach the MPP at the equilibrium point,
worsening the tracking efficiency. Even so, we still assume that
the equilibrium point will be near the MPP.

Substituting T} and T5 in (7) by 77 jn¢ and 75 ;,¢ and using
(10), we obtain

Um,eq ((Tl,win _tpdl +tpd2) - (TZ,Win _tpd2 +tpd3))

Vi
+ 7 ((Tl,win *tpdl +tpd2) + (T2,win *tde +tpd3)) =0.

(11)
Then, substituting T} and 75 in (5) by T win and T5 yiy, using
(11), and considering V}, < ¥y cq, We Obtain
C’invrh

AP(Vmeq) =~ TG
,wind 2,win

Um,eq (tpdl - 2tde + tpd3) .
12)

We can then relate the slope of the P-V curve at the equilib-
rium point with the propagation delays by

dP;, N AP,
dvs |, Vi | vm.eq
ed Vi <VmPpPP
tpdl — 2tpaz + tpas
~ P 1 13
T V2 mppIvpp  (13)
where we considered vy, oq = Vpp and
Ten CinVa

Tl,win ~ T2,win ~ SUES ' (14)

2 Iupp
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On the other hand, we can approximate P around Vjipp by a
second-order Taylor polynomial

L d*P;

~ 2
Py(vs) = Pupp + 2 de y (vs — Vapp)”© - (15)
MPP
Derivating (15), we obtain
dPs/dvs|,
s — Wi = == 16
B M dQPS/dUSh/MPP ( )

Then, substituting (15) at vs = Vi, ¢q in Nvppr and using (13)
and (16), we obtain

MPPT

~1+ (tpdl —2lpa2+tpas IMPP) 2 2 d2P5|
Cin Vi Vh Pupp dv? |VMPP )

a7)

Notice that the second derivative of Pj is negative and then
nvpept < 1. The tracking efficiency will tend to the unity with
low and matched propagation delays and with higher values
of V4. A higher value of the product Cj,V}, also increases
the tracking efficiency. This seems obvious from (14) since
Tharge increases and then the relative error contributed by the
propagation delays diminishes.

The adaptation of the method for high-power applications
would require the selection of higher values of Cj, V4, to main-
tain a high tracking accuracy. An alternative is to use faster
comparators that, obviously, will increase the power consump-
tion of the MPPT controller.

B. Averaging Efficiency (ay)
The proposed MPPT method implies that P, fluctuates

around Ps(vmeq) and, as a consequence, Pg < Ps(vUm,eq)
whenever vy, oq = Vapp. From (3) and (4)

o3 1 Tlﬁsl +T2?32 2C(in'Um eq‘/h
Py=— Pydt ~ = : 18
T / T +T5 T +T5 (18)
Teyele
and from (2), assuming that vy, oq ~ VmpPp,
Vmpp +Va C
T+ Ty = dr = ﬁ;m& (19)
T1+T> Vampp—Va °

Using (15) and (19) in (18) and considering Ps(vm eq) =
Pyipp, we arrive at
1 1

- d*P,
Mo = 6 PMPP deQ

V2. (20)

Vmpp

Then, a larger value of V4, diminishes 7,, because of the
larger variations of Py around Ps(vp eq)-
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C. Efficiency of the Circuit (1)

Considering the average circuit losses (Pr), the average
output power is given by
Pout = ﬁs - PL 2n
where Py, accounts for the power losses of the dc/dc converter
(PL,conv) and the MPPT control circuit (P L MPPT)-
On the one hand, Py, conv can be expressed as

P conv-o TC arge P ACOHV'OHT iSC
L, 4L charge + LL, disch 22)

ﬁ =
L,conv Tcycle
where  Pr, conv-on and P conv-on are the power losses
when the converter is active (Tgiscn) and inactive (Tcharge)s
respectively.
On the other hand, P, mppt can be expressed as [16]

Ppappr = PrvppT-de + (23)

Tcycle

where Pr, vppr-dc accounts for the static power losses and
the remaining term, where K is a constant, accounts for the
increased switching activity of the MPPT controller as Ttycle
decreases.

