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Abstract—An extensive utilization of wireless sensor net-
works has evolved during the last years for monitoring vari-
ous environmental and artificial processes. When operating
in remote locations, the nodes of wireless sensor networks
are typically power supplied by an energy production and
management system, comprising low-power renewable en-
ergy sources, a power electronic converter, and a battery-
based energy storage unit. In this paper, a methodology
is proposed for optimally designing the energy production
and processing system of a wireless sensor network node
simultaneously at both the renewable power-supply system
level and the power converter circuit level, through a unified
design process. The impact of the objective function type
on the power-supply design is also investigated in this pa-
per. Design optimization and experimental results are pre-
sented, which demonstrate that the optimized power-supply
structures derived by applying the proposed optimization
technique exhibit lower cost of generated energy compared
to partially optimized or totally nonoptimized structures and
by that reduce the cost of the overall wireless sensor net-
work node.

Index Terms—DC–DC power conversion, genetic algo-
rithms (GAs), renewable energy sources (RES), sizing opti-
mization, wireless sensor networks (WSNs).

NOMENCLATURE

DoD Depth of discharge.
DVS Dynamic voltage scaling.
GAs Genetic algorithms.
MAC Medium access control.
MOSFET Metal–oxide–semiconductor field-effect transis-

tor.
MPPT Maximum power point tracking.
MTBF Mean time between failures.
PSO Particle swarm optimization.
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PV Photovoltaic.
RES Renewable energy sources.
SoC State of charge.
WSN Wireless sensor network.
W/G Wind/generator.
CBat Total cost of the battery bank.
CBATinvst Market price of each battery.
CBATmntnc Yearly maintenance cost of each battery.
CC hr Cost of the dc–dc converter.
Cm Sum of the dc–dc converter components prices.
Co Output capacitance of the dc–dc converter.
CPS Lifetime cost of the power-supply system.
CPV Total cost of the PV modules.
CPVinvst Market price of each PV module.
CPVmntnc Yearly maintenance cost of each PV module.
CW T Cost of the W/G.
CW T invst Market price of each W/G.
CW T mntnc Yearly maintenance cost of each W/G.
CW T rod Cost of the W/G tower per meter of height.
DoDmax Maximum permissible DoD.
Eb(t) Battery bank energy at hour t of the year.
Etot Yearly output energy of the dc–dc converter.
Hinst W/G installation height.
Ib,c(t) Battery charging current.
Ib,d(t) Battery discharging current.
Imax,c Maximum permissible charging current.
Imax,d Maximum permissible discharging current.
Io(t) Output current of the dc–dc converter at hour t.
Ip Peak current of the power MOSFETs.
Ip,max Maximum limit of the MOSFETs peak current.
L Inductance of the dc–dc converter.
LCOE Levelized cost of the electricity generated.
NBAT Total number of batteries.
Nbp Number of battery strings connected in parallel.
Nbs Number of batteries connected in series.
Np Number of power MOSFETs connected in paral-

lel.
Npv Total number of PV modules.
Pb(t) Total power flowing to the battery bank.
PC Total power loss of the remaining components.
PC out Power loss of the output capacitor.
PDiode Power loss of the diode.
PInductor Power loss of the inductor.
PL Total power loss of the dc–dc power converter.
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PMOSFET Power loss of the MOSFETs.
Po DC–DC converter output power.
Ppv(t) MPPT power of the PV modules at hour t.
RFo,c Output current ripple.
RFmax Maximum limit of the output current ripple.
SoC(t) Battery bank SoC at hour t of the year.
TA Weighted-average value of ambient temperature.
Vb Nominal voltage of each battery.
Vout Weighted-average value of the output voltage.
Xs Vector of design variables.
Y Planned lifespan of the RES system under design.
fs Switching frequency of the dc–dc converter.
fs,max Maximum limit of the switching frequency.
n Efficiency of the dc–dc converter.
nb Battery round-trip efficiency.
β PV modules tilt angle.
Δt Simulation time step.
λC out Output capacitor failure rate.
λdiode Diode failure rate.
λinductor Inductor failure rate.
λMOSFET Failure rate of each power MOSFET.
λrest Failure rate of the remaining components.
λSUM Total failure rate of the dc–dc converter.

I. INTRODUCTION

NOWADAYS, WSNs are widely installed for monitoring
the environment, as well as residential and industrial pro-

cesses. Simultaneously, modern applications of WSNs, such as
the Internet of Things, Smart Grids, etc., are also evolving [1].
A block diagram of a WSN node power production and man-
agement system is depicted in Fig. 1. Usually, the electronic
circuits (i.e., sensors, wireless transceivers, etc.) comprising the
WSN nodes are required to operate in remote areas, where,
due to the lack of conventional electric power, they are power
supplied by low-power RES, such as PVs and W/Gs. Also,
energy storage devices, typically in the form of batteries, are
used to store any RES-generated energy surplus in order to be
used during time periods with low RES energy production. The
power-supply systems of WSN nodes are required to exhibit
low manufacturing and lifetime maintenance costs, in order to
reduce the cost of the overall WSN which contains a large num-
ber of sensing nodes installed at different locations. Therefore,
the RES-based power-supply systems for WSN nodes typically
comprise a unique power-source type (i.e., either PV modules or
a W/G) with a low-power rating. Thus, it is essential to optimally
exploit the available RES energy. The RES-generated energy is
interfaced to the battery bank through a dc–dc converter, which
is controlled by a microcontroller- or DSP-based control unit, in
order to: 1) execute a MPPT process for extracting the maximum
possible power under the continuously varying meteorological
conditions (i.e., solar irradiation, ambient temperature, and wind
speed) [2]; and 2) regulate the battery charging process such that
battery overcharging is avoided [3]. As illustrated in Fig. 1, two
different levels of design, each with particular objectives, must
be accomplished in order to synthesize the power-supply system
of the WSN node: 1) the system-level design, where the types,

