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Abstract—Wireless sensor networks (WSNs) are hardly in
need of an additional source of power other than the normally
used batteries, to increase the lifetime considerably. In this
paper, mathematical modeling of photovoltaic energy
harvesting (PVEH) system for the WSN is presented. The
system comprises of the solar PV panel, boost converter as
maximum power point tracker with moving averaged
incremental conductance (MAIC) maximum power point
(MPP) algorithm, Ni-MH battery for energy storage,
compensator, buck regulator and the mathematically modeled
WSN mote. MAIC algorithm is proposed to avoid the effect of
drastic variations in input irradiance, in locking the MPP
point. WSN mote is modeled in both active and sleep state
based on the power consumption. To maintain the voltage
stability, proper compensator has been designed for the
proposed system. The performance of the system is tested for
dynamic variations of environmental conditions using
MATLAB simulation. The proposed system has 50 to 60
percent improved conversion efficiency when compared to the
conventional direct coupling method. The parameters of the
photovoltaic panel model have been validated through
experimentation. Also the practical verification of the
operation of MPPT circuit has been performed.

Index Terms—DC-DC power converters, energy harvesting
photovoltaic cells, solar energy, wireless sensor networks.

I. INTRODUCTION

WSN consists of spatially distributed autonomous sensors
to monitor physical or environmental conditions, such as
temperature, sound, vibration, pressure, motion or
pollutants. The development of WSN was motivated by
military applications such as battlefield surveillance; today
such networks are used in many industrial and consumer
applications. WSN is suited for long lived applications,
deployed in wide area at large densities. But the life time of
the network is limited since it has battery as the energy
resource. It is also hard to replace or recharge nodes battery
once they are deployed. To achieve longer operational
lifetime of batteries energy harvesting can be used. Solar
energy is an attractive solution to increase the autonomy of
the sensor networks to achieve perpetual operation [1]. The
power conversion efficiency of the photovoltaic (PV) panel
is rather low and it has nonlinear voltage-current (V-I)
characteristics. This nonlinearity is due to temperature or
irradiance level change in the environment which introduces
variation in the MPP of the PV panel. Therefore it is
essential to use maximum power point tracker (MPPT) to
adjust the operating point of the solar panel and get the
maximum output power from the PV panel in an efficient
way. Battery is used as the storage element to store the
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energy available and to supply the load power during the
period without solar power or when there is any shortage in
power. Nowadays small solar panels suffice to ensure
continued operation and a large number of PV harvesting
circuits [2]-[8] have been proposed recently. A low power
MPPT using the adaptive MPP tracking algorithm suitable
for WSN node is developed in [2]. They used current mode
control and achieved power conversion efficiency in the
range of 50%-60%. DuraCap [3], a solar-powered energy
harvesting system used supercapacitor and lithium-ion
batteries for energy storage. It also uses pulse frequency
modulation (PFM) based regulator switching for multiple
MPPT operation. Batteryless solar-harvesting circuit [4] is
also proposed for the low power applications but it is
difficult to power the mote in cloudy and bad weather
conditions. Ambimax [5] does MPP tracking autonomously
and charges supercapacitors at maximum efficiency. It uses
70 mAh Li-Polymer battery and two 10 F super capacitors
as energy storage elements. It also utilizes multiple energy
harvesting sources such as solar, wind, thermal, and
vibration. Prometheus [6] used a MOS switch with simple
DC/DC converter for power conversion. Harvested energy is
stored in two stage energy storage consisting of two super
capacitors in series and rechargeable lithium battery (200
mAbh). In PV charger system [7] with SEPIC converter, peak
current mode control is used with the batteries as the storage
element. The elements of the harvesting circuit are decided
based on the solar panel and the battery used. An energy
harvesting circuit fabricated using a 0.35-um CMOS process
is proposed in [8]. MPPT circuit used exploits a successive
approximation register and a counter to solve the tradeoff
problem between a fast transient response and a small
steady-state oscillation with low-power consumption. This
paper considers the simple method of harvesting, for the
chosen PV panel and the battery. Boost converter is chosen
for its reliable operation at varying conditions.