Considering that the power balance in the input capacitor
during a whole cycle can be expressed as

Pdischiz—‘disch = ?sTcycle (24)

where Pgisc is the average power transferred from the capaci-
tor to the converter during Tyisch, and using (18) and (21)—(23),
we get

e~ Pr, conv-oft + PL MPPT-dc
Al — —
P.

PL,conv-on - PL,conv-oH

+ K(l _Ps/Pdisch)>.

Pisch 2 Vappr(Cin Vi)

(25)

For low P, values, the contribution of the power losses
of the MPPT control circuit (P, yppr) and the converter
(PL conv-oft) becomes significant. Otherwise, for high Py val-
ues, the efficiency of the converter (F L7conv_on) becomes dom-
inant. On the other hand, for a given P, 1. increases for larger
values of the product Cy, V4.

D. Dynamic Performance

The dynamic response of v, can be described by a time
continuous function if T¢yce is short enough. Then,

dvm _ vm(n+1) —vn(n)
W - Tcycle . (26)
From (5) and (8), we obtain
vm(n+ 1) — v(n) = 20 Ti(0) AR Wm(m) - )

7-INTC(in ‘/h

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 57, NO. 9, SEPTEMBER 2010

which, using (14) and (18), can be rewritten as

Tcharge (n)
27INT

Aips (Vm (n))
Py (vm(n))

~ Tcharge th i dPs
27—INT m PS d’l)s

Um(n+1) —vy(n) =

(28)
Substituting (28) into (26), we obtain
dvy, Vi 1 dP;
dvm h . ( ) (29)
dt 27_INT (]- +Tdisch/Tchargc) Ps dvs Vi

The lowest slope of P will be in the neighborhood of the MPP,
so we can assume that the interval of time required to reach the
MPP is mainly due to the dynamic response in this region. In the
neighborhood of the MPP, this dynamic can be approximated by
a first-order Taylor polynomial around Vypp

dvy, 1
W ~ ; : (VMPP - Um)

(30)
Where, if Tcharge > Tdischs
1 d?P,
T A —2TINT Vi Vapp P d 5 - (GD
MPP QU5 |y iop

Note that T¢yc1e does not appear in (31), and so, it will not
determine the dynamic of v,,,. Nevertheless, Tyl determines
the time discretizaton of vy, (see Fig. 6). Therefore, in order to
keep Teycle short enough, it is required that Teparge << 7.

V. SELECTION OF PARAMETERS

This section describes the selection methodology of Cj,,
Vi, and 7inT to reach maximum efficiency (nT) with a given
dynamic response. Specifically, we have selected 7 = 1 s.

For the calculus, PV-power-related parameters, such as the
second derivative of P, and Pypp, were estimated from the
experimental PV curve of the solar panel (see Section VII).

The proposed MPPT method will be tested for a given range
of the PV panel power and the corresponding Iypp. From
Section VI, Inipp min = 3.7 mA, and Inipp, max = 141.4 mA.

A. First Step: Selection of Cy, Vi,

From (14) and imposing Teharge < 7/10, we get

Inpp minT/10

CinVh < = 185 puC. (32)

Because 7y increases for a higher Cj, V4, we will select a
value near the upper bound. We selected specifically Ci, Vi, =
100 pC. On the other hand, (32) denotes the tradeoff between
the speed of the dynamic response and the overall efficiency.

The lower is the selected 7, the lower will be C;,V}, and the
resulting 7.
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B. Second Step: Selection of V},

Once the product C;, V;, is fixed, we observe that 7. does not
depend on the value of V4. On the other hand, nyppT increases
with an increase of Vj,, and 7,, decreases with an increase of
Vi Therefore, the maximum of the product nyppT « May Will
lead to an optimum value of V},. Fig. 8 shows these efficiencies
in the worst case scenario and shows the existence of a max-
imum around 100 mV. Therefore, we selected V3, = 100 mV.
For (17), considering the information provided in the datasheets
of the comparators, we used t,q1 — 2tpd2 + tpaz = S ps.