Fig. 1. Block diagram of a RES-based power-supply system for WSN
nodes.

power capacities, and installation arrangement (e.g., tilt angle of
PV modules, height of the W/G, number of batteries connected
in series/parallel, etc.) of the energy production and storage
units must be decided, a such that the energy requirements of
the electric load of the WSN node are completely covered dur-
ing the entire year; and 2) the circuit-level design of the dc–dc
converter, where the values and types of the components used
to build the power converter circuit are calculated. The design
process in each of these levels is performed subject to the corre-
sponding constraints (e.g., maximum permissible values of the
battery bank DoD and of the switching frequency of the dc–dc
converter power semiconductors, etc.). Also, the overall design
process should ensure that the resulting power-supply system
exhibits the minimum possible cost.

Prior research on energy management of WSNs that are power
supplied by harvesting ambient energy has been focused on the
development of energy-aware routing protocols, MAC proto-
cols, duty-cycling strategies for activating and deactivating the
WSN nodes, as well as the optimization of the data transmis-
sion rate and the transmission power level [4]–[7]. In [8], an
algorithm is presented for dynamically reconfiguring the hard-
ware of the data-processing unit (e.g., for video processing,
execution of encryption algorithms, etc.) that is embedded in
a WSN node equipped with energy-harvesting sources, such
that its energy consumption is minimized. Alternatively, a DVS
scheme may also be used for reducing the WSN node power con-
sumption, by adjusting (in real-time) the power-supply voltage
and clock frequency of the data-processing unit [9]. The target
of the aforementioned techniques is to minimize the energy-
exhaustion events of the WSN nodes and, simultaneously, en-
sure that the necessary information is always transferred on-
time to the end-user application, thus enhancing the reliability
of the overall WSN. Therefore, the application of these tech-
niques only affects the energy consumption of the electric load
of the WSN node that is depicted in Fig. 1. The design of
the WSN node power-supply system (also shown in Fig. 1),
where the work proposed in this paper is focused on, is typically
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Fig. 2. Variation of the total annual energy transferred to a 12 V battery
bank through a step-up dc/dc converter: (a) versus the total number of
PV modules and the dc/dc converter inductance and (b) versus the tilt
angle of the PV modules and the dc/dc converter inductance.

considered as a design task of a conventional RES-based energy
production system. Such a RES-based power-supply system is
designed to satisfy the (a priori known) energy consumption
of the WSN node electric load and, till present, the methods
described in the following paragraph have been developed for
its design.

Plenty of system-level design optimization techniques for
RES-based power supplies are available in the existing research
literature [10]–[14]. These techniques have been applied for cal-
culating the optimal numbers of PVs, W/Gs and energy storage
units that compose, either stand-alone or grid-connected, PV
or hybrid PV/wind systems. They have been implemented by
applying optimization techniques such as the PSO or the fuzzy-
adaptive GAs, in order to minimize the total cost of the energy
production system and maximize its reliability. These design
methods do not take into account the impact of the circuit-level
design of the power converter(s) that they comprise (see Fig. 1),
on the efficiency and cost of the overall RES-based power-
supply system. Furthermore, optimization techniques have been
developed for the circuit-level design of PV power converters
[15]–[20], which, due to the variability of meteorological con-
ditions, are required to operate under continuously changing
dc-input power and voltage levels. These design methods have
been used to calculate the optimal values of design parame-
ters such as the switching frequency, inductance value, etc., by
employing performance metrics such as the efficiency, power
density, and reliability as objective functions of the optimiza-
tion process. However, all of the aforementioned design tech-
niques of RES-based power-supply systems have been focused
exclusively on either the system-, or the circuit-level design (see
Fig. 1), without considering the interdependence of these two
design stages and the impact of that interdependence on the
energy production performance and cost of the overall power-
supply system. In order to demonstrate the importance of that
drawback, an example of the variation of the total annual energy
transferred to a 12 V battery bank through a step-up dc/dc con-
verter (see Fig. 1), versus the total number of PV modules and
the dc/dc converter inductance, which constitute major system-
and circuit-level design parameters, is presented in Fig. 2(a).
The overall annual energy is maximized at point P1. At points
P2 and P3, approximately equal amounts of annual energy are
transferred to the battery bank, although different numbers of PV

modules and dc/dc converter inductance values are combined at
each point. However, the total cost of the PV system is higher
for point P3 due to the higher cost of PV modules. A similar
effect is observed in the characteristic of the battery bank annual
energy versus the PV modules tilt angle and the dc/dc converter
inductance. As shown in Fig. 2(b), in that case, approximately
equal amounts of energy are transferred to the battery bank at
points P5 and P6, despite that a different mixture of values of
the system- and circuit-level design parameters is applied for
each of these points. The total energy is maximized for the tilt
angle and inductance values that correspond to point P4. The
results presented in Fig. 2 demonstrate that in order to maximize
the energy production of the RES-based power-supply system,
both the system- and the circuit-level design parameters must
simultaneously be considered during the execution of the design
process. However, this aspect is not taken into account by the
existing design methods of RES-based power supplies that have
been described above, since they focus exclusively on either the
system- or the circuit-level design.