Many MPPT control techniques have been proposed in
the last decades [9]-[18]. The algorithms that are frequently
used are Perturb and Observe algorithm [9], Incremental
conductance algorithm [10], Constant voltage control [11],
Constant current control [11], Pilot cell and artificial
intelligent method using Fuzzy logic control [12] and neural
network controller [13]. An in depth survey of all possible
MPPT techniques available in the literature is presented in
[14]-[16]. An intelligent control method for MPPT using the
fuzzy logic control is proposed in [17]. The system
performance is tested under varying irradiance and
temperature conditions by MATLAB simulation. A variable
step size incremental MPPT to provide better dynamic
response and to achieve wide operating range is
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presented in [18].

Based on the literature survey it is observed that the PV
fed power conditioning circuits (PCC) have been developed
and different voltage ranges have been obtained, which is
suitable to power up the WSN mote. There is a lagging part
for the proper modeling of WSN mote for different states of
WSN. 1t is felt that the proper modeling of the mote will be
helpful to study the real time characteristics of the PV based
WSN mote system. Hence in this paper the efforts have been
made for the modeling of WSN mote under two major states
viz. Active and Sleep. The interface of this model with PCC
gives the realistic characteristics of the PV harvester system.

As complicate MPP algorithms consume much power in
WSN platform MAIC algorithm with voltage mode
controller is used in this paper. Moreover, type III
compensation has been designed to ensure the stable
operation of the PVEH system. The functioning of the
proposed  system has been  validated through
MATLAB/SIMULINK and results are presented for
different system variations. The developed model for the
mote has been checked via experimentation.

This paper is organized as follows: Section 2 discusses
the PVEH system in detail, Section 3 gives the details of the
load modeling, Section 4 deals the compensator design for
the boost converter, Section 5 discusses the simulation of
the PVEH system with simulation results and conclusions
are presented in Section 6.

II. PV ENERGY HARVESTING SYSTEM

The proposed simple PVEH system is shown in Fig. 1. It
consists of the mote that is modeled mathematically as the
load, based on its power requirement.
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Figure 1. Block diagram of the proposed PV energy harvesting system.

The energy generated by the solar PV panel is efficiently
stored in the battery with the boost converter and the MPPT
in action. The duty cycle of the converter is varied by direct
control based on the output from the MPPT. Compensator
circuit is included to ensure stability in the system. Battery
supplies power to the load, to get the voltage level (2.7 V -
3.3 V) sufficient for the mote, buck regulator is used.
Battery charge control is included to avoid over charging
and draining of the battery.

A. PV panel Modeling

The Blue Solar SL8585mm PV panel is used for the
MATLAB simulation model. The panel provides 950 mW
of nominal maximum power. It is of monocrystalline type
and it is well suited with the requirement range of WSN.
Datasheet values at standard test conditions (STC) of the
cell are listed in Appendix A.

The simple one diode model [19] is used for modeling the
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PV panel in simulation. The voltage-current and voltage-
power characteristics of the PV panel at 7 = 25 °C and
varying irradiance levels are shown in Fig. 2.
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Figure 2. Simulated characteristics of the PV panel at T=25°C

The irradiance change introduces a considerable change in
the peak power, whereas the change in temperature does not
produce a drastic variation in the peak power. More over in
Indian scenario the temperature profile during a day does
not experience a wide variation, excluding the exceptions on
a few rare occasions. Hence the temperature is kept constant
for further analysis.