C. Third Step: Determination of Ci, and TiNT

From the previous selected values, we obtain C;, = 1 mF.
Finally, from (31), we obtain 7ixT = 88 ms.

VI. MATERIALS AND METHODS

A prototype of the proposed energy conditioner was im-
plemented in order to be tested with a 500-mW (I =
160 mA, Voc = 4.6 V) PV panel (MSX-005, Solarex). The
energy-conditioning circuit (Fig. 5) was implemented with
COTS components. For the dc/dc conversion, we used a
MAX1675 boost converter (PFM control with a current
limit of 0.5 A), a 22-yH inductor, and a low-equivalent-
series-resistance (ESR) 1-mF tantalum input capacitor (Ciy).
LTC1440 and LTC1441 comparators were used to implement
CMP;, CMPs, and CMPs3. They provide low power (2.1 pA)
with a propagation delay of 12 us. Low-power op amps, such as
the OPA2369 and the MAX9910, were used to obtain the limits
of the observation window and to amplify the input voltage
vs. An OPA23609, together with the analog switch TS5A2066,
was used to implement the low-power sample-and-hold. The
overall control circuit was powered from the output of the boost
converter.

Laboratory measurements were performed to assess the static
and dynamic performance of the proposed energy conditioner.
In order to achieve reproducible results, the PV panel and the
battery in Fig. 5 were substituted by a PV array simulator and
a voltage source, respectively. As commercial PV simulators
are not suitable for the intended low power (<1 W), we
implemented an ad hoc solution connecting a current source
(GS610, Yokogawa) in parallel with the PV panel, which was
coated with an opaque cover. In this way, the short-circuit
current () of the PV panel was adjusted by the current source.

First, the PV simulator was characterized. Experimental /-
curves were obtained by changing the current source from 5 to
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158 mA in 9-mA steps. For each current value, the PV output
voltage was biased from 0.1 to 5 V with the voltage source.
The output voltages and currents of the PV simulator were
measured, and power values were calculated. To obtain the
I-V and P-V curves, we used a cubic spline interpolation.
A curve joining all the MPPs was also generated. Therefore,
a correspondence was established between each generated I
and the resulting Pyipp. The limit values for Pypp (and Inpp)
were 8.2 mW (3.7 mA) and 545.9 mW (141.4 mA).

The generated P-V curves were used to determine the
performance of the circuit prototype. Efficiencies were obtained
against the whole range of Pypp and for different output
voltages. First, nyippT Was calculated by comparing the actual
PV panel power Ps(vm,eq) With Pypp for each generated I
of the current source. Ps(vm cq) Was estimated by measuring
the average PV panel voltage and obtaining the corresponding
power from the experimental P—V curve. Then, the overall effi-
ciency nt was calculated by dividing the average output power
(Pout) by Puypp. Pous Was estimated from the measurement
of the average output voltage and current. A low-ESR 100-mF
supercapacitor was added at the output of the circuit in order
to obtain a quasi-dc output current and then achieve a proper
measurement of the power efficiency [17]. Finally, the dynamic
performance of the MPPT method was assessed by program-
ming step current changes with the current source and recording
the resulting signals with an oscilloscope.

Field measurements were also carried out to compare the
proposed solution with a direct-coupled solution. This one
used a low-turn-on-voltage Schottky diode (BAT47) to improve
its efficiency. In order to avoid differences in using two PV
panels, both circuits were connected alternatively through a
reed relay to a single 500-mW PV panel. Once the PV panel
was connected to any of the two circuits, a 30-s delay interval
lets the circuit reach the steady state before starting to record
the power during 1 min. The MPPT circuit had three AA NiMH
batteries connected in series at its output, which assured that the
output voltage of the boost converter was always higher than
Vapp for any irradiance level. On the other hand, the direct-
coupled circuit had two AA NiMH batteries connected in series
at its output, in order to work near the MPP.