Hence, targeting to fill this gap, design techniques which
initially had been developed for designing RES-based power
supplies for WSN nodes only at the system-level [21] and only
at the circuit-level [22], respectively, are further evolved in this
paper in order to comprise an integrated design methodology
for optimally codesigning the power-supply system of a WSN
node (see Fig. 1) simultaneously at both the RES-system and
the dc–dc converter circuit levels, through a unified design pro-
cess. The mission profile of the RES system, in terms of the
yearly meteorological conditions at the installation site and the
load demand of the WSN node, are also considered in the pro-
posed optimization process. The scientific contributions of the
proposed research work are the following.

1) To the authors’ knowledge, this is the first time in the
existing literature that a technique is presented for the
optimal codesign of a RES-based power-supply structure,
simultaneously at the RES system-level and the dc–dc
converter circuit level.

2) The impact of the objective function type on the de-
sign optimization results of the RES-based power-supply
system is also investigated for the first time in this
paper.

3) In contrast to the past-proposed design approaches, which
are focused exclusively on either the RES system de-
sign, or the power-converter circuit design, the proposed
methodology enables to optimally explore the trade-off
between the operational characteristics of the power pro-
duction/processing structures designed at each of these
two distinct design levels.

4) As will be demonstrated through the design optimiza-
tion and experimental results presented in this paper,
the proposed method enables the reduction of the cost
of the energy produced by the power-supply system of
the WSN node, compared to that of partially optimized
(i.e., subject only to system-level optimization), or to-
tally nonoptimized RES-based power-supply structures
and, therefore, the cost of the entire WSN can be reduced
accordingly.
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Fig. 3. Flowchart of the proposed optimization method for RES-based
power-supply systems of WSN nodes.

This paper is organized as follows: the proposed design op-
timization methodology is described in Section II; the design
optimization results are analyzed in Section III, and the exper-
imental results are presented in Section IV; finally, the conclu-
sions are discussed in Section V.

II. PROPOSED DESIGN OPTIMIZATION METHODOLOGY

A flowchart of the proposed optimization method is depicted
in Fig. 3. In order to incorporate into the proposed optimization
method the interdependence between the system- and circuit-
level design processes, the proposed technique comprises two
stages executed iteratively: initially, a system-level optimal de-
sign of the RES-based power supply of the WSN node (see
Fig. 1) is performed for calculating the optimal value of the
vector of the system-level design variables, Xs, which also de-
termines the operating conditions of the dc–dc converter (e.g.,
input and output voltage and current, etc.) and then the configu-
ration of the dc–dc converter circuit that this system comprises
is optimized by deriving the optimal value of the circuit-level
design variables vector, Xc. The circuit-level design results are

then fed-back to the system-level stage and the previous process
is iteratively repeated until a dc–dc converter efficiency value is
produced by the circuit-level design optimization stage, which
does not differ by more than 1% from its previous value. The re-
sulting values of Xs and Xc comprise the set of optimal values
of the design parameters of the entire power-supply system. The
vectors Xs and Xc are defined in the following paragraphs, to-
gether with an analytical description of the two aforementioned
stages of the proposed optimization process.

A. System-Level Optimization Stage

In contrast to the grid-connected PV systems, where it is im-
portant to maximize the total energy production during the year
and, for that purpose, the PV modules tilt angle is conventionally
set close to the latitude angle of the installation site, the nodes of
WSNs comprise stand-alone RES systems (i.e., not connected
to the electric grid), which is desirable to exhibit the minimum
possible cost and ensure that the load is power supplied con-
tinuously. Thus, the target of the proposed system-level design
stage is to compute the optimal type and number of the RES
energy production devices (i.e., an array of PV modules or a
single W/G) and battery energy-storage units comprising the
RES-based power-supply system of the WSN node, as well as
their optimal installation arrangement. The latter includes the
number of batteries to be connected in series and/or in parallel,
the PV modules tilt angle and the height of the W/G.

The configuration of the RES system determines the input
and output voltage ranges of the dc–dc converter circuit, which,
in turn, affect the dc–dc converter efficiency. This characteristic
is also considered in the proposed optimization methodology
during the circuit-level design stage, as described next. The
inputs of the system-level optimization stage are the following
(see Fig. 3).

1) The prices and operational parameters of commercially avail-
able RES system devices (e.g., open-circuit voltage and short-
circuit current of PV modules, nominal voltage of batteries,
etc.), provided in the respective manufacturer datasheets.

2) The time-series of hourly average values of solar irradia-
tion, ambient temperature, and wind speed that prevail at the
installation site of the WSN node during the year.

3) The time-series of the power consumption of the WSN node
electric load during the year.

4) The design constraints, such as the maximum permissible
DoD and maximum permissible charging/discharging cur-
rents of the batteries.