B. Design of MPPT

In this paper, boost converter is used as MPPT. The
converter is chosen based on the required battery voltage
(4.8 V-5.6 V) and the available PV voltage level (V,, = 4.5
V). The voltage ratio of the boost converter is given as,

v

~in._(1-p) )

VO

Al = Vin® Q)
1

av, = foD 3)
fc

where Al , AV, is the ripple current and ripple voltage, D

is the duty cycle of the converter, V;, is the input voltage of
boost converter and V, is the output voltage of boost
converter. The inductor and capacitor values are designed by
considering that the converter operates in continuous
conduction mode (CCM). The values of L and C are
calculated with voltage and current ripple of 5% based on
(2) and (3). The ripple percentage is selected 5% because the
life time of the PV panel will be reduced with higher ripple
current at the input side. Moreover, the ripple percentage is
calculated with respect to the expected steady state DC
component. The obtained values are L > 107 mH and C >
123.29 pF with switching frequency, f; = 10 kHz. Hence to
ensure CCM L=200 mH and C=200 pF have been used in
simulation.

B. Maximum Power Point Tracking Algorithm

The maximum power extracted from the PV panel
depends mainly on three factors: irradiance level, load
impedance and panel temperature. When the PV panel is
directly connected to the load, the system will operate at the
intersection of the V-I curve and load characteristics, which
can be far from the MPP. MPP will vary dynamically based
on the irradiance level and temperature. The MPP
production is therefore based on the load characteristics
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adjustment under varying atmospheric conditions. PVEH
system should be designed to operate at the maximum
output power levels for any temperature and solar irradiation
levels at all times. Hence the MPPT controller is used to
match the source resistance to load resistance as seen by the
PV panel (source) to extract maximum power. The duty
cycle is set to its optimal value corresponding to the optimal
operating point (V,,, 1,,) using MPPT.

A simple MAIC algorithm has been proposed in this
paper as shown in Fig.3. When there is a sudden change in
the environment or the climatic condition around the PVEH
system over a short duration of time, there is a chance of
erroneous result in the MPP. To overcome this a third order
moving average filter is included. It calculates the average
of consecutive three samples of current and voltage of the
PV panel. The moving averages are used to calculate the
differential voltage and current values, from which the
conductance value will be calculated and based on that the
panel voltage, will be either increased or decreased. In this
work marginal error (E) of 0.002 is included. Panel voltage
will determine the duty cycle of the converter.
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Figure 3. Incremental conductance algorithm over the moving averaged
input

Moving average filter is implemented in recursive fashion
using (4) and (5) as it has faster implementation, reduced
complexity (one addition and one subtraction after the
calculation of the first average) and integer based
implementation. The values of p and ¢ are taken as 1 and 2
respectively.

maV(i) =maV(i—-1)+V(i+ p)-V({i-gq) 4)
mal(i) =mal(i — 1) + I(i + p)— I(i — q) (5)

The input and output power of the MPPT system are
simulated under varying irradiance levels G=500 W/m* and
G=1000 W/m? are shown in Fig. 4 (a) and Fig. 4 (b).

The irradiance level changes after 0.5 s. It is observed that
the MPPT tracks the maximum power in 0.12 s in the
simulation and the changes are tracked properly, the input
and output power remains the same approximately. As the
boost converter is used, the output current is less than that of
the input current and the output voltage is higher than that of
the input voltage which is depicted in the Fig. 4 (c), (d), (e),
and (f) respectively, but output power is equal to input
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power excluding the system losses. It is observed that the
system loss is around 50 mW. The operation of the MPPT
system has been checked for other irradiance levels too.
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Figure 4. (a), (b) Input and output power of the MPPT system, (c), (d)
Input and output current of the MPPT system, (e), (f) Input and output
voltage of the MPPT system
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B. Battery with Controller

In this paper NiMH battery is chosen considering the
advantages like: better performance, long battery life,
extremely low battery cost, stable performance due to flat
discharge curve, no memory effect, easy charging and
usage. 4.8 V, 150 mAh Nickel metal hydride (NiMH)
rechargeable battery is used in the proposed system and the
specifications are given in Appendix A.

Dynamic modeling of the battery is performed in
MATLAB with (6) and (7) by considering both the charging
and discharging states [20].

%
Vbay = R * i — K x ><(it+i )+Exp(t) (©)

O —it
. o *
Vbatl*:Eo_RXl—Kx‘it‘_O—]XQXl -K
(7
x x i+ Exp(t)
0 -it

where V., is the battery voltage (V), E, is the battery
voltage (V), K is the polarisation resistance (Q2), QO is the
battery capacity (Ah), ‘it * is the actual battery charge (Ah)
and ;" is the filtered current (A).