VII. EXPERIMENTAL RESULTS
A. Laboratory Measurements

Fig. 9 shows a set of measured /-V curves and the corre-
sponding P-V curves of the PV simulator at 24 °C. The same
graph also represents a curve joining the MPPs. As can be seen,
Vapp increases for higher Iy, values.

Fig. 10 shows how the measured power consumption (at 5 V)
of the MPPT control circuit increases with the input PV power.
Higher PV power means a larger I. and then a lower T¢ycle.
Therefore, the experimental results agreed with (23).

Fig. 11 shows nyppr. As can be seen, nyppr > 99.6% for
the whole power range, which states the effectiveness of the
proposed MPPT method and agrees with the corresponding
graph in Fig. 8 for 1}, = 100 mV. Minor deviations can be
observed when changing the output voltage from 5 to 4 V.
On the other hand, 7,, was estimated from (20) to be higher
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than 99.8%. This value, together with the value of nyppr,
states that n, shown in Fig. 12, is mainly due to 7. (not
represented). These results agreed with (25), which includes the
power consumption of the MPPT control circuit and the dc/dc
converter.
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Fig. 14. MPPT startup process when Pyipp was changed from O to 8.2 mW.

Fig. 13 shows the dynamic response of vy, to step changes
of the programmed Pypp value. The time constant (7) was
around 1 s, as stated in Section V.

Fig. 14 shows the startup transient of viNT, v, and v when
Pypp was changed from 0 to 8.2 mW. For this test, the input
capacitor (Cy,) was discharged, and the circuitry was powered
from the circuit output voltage (5 V) some seconds prior to the
zero time value of the graph. The power change was produced
around ¢t =~ 1 s. As can be seen, v,, and v fast catch vinT,
which is initially settled to an internal 1.2-V reference value.
Then, the circuit behaves as a first-order system, and vy, tends
to the corresponding Vjrpp value. The graph inset shows with
more detail the temporal evolution of the three represented
signals.

B. Field Measurements

Fig. 15 shows the power delivered to the batteries during
one sunny day for both the proposed MPPT circuit and the
direct-coupled solution. The maximum ambient temperature
and irradiance over a horizontal surface were 26 °C and
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800 W/m?, respectively. The sudden increase of the incoming
power around 14:30 indicates the incidence of the direct sun
over the PV panel. The results show that the total energy
collected by the MPPT circuit was 10.3% higher, even though
the measured efficiency for the direct-coupled circuit was close
to 85% at high-irradiance conditions.

As can be seen in the inset in Fig. 15, even at low-irradiance
conditions, from 8:00 to 14:30, the power delivered by the
proposed MPPT circuit was higher or equal to the power
delivered by the direct-coupled solution. First, the MPPT circuit
started to charge its batteries before the direct-coupled circuit.
This circuit could not charge the batteries until the open-circuit
voltage of the PV panel (OCVpy ) was higher than its battery
voltage (/2.4 V), whereas the MPPT-based circuit could start
to charge from a lower OCVpy, corresponding to the startup
voltage of the MAX1675 (1.1 V). As the irradiance increased,
the operating point of the PV panel for the direct-coupled
circuit approached to its MPP. As a consequence, its efficiency
increased to a similar value to that of the MPPT circuit from
9:30 to 13:00, which is mainly limited by the power loss of
the diode. Later, the efficiency of the MPPT rose up as the PV
power increased (Fig. 12), delivering again a higher power to
the batteries than the direct-coupled circuit.

We also verified that the MPPT circuit outperformed the
direct-coupled solution for other weather conditions, e.g.,
cloudy days.

The MPP voltage of the PV panel increases for a decrease
in temperature (—16 mV/°C). Therefore, it is expected that,
with cold weather, e.g., in winter, the efficiency of the direct-
coupled solution will decrease, whereas the MPPT circuit will
still maintain a high efficiency. Then, higher energy gains are
expected.