The dc–dc converter efficiency and cost are fed-back from
the circuit-level optimization stage, as described next.

The system-level optimization process calculates the opti-
mal values of the design variables which: 1) minimize the life-
time cost of the RES-based power-supply system; 2) ensure
that the electric energy requirements of the WSN node electric
load (i.e., sensors, wireless transceivers, etc.) are uninterrupt-
edly satisfied during the entire year; and 3) satisfy the design
constraints imposed by the system designer. The lifetime cost
of the power-supply system, CPS (€), is calculated as analyzed
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in [21], considering both the capital and maintenance costs of
the devices comprising the power-supply system:

CPS (Xs) = CPV + CC hr + CBat or

CPS(Xs) = CW T + CC hr + CBat (1)

where

CPV = (CPVinvst + Y · CPVmntnc) · Npv (2)

CW T = CW T invst + CW T rod · Hinst + Y · CW T mntnc (3)

CBat = (CBATinvst + Y · CBATmntnc) · NBAT (4)

and Xs is the vector of design variables whose opti-
mal values are calculated by the system-level optimization
process, where Xs = [Npv , NBAT , β,Nbs ,Nbp ] in case that
the power-supply system is based on PV modules, else
Xs = [NBAT ,Hinst , Nbs ,Nbp ], CPV (€) is the total cost of
the PV modules, CW T (€) is the cost of the W/G, CC hr (€)
is the cost of the dc–dc converter, CBat (€) is the total cost of
the battery bank, CPVinvst , CW T invst , and CBATinvst (€) are
the market prices of each PV module, W/G and battery, respec-
tively, CPVmntnc , CW T mntnc , and CBATmntnc (€/year) are the
yearly maintenance costs of each PV module, W/G and battery,
respectively, Y (years) is the planned lifespan of the RES system
under design, CW T rod (€/m) is the cost of the W/G tower per
meter of height, Hinst (m) is the W/G installation height, Npv ,
NBAT are the total number of PV modules and batteries, respec-
tively, β (°) is the PV modules tilt angle, Nbs is the number of
batteries connected in series, and Nbp is the number of battery
strings connected in parallel for forming the battery bank of the
WSN node. The yearly maintenance cost of each battery [i.e.,
parameter CBATmntnc in (4)] is equal to the sum of the annual
inspection/repair cost (e.g., for cabling, connectors, etc.) and
the cost of replacing the battery if the end of its service lifetime
period due to aging has been reached. The batteries replacement
cost is calculated as analyzed in [13].

In order to achieve the design targets 1–3 described above,
the selection of the PV modules tilt angle must be based on
an analysis of the time-series of solar irradiation at the target
installation site during the entire year, since, e.g., by reducing
the value of the PV modules tilt angle increases the diffuse
irradiation received by the PV generator surface, which is the
main component of the incident solar irradiation under cloudy
conditions. Simultaneously, increasing the size of the energy
storage unit enables to store higher amounts of PV-generated
surplus energy that is available during time periods with high
solar irradiance availability, but this also increases the cost of
the PV system. Thus, in the proposed optimization technique,
the tilt angle has been set to be a decision variable of the system-
level optimization process, together with the sizes of the energy
production and storage units of the PV system. Also, in order
to investigate whether the electric load energy requirements are
satisfied for any given set of design variables values (i.e., vector
Xs), the operation of the WSN node energy production system
is simulated for a time period of one year with a time step of
1 h. During that simulation process, the output power of the
RES source is calculated for a time period of one year. In case

that a PV array is used, its power production is calculated by
using an appropriate solar irradiance model [23] and processing
the solar irradiation and ambient temperature time-series that
are provided by the designer. The resulting time-series of RES
power generation is provided to a power-flow algorithm which,
given a particular energy storage configuration, estimates for
every time-step during the year (i.e., 1 h) the corresponding
SoC of the battery bank. During the simulation process, the
usable energy, Eb(t), that is stored in the battery bank at hour t
of the year (i.e., 1 ≤ t ≤ 8760), is calculated as follows [21]:

Eb(t) = Eb(t − 1) + nb · Pb(t) · Δt (5)

where nb (%) is the battery round-trip efficiency (it has been
considered that nb = 81% during charging and nb = 100% dur-
ing discharging), Pb(t) is the total power flowing to the battery
bank [i.e., Pb(t) < 0 during discharging and Pb(t) > 0 during
charging], and Δt = 1 h is the simulation time-step.

The proposed optimization process is executed subject to the
following constraints, which must be fulfilled at each hour t of
the year (1 ≤ t ≤ 8760):

SoC(t) ≥ 1 − DoDmax (6)

Ib,c(t) ≤ Imax,c (7)

Ib,d(t) ≤ Imax,d (8)

where SoC(t) is the battery bank SoC at hour t of the year (i.e.,
1 ≤ t ≤ 8760), DoDmax is the maximum permissible DoD,
Ib,c(t) and Ib,d(t) are the charging and discharging currents of
the batteries and Imax,c (A), Imax,d (A) are the maximum per-
missible charging and discharging currents, respectively, speci-
fied by the battery manufacturer. The charging/discharging cur-
rent of the batteries [i.e., Ib,c(t) and Ib,d(t) in (7) and (8)] is
calculated by

Ib,c/d(t) =
Pb(t)

Nbp · Nbs · Vb
(9)

where Vb is the nominal voltage of the individual batteries com-
prising the battery bank.