The battery used has a nominal voltage of 4.8 V and fully
charged voltage of 5.62 V. The battery state of charge is
controlled with two switches and a charge control algorithm
providing series charge regulation of the PVEH system.
Whenever the battery terminal voltage is higher than the
upper limit of the charging cycle (80% State of Charge) the
switch S; in Fig. 1 is opened and prevents the overcharging
of the battery and increases its lifetime. If the battery voltage
is less than the lower critical limit (20% State of Charge)
and there is no power available from the solar panel the
switch S, in Fig. 1 is opened to avoid the deep discharge of
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the battery.

As the battery full charge voltage is 5.62 V, to make it
suitable for the operating range of the mote (2.7 V-3.3 V)
step down converter is used after the battery. The duty cycle
of the buck converter is adjusted using the voltage mode
controller to set the output voltage to approximately 2.7 V.
The output voltage can also be fixed at any range between
(2.7V-33V)

III. MODELING OF WSN MOTE

The power consumption of the WSN mote depends
mainly on the duty cycle (D;) of mote, active mode current
(Z4ciive) and sleep mode current (/g..,) Which is decided based
on the application. The average power consumption P, of
the mote is given by

Favg = Vsupply X (Dl L yetive + kl B DI )X Isleep )(8)

where Vg, is the input voltage supplied to the mote. The
active and sleep state energy consumption is modeled based
on its current consumption and voltage of operation. For this
work Mica2 mote is considered. The current consumption of
the mote in active and sleep states is taken from the
datasheet as shown in Table I and the power consumption is
calculated.

TABLE I. MOTE CURRENT CONSUMPTION

Mica2, Processor Radio State
MPR400CB, State

ATMEGA 128 | Active | Sleep | Transmit | Receive Sleep
Current <15

Consumption 8 mA WA 27 mA 10 mA <1pA

The current consumption of the Mica2 mote in sleep state
is less than 16 pA and the active state is 35 mA. The supply
and voltage range of the mote is 2.7 V to 3.3 V. The simple
relation between power, voltage and resistance is given by
9).

V2

R=—— 9
P
Using (9) and the data listed in Table I the mote is
modeled as resistor depending on its power consumption
and the corresponding values are calculated and listed in
Table II.

TABLE II. MOTE-RESISTANCE MODELING

Power Load Resistance
Consumption
Mote Name Active Sleep Active Sleep
(mW) | (W) (V)] kQ)
Mica2,
MPR400CB, 95 44 76.73 165.68
ATMEGA 128

The schematic representation of this model is shown in
Fig. 5. The model of the mote has two resistors in parallel;
one represents mote in active state and the other represents
the mote in sleep state. These parallel resistors are
controlled by a switch in series having the input as the step
response based on the duty cycle (D;) of the mote.

For the time T)= (D, x period of simulation), active state
resistor is included and for the remaining time 7>= ((1-D;) x
period of simulation), sleep state resistor is included in the
system. The choice of the resistor (active or sleep) is made
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by the step response given.
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Figure 5. Schematic of the modeled load

IV. COMPENSATOR DESIGN

The stability of the PVEH system is ensured with the
proper design of the compensator circuit in the model. This
section describes the method to evaluate the compensator
parameters based on the converter topology used. The
stability analysis has been carried out with the transfer
function model of the elements in the system.

The small signal model of the boost converter in
continuous conduction mode (CCM) is obtained by the
averaged modeling. The high-frequency switching ripples in
the inductor current and capacitor voltage waveforms are
removed by averaging over one switching period. An
averaged small signal ac equivalent circuit of the boost
converter is considered and the battery is modeled as
capacitor and included before the load. The control to output
transfer function of the boost converter with battery is
derived as below,

s
Gdo 1-—
mZ
Tde(s): 3 (10)
K s
1+ +| —
v, Do

where the parameter values are dc gain G,4,=V/D’, angular

’

2
frequency of zerow, = D~ R/L, angular corner frequency

@w,= D'\L(CO+CI) and the quality factor Q=R

D'\(Co+Cl) / \/Z . From the converter transfer function

it is evident that it has a right half plane zero (RHPZ) which
will lead to instability of the system. The boost transfer
function and the compensator design is made for the
irradiance levels of 1000 W/m® and 300 W/m’. Critical
value of the L and C is considered in both the extreme
irradiance levels.

