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Abstract

This paper implements a simultaneous solar and thermal energy harvesting

system, as a hybrid energy harvesting (HEH) system, to convert ambient light

into electrical energy through photovoltaic (PV) cells and heat absorbed in the

body of PV cells. Indeed, a solar panel equipped with serially connected ther-

moelectric generators not only converts the incoming light into electricity but

also takes advantage of heat emanating from the light. In a conventional HEH

system, the diode block is used to provide the path for the input source with

the highest value. In this scheme, at each time, only one source can be han-

dled to generate its output, while other sources are blocked. To handle this

challenge of combining resources in HEH systems, this paper proposes a

method for collecting all incoming energies and conveying its summation to

the load via the current mirror cells in an approach similar to the maximum

power point tracking. This technique is implemented using off-the-shelf com-

ponents. The measurement results show that the proposed method is a realis-

tic approach for supplying electrical energy to wireless sensor nodes and low-

power electronics.
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1 | INTRODUCTION

Energy harvesting (EH) is the process of extracting
energy from the environment and converting it into elec-
trical energy and is a growing trend especially in the
small-scale energy sector [1]. This energy, which comes
from the energy sources that exist in the environment or
the human body, is a renewable and clean energy [2].
The term EH is usually used for low powers in a range of
about μW to mW [1]. These extracted powers are based

on energy sources, such as mechanical vibrations [3],
thermal [4], solar [5], biochemical [6], and radio waves
[7]. In fact, EH technology is being used as a replacement
for batteries in low-power electronic devices [8]. Like-
wise, due to the unpredictable performance and limited
battery life in wireless sensor networks (WSNs), EH tech-
niques have turned a typical battery-powered WSN into
an autonomous WSN [9]. In addition to WSNs, EH sys-
tems can also be applied for providing a power supply for
the Internet of Things (IoT) devices to achieve a stable
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performance without the need of power cords, batteries,
or chargers [10]. It is also important to note that hybrid
EH (HEH) is turning to the point where it can be consid-
ered as a means of realizing the sustainable systems.
Indeed, the extraction of energy from HEH sources pre-
vents environmental degradation and facilitates the utili-
zation of sustainable energies [11]. As a case in point, in
Komiyama and Fujii [12], different types of energy
sources that can be utilized in an electric vehicle are dis-
cussed, which not only provides clean energies but also
reduces the environmental pollution. Although the single
use of energy sources in small-scale EH applications is a
solution to power wireless sensor nodes [13], there is a
challenge in a number of applications, that is, the contin-
uous supply of highly reliable electrical power. This is
mainly due to the alternating nature of the environmen-
tal energy sources. Moreover, the HEH technique is used
to ensure permanent access to electrical energy, and this
is what was used in this article. By doing this, more
energy can be extracted concurrently. Grasping a high
efficiency is very important in EH systems. One solution
is to use maximum power point tracking (MPPT) and
impedance matching between the supply and the source.
In this manner, the maximum power point (MPP) is the
point that indicates the maximum output power [14].
Therefore, in an HEH system, the impedance matching
of the harvester and the circuit must be observed to
achieve higher efficiency. In addition, the MPPT system
must be able to combine several sources of harvesting
power to form a high-efficiency energy source. Moreover,
the composition of the energy harvesters is also vital in
an HEH system. For this purpose, four models [6] have
been reported. In the first type, two different EH sources
are used in an identical platform [15, 16]. In the second
type, a multiplexer structure is used to switch between
different EH sources [17, 18]. In the third type, separate
converters are used for each EH source [14]. Finally, in
the fourth type, energy harvesters are connected in a
series-parallel configuration [6].