In order to calculate the optimal value of the objective func-
tion of the system-level design stage [given by (1)] and the
corresponding vector of optimal values of the design variables
[i.e., Xs in (1)], GAs have been employed due to their compu-
tational efficiency in complex optimization problems [24]. The
GA execution is repeated until a predefined number of genera-
tions have evolved. By using GAs, the calculations in (1)–(9) are
repeated for multiple alternative values of the decision variables
[i.e., Xs in (1)]. Through this process, the optimal values of tilt
angle and energy production/storage capacities can be derived,
such that the total cost of the RES system is minimized and
the uninterruptible power supply to the load of the WSN node
during the entire year is ensured. Given the optimal configu-
ration of the RES-based power-supply system derived by the
system-level design phase, as analyzed above, the input/output
voltage and current levels of the dc–dc converter during the en-
tire year are calculated next and the corresponding results are
forwarded to the circuit-level design stage, which is described
in the following paragraph.
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Fig. 4. Circuit diagram of a boost-type dc–dc converter.

B. Circuit-Level Optimization Stage

In this work, it has been assumed that a boost-type dc–dc con-
verter (see Fig. 4) is employed to interface the RES-generated
energy to the battery bank and the electric load of the WSN
node. However, the proposed technique is also applicable to any
dc–dc converter topology. The inputs initially provided by the
designer to the circuit-level optimization stage are the following
(see Fig. 3).

1) The prices and operational parameters of commercially avail-
able electronic components (e.g., on-state voltage of diodes,
resistance of power MOSFETs, etc.), which are provided in
the respective manufacturer datasheets.

2) The constraints that should be considered during the dc–
dc converter design, which are expressed by (16)–(18) as
discussed in the following.

With reference to the circuit diagram depicted in Fig. 4, the
following parameters, mainly contributing to the total power
loss and cost of the dc–dc converter circuit, have been selected
to comprise the set of design variables of the circuit-level op-
timization process: the number of power MOSFETs connected
in parallel Np , as well as their switching frequency fs , the in-
ductance L, and the output capacitance Co . These parameters
form the vector of design variables of the circuit-level optimiza-
tion stage, i.e., Xc = [fs,Np , L,Co ]. The target of that stage
is to compute the optimal value of Xc, which results in the
minimization or maximization, respectively, of the preselected
performance metric of the dc–dc power converter, while, simul-
taneously, guaranteeing that the desired design constraints are
satisfied, as described next.

Four performance metrics have been considered as alternative
objective functions of the proposed optimization process. The
first type of objective function is the efficiency of the dc–dc
converter, n, under nominal output power conditions:

n(Xc) =
Po

Ppv
=

Po

Po + PL
(10)

where Ppv is the total power produced by the PV modules under
MPPT conditions, Po is the dc–dc converter nominal output
power flowing to the battery bank and the electric load of the
WSN node, and PL is the total power loss of the boost-type
dc–dc power converter.

The value of PL in (10) is calculated as follows [22]:

PL (Xc) = PMOSFET + PDiode + PInductor + PC out + PC

(11)

where PMOSFET and PDiode are the total conduction and switch-
ing losses of the power MOSFETs and diode, respectively,
PInductor and PC out (W) are the power losses of the inductor
and output capacitor, respectively, and PC is the total power loss
of the input capacitor, printed circuit board (PCB) conductors
and MOSFET gate-drive circuits of the dc–dc converter.

In order to maximize n, the minimum value of PL is cal-
culated with (11). The value of PL is calculated as analyzed
in [22], by using the information provided in the manufacturer
datasheets of the components used to construct the dc–dc con-
verter circuit.

The second alternative performance metric is the yearly
energy loss of the dc–dc converter, which is calculated as
follows [22]:

EL,tot(Xc) =
8760∑

t=1

PL (t) · Δt (12)

where PL (t) is the total power loss of the dc–dc converter at
hour t (1 ≤ t ≤ 8760) and Δt = 1 h is the time-step.

The third type of objective function is the LCOE, which is
given by

LCOE(Xc) =
Cm

Etot
=

Cm∑8760
t=1 [Ppv(t) − PL (t)] · Δt

(13)

where Cm (€) is the sum of the prices of the individual compo-
nents comprising the dc–dc converter circuit, Etot is the yearly
output energy of the dc–dc converter, and Ppv(t) is the total out-
put power of the PV modules at hour t (1 ≤ t ≤ 8760). The total
power loss PL in (10)–(13) is calculated as described in [22],
by also considering that the following power-balance equation
must be satisfied for each value of PV-generated power, Ppv ,
during each hour t (1 ≤ t ≤ 8760) of the year:

Ppv(t) = PL (t) + Nbs · Vb · Io(t) (14)

where Io(t) is the output current of the dc–dc converter at hour
t, which is provided to the battery bank and the WSN node load.