Design of the compensator circuit around the voltage
mode control is easier under light load conditions, as the
WSN scenario is of light load condition, Type III
compensator is chosen here. Compensator is added to get
minimum error in the voltage loop and to move the right
half plane zero into the stability region [21]. The transfer
function of the compensator is given by,
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1 1
s+ s+
- B R1 +R3 RzCz (RI +R3 )C3 (11)
Typelll ~ ( )
R1C1R3 C] +CZ 1
s+ s +
RZC]CZ R3C3

The procedure used for the design of the compensator is
as follows: i) value of f; and f, are calculated ii) output
capacitance (C) value of the boost converter is altered to
satisfy the condition f; < 0.1 fzyp and the obtained frequency
is considered as f; ¢, iii) Crossover frequency is placed at f.
<. 33 f./ frup iv) change in phase is reduced by placing the
zeros at 70% of fic, v) gain = compensation gain — 20 log
(modified £/ f.), vi) 20 log(R,/ R;) = gain and vii) R; R, R;
C; C, C; are calculated using the following relations
]/27Z'R2C2:0. 7ﬁc, ]/27Z'R1C3:0. 7ﬁc, ]/27Z'R2C]:0. 7]} and
127w R;C3=0.7f;. The final gain is calculated using (11).
The compensator element values obtained by using the
above design equations for the proposed system are R;=100
kQ, R,=25.93 kQ, R;=6.98 kQ, C;=59.03 nF, C,=844.8 nF
and C;=19.06 nF. The bode diagram of the compensated
boost is as shown in Fig. 6.
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Figure 6. Bode plot of the compensated boost converter in open loop

It has a phase margin and gain margin as 4.16 dB and
13.8 ° at 1000 W/m’, 3.995 dB and 13.13 ° at 300 W/m”.
Thus the converter is made stable by moving the RHPZ into
the stable region.

V. RESULTS AND DISCUSSION

The simulation schematic of the entire PVEH system is
shown in Fig. 7.
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Figure 7. Schematic of the PVEH system
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The PVEH system has been tested with Mica2 as the
mote of interest under two different scenarios. In the first
test scenario the irradiance level (G) is kept as 1000 W/m?
and the temperature (7) is taken as 25 °C for the entire
simulation duration. Mote is assumed to be in sleep state for
the first half of the duration and in active state for the next
half duration. Initial state of charge of the battery is taken as
50%. Second test scenario has the parameters as G=500
W/m? for the first 0.5 s and G=1000 W/m® during the next
0.5 s, T=25 °C and the mote state is assumed to have a duty
cycle of 1% as most of the WSN applications have a duty
cycle <1 %.

Under these test conditions the input and output power of
the converter is observed and shown in Fig. 8. The output
tracks the corresponding changes in the input, the output and
the input power are approximately same due to the usage of
MAIC algorlthm
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Figure 8. Input and output power of the converter for the different test
scenarios

During the initial 0.5 s the mote is in sleep state and it
consumes nearly (43~45) uW. During the last 0.5 s the mote
is in active state and it consumes nearly 95~98 mW.
Similarly the mote current consumption in sleep state is
nearly 16 pA and during active state it consumes nearly
33~36 mA. The power consumption of the mote is as shown
in the Fig. 9. The mote power consumption also varies
accordlng to the change in the duty cycle
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Figure 9. Power consumption of the mote
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The battery State of Charge (SOC) in both scenarios is
shown in Fig. 10.
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Figure 10. State of charge of the battery
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It shows that the linear increase in SOC till 0.5 s, then as
the mote becomes active, current consumption increases and
the battery current reduces accordingly hence, the rate of
change in SOC decreases after 0.5 s. In Fig. 10 (b) SOC
increases linearly upto 0.5 s, at 0.5 s irradiance level change
occurs so the current entering the battery is increased hence,
the rate of increase of SOC also increases. After 0.9 s the
mote becomes active so the rate of increase in the SOC
decreases. The corresponding change in the battery current
is shown in Fig. 11.
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Figure 11. Battery current