VIII. CONCLUSION

A new MPPT method that is suitable for low-power PV
panels has been proposed and tested. The MPPT controller
is used as an external control loop of a PFM dc/dc converter
placed between the PV panel and the load. In contrast to other
true MPPT controllers, such as the P&O method, the current
has not to be measured, and no multiplier operator has to be
used to calculate the power. Therefore, the control circuit is
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simpler, and its consumption is lower than using those conven-
tional techniques. Consequently, a high energy efficiency can
be achieved even for low-power sources.

The static and dynamic performance of the proposed MPPT
method has been theoretically analyzed, and design criteria
have been provided. The static performance is assessed through
the power efficiency. The analysis demonstrates that a high
tracking accuracy can be achieved even using low-power com-
parators whenever their propagation delays are matched or
the charge cycle is long enough. The dynamic performance is
assessed by the time response of the tracking voltage, which
can be approximated by a first-order linear function.

A prototype MPPT circuit has been implemented using a
commercial PFM dc/dc boost converter and low-power compo-
nents for the MPPT controller. Laboratory measurements have
been carried out using a custom PV array simulator in order
to assess the static and dynamic performance. The tracking
efficiency is higher than 99.6%. The overall efficiency is higher
than 92% for a PV panel power over 100 mW. This is, in
part, feasible due to the low power consumption of the MPPT
controller, which is kept lower than 350 W. The time response
of the tracking circuit was tested to be around 1 s. Field
measurements have also been performed in order to compare
the proposed solution with a direct-coupled circuit. Energy
gains that are higher than 10.3% have been achieved for an
ambient temperature of 26 °C. Higher gains are expected for
lower temperatures.

REFERENCES

[1] V. Raghunathan, A. Kansal, J. Hsu, J. Friedman, and M. Srivastava,
“Design considerations for solar energy harvesting wireless embedded
systems,” in Proc. 4th Int. Symp. Inf. Process. Sens. Netw., Apr. 15, 2005,
pp. 457-462.

X. Jiang, J. Polastre, and D. Culler, “Perpetual environmentally powered
sensor networks,” in Proc. 4th Int. Symp. Inf. Process. Sens. Netw., 2005,
pp. 463-468.

[3] P. D. Mitcheson, E. M. Yeatman, G. K. Rao, A. S. Holmes, and
T. C. Green, “Energy harvesting from human and machine motion for
wireless electronic devices,” Proc. IEEE, vol. 96, no. 9, pp. 1457-1486,
Sep. 2008.

S. Dalola, M. Ferrari, V. Ferrari, M. Guizzetti, D. Marioli, and A. Taroni,
“Characterization of thermoelectric modules for powering autonomous
sensors,” IEEE Trans. Instrum. Meas., vol. 58, no. 1, pp. 99-107,
Jan. 2009.

[5] L. Yangiu, Y. Hongyun, S. Bo, and S. Yonghong, “Hybrid micropower
source for wireless sensor network,” IEEE Sensors J., vol. 8, no. 6,
pp- 678-681, Jun. 2008.

[6] T. Esram and P. L. Chapman, “Comparison of photovoltaic array max-
imum power point tracking techniques,” IEEE Trans. Energy Convers.,
vol. 22, no. 2, pp. 439-449, Jun. 2007.

[7] C. Alippi and C. Galperti, “An adaptive system for optimal solar energy
harvesting in wireless sensor network nodes,” IEEE Trans. Circuits Syst.
I, Reg. Papers, vol. 55, no. 6, pp. 1742—1750, Jul. 2008.

[8] D. Dondi, A. Bertacchini, D. Brunelli, L. Larcher, and L. Benini, “Model-
ing and optimization of a solar energy harvester system for self-powered
wireless sensor networks,” IEEE Trans. Ind. Electron., vol. 55, no. 7,
pp- 2759-2766, Jul. 2008.