Finally, the use of the total failure rate of the dc–dc con-
verter has also been considered as an objective function of
the circuit-level optimization process. The dc–dc converter
total failure rate, λSUM(Xc) (number of failures/106 h), is
calculated for each set of the design variables values (i.e.,
Xc = [fs,Np , L,Co ]) examined during the execution of the
proposed optimization process, by using the following equa-
tion:

λSUM(Xc) = λC out
(
Vout , TA

)
+ λinductor

(
TA

)

+ Np · λMOSFET
(
TA

)
+ λdiode

(
TA

)
+ λrest

(15)

where λC out is the output capacitor failure rate, λinductor is the
inductor failure rate, λMOSFET is the failure rate of each power
MOSFET, λdiode is the diode failure rate, λrest is the total failure
rate of the remaining components (e.g., microcontroller, con-
trol circuit, PCB, etc.), TA is the weighted-average value of the
dc–dc converter ambient temperature, and Vout is the weighted-
average value of the dc–dc converter output voltage. The values
of λC out , λinductor , λMOSFET , and λdiode are calculated accord-
ing to [25] and the value of λrest is considered to be constant.
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The MTBF of the dc–dc converter is equal to the inverse of
λSUM(Xc) [26].

In the circuit-level optimization stage, the optimal values of
the design variables (i.e., vector Xc = [fs,Np , L,Co ]) are de-
rived using GAs such that the desired objective function [i.e.,
(10), (12), (13), or (15), respectively] is optimized [i.e., n(Xc)
is maximized and EL,tot(Xc), LCOE(Xc), λSUM(Xc) are
minimized]. The optimization process is performed subject to
the following design constraints.

1) The output current ripple, RFo,c , is less than the maxi-
mum permitted limit, RFmax :

RFo,c ≤ RFmax . (16)

2) The peak current that flows through the power MOSFETs,
Ip , is less than the maximum permitted limit, Ip,max :

Ip ≤ Ip,max . (17)

3) The switching frequency is less than the maximum per-
mitted limit, fs,max :

fs ≤ fs,max . (18)

The values of RFmax , Ip,max , and fs,max are specified by
the designer at the beginning of the circuit-level optimization
stage according to the components specifications provided in
the manufacturer datasheets.

III. DESIGN RESULTS

The optimal design of the RES-based power-supply system
of a WSN node, which belongs to a city-wide wireless net-
work located in the area of Chania (Greece) [27], was per-
formed as a case study. The WSN node under consideration
contains an electric load drawing continuously (i.e., for 24 h
per day/365 days per year) approximately 3 W at 12 V, cor-
responding to the total power consumption of the WSN node
sensor, signal-conditioning circuits, data-processing computer
board, and wireless transceiver. This power consumption value
was provided as input to the system-level design stage of the
proposed optimization process as discussed in Section II-A,
since it affects the structure and lifetime cost of the RES sys-
tem that is required to ensure an uninterruptible power supply
to the electric load during the entire year. The proposed de-
sign process described in Section II has been implemented in
the form of a MATLAB-based software program in order to
calculate the optimal values of vector Xs in (1) and Xc in
(10), (12), (13), or (15), respectively. The GA ability to de-
rive the global optimum solution in the optimization problem
under study, instead of converging to local optima, was ver-
ified through an exhaustive-search process, which, however,
requires a significantly longer time period in order to be ac-
complished. The operational characteristics and prices of com-
mercially available circuit components and RES system devices
have been considered during the execution of the proposed op-
timization process, as described in Section II: the system-level
design phase has been implemented considering commercially
available 20 W/6 V monocrystalline PV modules, a W/G with
a 30 W nominal power rating, as well as 7 A·h lead-acid bat-
teries with Vb = 12 V, DoDmax = 80%, Imax,c = 2.1 A, and

TABLE I
DESIGN OPTIMIZATION RESULTS FOR ALTERNATIVE OBJECTIVE FUNCTIONS

OF THE CIRCUIT-LEVEL OPTIMIZATION PROCESS

Design parameter Objective function

Efficiency
maximization

Reliability
maximization

Inductance (L) 0.095 mH 2.164 mH
Output capacitance (Co ) 3.077 mF 0.015 mF
Switching frequency (fs ) 128.4 kHz 53.6 kHz
Number of MOSFETs (Np ) 1 1
MTBF (only for the components with
an optimization-dependent failure
rate)

5.76 years 5.78 years

Total energy loss during the year 4.63 kW·h 13.76 kW·h
Cost of corresponding components 17.68 € 58.84 €

Imax,d = 12 A in (6)–(8); the dc–dc converter has been de-
signed through the circuit-level design phase, considering the
PSMN2R2-40PS power MOSFETs and STTH61W04S diode,
with RFmax = 1%, Ip,max = 90 A, and fs,max = 400 kHz in
(16)–(18).