The comparison of the output power obtained, with the
conventional direct coupling method [17] and the PVEH
method is carried out and the results are shown in Fig. 12.

15 ; 12 : ‘ ‘ ‘
3 — With PVEH (87% converter efficiency) — With PVEH ( 87% Convarter Efficiency)
|| = Theotetical 1 = Theoratical
: Direct Coupling Dirzet Coupling
||| === With PVEH (Lossless Convarter) = With PVEH ( Lossless Converter)
R g 08 v
E EM /’s s /’ 1
o ) : : : :
=051 5 : : ; :
g / g™ / ] // T
02 { / i |
0 : i i | o i : i i
0 0102 03 04 05 % 01 02 03 04 05

Time (5) Time ()
Figure 12. Comparative analysis of the output maximum power harvested at
1000 W/m2, 25 °C and 800 W/m2, 20 °C.

The analysis is carried out under different illumination
and temperature conditions. The results shown are for the
irradiance levels 1000 W/m’ and 800 W/m’ at 25 °C and
20 °C respectively. Direct coupling of the mote with solar
panel yields very less amount of power conversion due to
impedance mismatch. Proposed PVEH produces 85% of the
theoretical maximum power with 87% efficiency converter
on an average. PVEH has better energy conversion
efficiency under varying irradiance and temperature too.

The designed compensator discussed in section 4 has
been incorporated in closed loop of PVEH system and
analyzed for stability. The transfer function of the elements

in the loop is given in (12), where TFV J (s)is calculated

using (10) and G pwm is the gain associated with the PWM

modulator. The gain of PWM modulator is given by 1/V,,,
where V), is the maximum voltage range considered for the
reference signal used in PWM. The transfer function of the
entire feedback loop is given in (13).

T(s) = Tde (s) x TFType 1 x Gpwm (12)
Vi) = 76)) (1 + T(5)) (13)

The bode diagram of the loop including the pulse width
modulator is as shown in Fig. 13 for different irradiance
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levels. It has phase and gain margins as 29.9 dB, and 46.83 °
at 1000 W/m?, 29.74 dB and 47.04 ° at 300 W/m’. Thus the
system is in stable state at the extreme cases of irradiance
level change.
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Figure 13. Bode plot of the voltage loop

The step response of the voltage loop is as shown in
Fig. 14. The system settles at 0.505 s with the irradiance
level of 1000 W/m?® and it takes 1.67 s to settle down with
the irradiance level of 300 W/m? indicating the difficulty in
achieving faster stable state in low irradiance levels. The
system stability in the intermediate irradiance levels are also
checked and found to be stable.

1000 Wim 2
300 Wim 2 1

Time (5)
Figure 14. Step response of the voltage loop

A. Experimental Validation

The proposed system has been modeled and simulated in
the previous section, the proper functioning of the system is
proved extensively through the simulation results. The
functioning of the proposed MAIC MPP and PV panel are
verified experimentally.

The parameter variations for other than the test conditions
given by the manufacturer (Appendix A) have been
evaluated through experimental characteristics using
electronic load method [22]. To realize the electronic load,
MOSFET IRF7101 (with ratings of 20 V, 3.5 A, 0.10 Q) is
used. The entire electronic setup used to measure the I-V
characteristics of the PV panel is shown in Fig. 15. The
characteristic displayed is for the irradiance level of 700
W/m®. The major PV model parameters like diode ideality
factor and series resistance have been evaluated. Based on
the observations and calculations, series resistance of 443
mQ and diode ideality factor of 1.1 is used to make the
simulation model more realistic.
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The hardware realization of the MPPT system has been
performed. The components/devices used are IRF 7101,
Z11.S410, PLA10AN3030R4R2 (90 mH) and CKR
capacitors. PIC16F877A microcontroller is wused to
implement the MAIC algorithm. The experimental setup and
the results are presented in Fig. 16.