[9] F. 1. Simjee and P. H. Chou, “Efficient charging of supercapacitors for
extended lifetime of wireless sensor nodes,” IEEE Trans. Power Electron.,
vol. 23, no. 3, pp. 1526-1536, May 2008.

[10] L. Gao, R. A. Dougal, and S. Liu, “Parallel-connected solar PV system to
address partial and rapidly fluctuating shadow conditions,” IEEE Trans.
Ind. Electron., vol. 56, no. 5, pp. 1548-1556, May 2009.

[11] M. T. Penella and M. Gasulla, “A review of commercial energy harvesters
for autonomous sensors,” in Proc. IMTC, Warsaw, Poland, May 1-3,
2007, pp. 1-5.

[2

—

[4

=



3138

[12] J. H. R. Enslin, M. S. Wolf, D. B. Snyman, and W. Swiegers, “Integrated
photovoltaic maximum power point tracking converter,” IEEE Trans. Ind.
Electron., vol. 44, no. 6, pp. 769-773, Dec. 1997.

[13] B. Sahu and G. A. Rincon-Mora, “An accurate, low-voltage, CMOS
switching power supply with adaptive on-time pulse-frequency modula-
tion (PFM) control,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 54,
no. 2, pp. 312-321, Feb. 2007.

[14] C. Rodriguez and G. A. J. Amaratunga, “Analytic solution to the pho-
tovoltaic maximum power point problem,” IEEE Trans. Circuits Syst. I,
Reg. Papers, vol. 54, no. 9, pp. 2054-2060, Sep. 2007.

[15] V. V. R. Scarpa, S. Buso, and G. Spiazzi, “Low-complexity MPPT
technique exploiting the PV module MPP locus characterization,” IEEE
Trans. Ind. Electron., vol. 56, no. 5, pp. 1531-1537, May 2009.

[16] L. Benini and G. De Micheli, Dynamic Power Management. Design Tech-
niques and CAD Tools. Norwell, MA: Kluwer, 1998.

[17] J. Naik, Performing Accurate PFM Mode Efficiency Measurements,
Apr. 2006. [Online]. Available: http:/focus.ti.com/lit/an/slva236/

slva236.pdf

Oscar Loépez-Lapeiia received the M.S. degree in
physics and the M.S. degree in electronics engineer-
ing from the Universitat de Barcelona, Barcelona,
Spain, in 1994 and 1996, respectively, and the Ph.D.
degree in electronics engineering from the Univer-
sitat Politecnica de Catalunya (UPC), Barcelona,
in 2000.

Since 2002, he has been an Associate Profes-
sor at UPC. His current research interests include
low-power converters, control theory, and energy
harvesting.

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 57, NO. 9, SEPTEMBER 2010

Maria Teresa Penella (S’07) received the B.Sc. and
M.Sc. degrees in telecommunication from the Uni-
versitat Politecnica de Catalunya (UPC), Barcelona,
Spain, in 2003 and 2005, respectively, where she is
currently working toward the Ph.D. degree.

In 2007, she was with the Electronics Labora-
tory, Ecole Polytechnique Fédérale de Lausanne,
Lausanne, Switzerland. She is currently an Assistant
Professor at UPC. Her research interests include
energy harvesting, energy and power conditioning,
storage elements, and wireless sensor networks.

Manel Gasulla (S’97-M’01) received the M.Eng.
and Ph.D. degrees in telecommunication from
the Universitat Politecnica de Catalunya (UPC),
Barcelona, Spain, in 1992 and 1999, respectively.

Since 1993, he has been with UPC, where he is
currently an Associate Professor, engaged in teach-
ing on analog electronics and electronic instrumen-
tation. In 2001-2002, he was a Visiting Postdoctoral
Fellow at the Electronic Instrumentation Laboratory,
Delft University of Technology, Delft, The Nether-
lands. His research interests include capacitive sen-
sors, sensor interfaces, wireless sensor networks, and energy-harvesting circuits
and methods for low-power autonomous sensors.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