The optimization results that are produced in case that the
objective function of the circuit-level optimization process is al-
ternatively either the efficiency at maximum output power, or the
total failure rate of the dc–dc converter, are presented in Table I.
It is observed that, depending on the type of objective function
employed in the optimization process, the GA process favored a
different combination of optimal values of the design variables.
Also, the design results presented in Table I indicate that by
employing the total failure rate as an objective function then the
optimization-dependent part of the MTBF is improved by only
0.35%, but the dc–dc converter annual energy loss and total cost
of the corresponding components are significantly increased by
297.2% and 332.8%, respectively. These percentages resulted
because a higher optimal value of inductance and a lower op-
timal value of output capacitance were derived (see Table I)
when the dc–dc converter reliability was applied as an objective
function of the circuit-level optimization phase, compared to the
corresponding values produced by the efficiency maximization
process, since: 1) the power loss of the inductor does not signifi-
cantly affect the value of the reliability-based objective function,
which is calculated according to [25] as analyzed in Section II-B;
and 2) by reducing the size of the output capacitor, which is a
less reliable component, contributes to the reduction of the dc–
dc converter total failure rate. In contrast, the optimal switching
frequency is higher in the case of optimization for achieving
maximum efficiency, because this enabled to reduce the size
of the dc–dc converter inductance, which, in turn, resulted in a
reduction of the inductor power loss. Therefore, this approach
enabled to reduce the total power loss of the dc–dc converter
and increase its efficiency, since, for the operational characteris-
tics of the specific circuit components considered in this design
example (provided in the manufacturer datasheets), the power
loss of the inductor dominates over the power losses of the MOS-
FET and diode (despite the fact that their losses increase with
switching frequency). Thus, according to the results presented
in Table I, by employing reliability as a performance metric
of the circuit-level optimization process, does not significantly
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TABLE II
CIRCUIT- AND SYSTEM-LEVEL CONFIGURATIONS OF THE POWER-SUPPLY SYSTEMS UNDER EVALUATION

Optimized at both the system and circuit design levels Partially optimized Nonoptimized

Design variables #1: optimized for efficiency
and total lifetime cost

#2: optimized for LCOE
and total lifetime cost

#3: #4:

CL: number of MOSFETs (Np ) 1 1 1 1
CL: L (μH) 100 μH 75 μH 300 μH 300 μH
CL: Co (mF) 3.0 mF 3.0 mF 3.0 mF 3.0 mF
CL: fs (kHz) 129 kHz 242 kHz 63 kHz 63 kHz
SL: optimal type of energy source PVs PVs PVs PVs
SL: number of PV modules (Npv ) 2 2 2 3
SL: PV modules tilt angle (β) 28° 28° 28° 60°
SL: number of batteries (NBAT ) 4 4 4 4

“CL” stands for circuit-level and “SL” for system-level design.

improve the dc–dc converter MTBF, while simultaneously, the
energy production performance and cost of the dc–dc converter
are negatively affected. These results also demonstrate the abil-
ity of the proposed automated design methodology to produce
design results that, although seem counterintuitive if the con-
ventional design approaches are followed, enable the actual op-
timization of the RES-based power system design.

The proposed optimization method was also applied for deriv-
ing the optimal values of the design variables, when employing
the total lifetime cost [given by (1)] as objective function of the
system-level design stage and the efficiency at maximum power
[given by (10)] and LCOE [given by (13)], respectively, as ob-
jective functions of the circuit-level design stage of the proposed
optimization process. The corresponding optimization results,
in terms of the optimal values of the design variables at both
the system and circuit levels, are presented in Table II. It is ob-
served that PV modules instead of a W/G have been derived by
the proposed design process as the optimal energy source type
for the WSN node. This result arises since the use of a W/G
(even of low nominal power rating) significantly increased the
lifetime cost of the power-supply system due to the low wind
speed potential of the target installation site under consideration.

IV. EXPERIMENTAL RESULTS

Fully functional experimental prototype systems were de-
signed and constructed according to the design optimization
results presented in Table II (using commercially available com-
ponents with the closest values possible) for power supplying the
WSN node under consideration. In order to evaluate the benefits
offered by the proposed optimization technique, nonoptimized
structures of the dc–dc converter circuit and RES-based power-
supply system were also designed and constructed. The resulting
parameters are also presented in Table II, where configuration
#3 has been partially optimized by including a nonoptimized
dc–dc converter circuit in an optimized system-level design,
while configuration #4 has not been optimized at either the sys-
tem or the circuit level (i.e., totally nonoptimized). The values
of the design variables employed in the system- and circuit-level
nonoptimized structures of configurations #3 and #4 have been
calculated by using conventional design techniques [23], [28],
so that the same design constraints of the proposed optimization

Fig. 5. Examples of prototype systems employed in the experimental
performance evaluation process: (a) RES-based power-supply system
comparison setups and (b) dc–dc converter with 300 μH inductance and
63 kHz switching frequency.

process are also satisfied, but without optimizing the corre-
sponding performance metrics [i.e., objective functions (1), (10),
(12), (13), or (15), respectively]. In the totally nonoptimized
configuration #4, the tilt angle has been set such that the total
solar irradiation incident on the PV modules during December
and January is maximized [23]. These months correspond to the
time period of the year with the lowest solar irradiation potential
at the target installation site under consideration. In contrast to
the proposed methodology, when applying this (conventional)
design approach [23], simulations of the PV system operation
during each hour of the year for various alternative values of the
design parameters (e.g., number of PV modules, battery bank
capacity, etc.), are not performed. Therefore, the resulting RES-
based power supplies exhibit a higher lifetime cost. Photographs
of one of the PV-based power-supply system comparison setups
and one of the dc–dc converter circuits that were employed are
illustrated in Fig. 5.