[ ~memurement - -

a)
¥ %
v | v
=10 rl r-I Ir--; .qu l--ti '--! ll—- l1ﬂ}—: '] Ip—|- |_.= r_| :I—I i;_E
o L ¥ I} l
-0 | =10} |
T D=-81% ] 0= &5%
v v

" "EEEE

v [
|
|

= -1 |

D=8T% D=79%

b)
Figure 16. (a) Experimental setup for MPPT circuit, (b) Gate pulse
waveforms for different irradiance levels

The capability and operation of the MAIC algorithm has
been experimentally verified by varying irradiance on the
panel using halogen lamp. It is observed that the algorithm
varies the pulse width to track the maximum power. These
variations are shown in Fig. 16 (b). It is observed that, when
irradiance changes, duty cycle is also changed to vary the
equivalent load resistance seen by the source to track
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maximum power. The input and output power observed is
shown for irradiance level of 484 W/m® in Fig. 17. The
results are observed using single phase clamp on fluke meter
to read the power directly. The measured values of V. I
are 542 V and 104 mA respectively. The expected
maximum power is 410 mW.
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Figure. 17. Input and output voltage, current and power measurements for
irradiance level 484 W/m2

From Fig. 17 it is observed that the power at the source
side is 400 mW and at the output is 320 mW. The system
losses are 80 mW whereas for the same condition the system
losses in simulation are around 50 mW. The power for
different  irradiance levels have been observed
experimentally in the same way. It is found that the average
efficiency of the MPPT system is 85 % and the observed
practical losses are deviated (about 35 %) from that of the
simulation results. The reduction in power loss, thereby
increase in efficiency can be further enhanced by proper
fabrication of the MPPT converter with hermetical sealing.

VI. CONCLUSION

In this paper, PVEH system with the simple mote model
is presented. The mote has been modeled as two resistors,
which correspond to wake and sleep modes of the mote. The
modeling has been performed based on the real time power
consumption of the mote on both the modes. The proposed
PVEH system enables the testing of the harvester under
varying load conditions and the different states of the mote.
The different parts of the proposed system have been
designed and modeled using MATLAB. The MAIC MPPT
is used to remove the effect of sudden irradiance change on
the choice of MPP. Simulations have been carried out by
having the mote state in 1 % duty cycle which coincides
with the real time requirement of the WSN. The stability in
the system is also ensured by proper implementation of
compensator circuit. The results wvalidate the proper
operation of the system under varying irradiance levels and
different load states.

Operation of the PV panel and the MPPT algorithm is
also validated experimentally. The energy production from
the PVEH will increase the stand by energy available in the
WSN mote. Proposed PVEH will increase the lifetime of the
mote and avoid the necessity of replacing or recharging the
batteries. Thus the PVEH system can be used for the WSN
motes to enhance their lifetime from the abundantly
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available renewable energy. The hardware implementation
of the entire harvester will be accomplished in future to
evaluate its functioning in real time environment. The
ripples at the PV panel parameters can be minimized with
interleaving principles. The MEMS based realization and
single chip implementations of the PVEH system are the
possible extensions of the work in future.

APPENDIX A

PV Panel: Maximum Power-P,,,=950 mW, Voltage at
maximum power-V,=4.5V, Current at maximum power-
1,=210 mA, Open circuit Voltage-V,~=4.7V, Short circuit
Current-/,,=215 mA, Temperature coefficient of Power= -
0.47% / °C, Temperature coefficient of 7,= + 0.1%/°C,
Temperature coefficient of V,,= - 0.38% / °C.

Battery: Nominal Voltage = 4.8 V, Nominal Capacity =
110 mAh, Typical Capacity = 120 mAh, Internal Resistance
=1Q.
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