Experiments were conducted with a total duration of 382.5 h
of operation, such that the energy production performance of
the optimized, partially optimized and nonoptimized configu-
rations presented in Table II is investigated under various solar
irradiation and ambient temperature conditions. Example plots
of the power provided by the dc–dc converter to the battery
bank and load for the power-supply configurations subject to
the experimental evaluation process (i.e., Table II) during the
aforementioned experimental tests, are shown in Fig. 6. In all
experimental configurations, a 3 W/12 V resistor array has been
connected as a load at the battery bank terminals. During the
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Fig. 6. Examples of the experimentally measured output power and
battery voltage of: (a) configuration #1, (b) configuration #2, (c) configu-
ration #3, and (d) configuration #4 in Table II.

tests, MPPT and battery charging regulation algorithms [3] were
executed by the microcontroller-based energy management unit
(see Fig. 1), which was incorporated in each power-supply sys-
tem. The dc–dc converter drop to zero, that is observed in the
second curve of Fig. 6(d), is due to the activation of the trickle-
charging operating mode of the energy management control
unit of the power-supply system, in order to prevent battery
overcharging.

The individual power-supply systems employed in the exper-
imental setup have been built using different devices (e.g., PV
modules, batteries, etc.) of the same type, which, however, may
exhibit a tolerance in their operational characteristics. In order
to evaluate the performance of each power-supply configuration
without being affected by this factor, the normalized energy
conversion efficiency during the corresponding test period was
calculated as follows:

neff =
T∑

i=1

(Po(i) · Δt)/
T∑

i=1

(PPV(i) · Δt) (19)

where PPV(i) and Po(i) are the dc–dc converter input and output
power, respectively, at time step i, T is the total time duration of
the corresponding experimental test, and Δt is the sampling pe-
riod. The resulting normalized efficiency of the dc–dc converter
in each configuration subject to the experimental evaluation pro-
cess, as well as the total manufacturing cost of the corresponding
RES-based power-supply system (includes the cost of PV mod-
ules, batteries, and dc–dc converter), is presented in Table III.
These results also include the time intervals where the trickle-
charging operating mode was activated. It is observed that the
dc–dc converters in combinations #1 and #2 (see Table II), which
have been optimally designed according to proposed method-
ology, feature a higher normalized efficiency by 11.95–12.01%
compared to the nonoptimized dc–dc converter of configura-
tion #3. Also, the normalized efficiency of the nonoptimized
dc–dc converter in configuration #4 is lower by 12.10–12.16%

TABLE III
EXPERIMENTAL RESULTS IN TERMS OF NORMALIZED ENERGY CONVERSION

EFFICIENCY AND COST

Configuration PV array
output energy

(W·h)

DC–DC
converter output

energy (W·h)

Normalized
efficiency

(%)

Total
manufacturing

cost (€)

1 2084 1836 88.10 152.3
2 418 368 88.04 144.6
3 1560 1187 76.09 173.6
4 1301 988 75.94 201.6

compared to the optimized dc–dc converters of configurations #1
and #2. Furthermore, the partially optimized and totally nonop-
timized RES-based power-supply systems (i.e., combinations
#3 and #4 in Tables II and III) exhibit a total manufacturing cost
which is higher by 13.9–39.4% than that of the RES systems in
configurations #1 and 2, which have been designed by using the
proposed optimization technique. Thus, the generated energy
cost is higher for these configurations, compared to that of the
totally (i.e., system- and circuit-level) optimized configurations
derived by the proposed methodology. Finally, the optimized
configurations #1 and #2, both comprising the same system-
level-optimized RES structure (i.e., number of PV modules and
batteries) but differing on the type of objective function applied
during the circuit-level optimization stage, exhibited equivalent
performance in terms of the dc–dc converter energy conversion
efficiency. However, the total manufacturing cost (i.e., including
the PV modules, batteries, and dc–dc converter) of configura-
tion #2 is lower than that of #1 by 5.1%, since both the dc–dc
converter cost and the impact of meteorological conditions at
the target installation site during the year (affecting the yearly
energy losses of the power converter) have been taken into ac-
count in the corresponding circuit-level design stage for calcu-
lating the LCOE objective function [see (13)]. Thus, the overall
RES-based power-supply configuration #2 exhibits a lower cost
of generated energy than configuration #1, where, similarly to
past-proposed circuit-level design approaches, the dc–dc con-
verter efficiency has been employed as a performance metric
during the design phase.

V. CONCLUSION

In this paper, a new methodology has been presented for the
optimal codesign of the RES-based power-supply structure of a
WSN node simultaneously at the power-supply system level and
the dc–dc converter circuit level, through a unified design pro-
cess. The design optimization and experimental results demon-
strated that by applying the power-supply system lifetime cost
and the dc–dc converter circuit LCOE, respectively, as objec-
tive functions in the two stages of the proposed optimization
process, then the resulting RES-based system is able to satisfy
the energy requirements of the WSN node with a lower cost
compared to that of partially optimized or totally nonoptimized
power supplies. Thus, the cost of the WSN node is reduced ac-
cordingly. Furthermore, since WSNs typically comprise a large
number of sensing nodes installed at different locations, the
cost of the entire WSN is also reduced by using the proposed
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design optimization method. Due to this benefit offered by the
proposed technique, the work presented in this paper has been
initially focused on the nodes of WSNs due to their extensive
utilization during the last years in a wide variety of applications.
However, future work also includes the evolution of the design
technique presented in this paper (in terms of the power-supply
topology, operation modeling, etc.) for the design optimization
of any generic RES-based power-supply system that is used in
either stand-alone or electric-grid-connected energy production
installations.
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