Several approaches of combining energy sources via
HEH are reported. In Mohamad and others [19], a
research work on a hybrid energy harvester with radio
frequency and thermal and vibration sources for semi-
active radio frequency identification (RFID) tags is pre-
sented. In Lee and others [20], a floating device with mul-
tifunctional EH technology using solar and thermal
energy sources that can be used to power a wireless sen-
sor node is reported. In Tan and Panda [21], an HEH
technique to capture indoor light energy and thermal
energy with only one energy management circuit for both
energy sources is introduced to extend the lifetime of the
wireless sensor node. In Kang and others [22], an energy
combiner is provided to simultaneously deliver electrical

energy extracted from individual energy separators to an
energy storage device, which can be used as a subsystem.
In Altinel and Kurt [23], potential energy models for IoT
nodes are described by an HEH technique, and the ener-
gies harvested at the output of the EH modules are mod-
eled using Gaussian mixture models. In Tanaka and
others [24], an integrated system, which converts vibra-
tional energy into electrical energy by multiple piezoelec-
tric elements, is introduced. In Deng and others [25], an
HEH system is used to extend the lifetime of the wireless
sensor node in the field. The platform includes a multi-
purpose EH module to collect wind, solar radiation, and
heat energy from the environment.

In this paper, the HEH system uses a combination of
solar and thermal energy sources. In this system, a photo-
voltaic (PV) cell is taken to convert natural and artificial
light into electrical energy, and the thermoelectric gener-
ator (TEG) is used to convert the temperature difference
generated on the PV cell surface and air into electrical
energy. Indeed, the idea is to reuse the heat generated at
the surface of PV cells that are originally used to harvest
the light and not the thermal energy. The combination of
these energy sources at the input stage offers maximiza-
tion of the received power with minimum losses, a
known trend on increasing the efficiency of the system.
To achieve this, this paper proposes the utilization of cur-
rent mirror circuit to concurrently harvest both energy
sources. Indeed, this method is regarded as the counter-
part of the MPPT and is applicable for multisource EH
systems. It is worth mentioning that the conventional
method of implementing HEH system is based on using a
diode block, which conducts a unique path only from the
input with higher harvested energy to the output. In
other words, in this conventional scheme, summation of
incoming harvested energies will not be provided at the
output node. The proposed method is able to alleviate
this problem. The rest of this paper is organized as fol-
lows. Section 2 describes HEH system composed of solar
and thermal EH sources and explains the DC-to-DC con-
verter suitable for such an EH system. Section 3.3 pro-
vides the proposed method of combining the harvested
energies from thermal and solar energy sources based on
incorporating the current mirror circuit. Section 4 pre-
sents the experimental results. Eventually, Section 5 con-
cludes this paper.

2 | DESCRIPTION OF HEH
SYSTEM

It is intended to design and implement an HEH system
for a wireless sensor node that is located in remote and
hard to access environments, such as the ocean,
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mountains, and forests. Therefore, the single use of
energy to be extracted is not sufficient to provide the
required power in such scenarios. Indeed, the harvesting
power from multiple sources must be reached at the
desired amount to act as a charger or battery complement
in the wireless sensor node. A combination of solar and
thermal energies is a promising method to accomplish
this target.

2.1 | Solar EH system

Light is one of the most popular sources of renewable
energies and is also widely used in EH techniques [26]. It
can be produced from natural (solar) or artificial (lamp)
sources. Wafer-based silicon technology is used in a high
percentage of most solar cells on the world market [27].
Wafers with thicknesses of lower than 200 μm are made
of monocrystalline silicon (c-Si) and polycrystalline sili-
con (pc-Si). Monocrystalline solar cells are made of single
crystals of silicon. On the other hand, polycrystalline PV
modules are composed of a number of different crystals
that are connected to each other in a cell. In general,
monocrystalline cells are more efficient than polycrystal-
line cells [28]. In this paper, the SP5V400 solar panel,
which has a monocrystalline structure, is used to convert
solar energy into electrical energy. Table 1 summarizes
the characteristics of this solar cell with an efficiency of
17.1%.

Figure 1 shows a simple model of a PV cell. The
mathematical relationships of such PV cell can be com-
puted based on this model. Equation (1) can be used to
calculate the IPV current (excluding leakage current):

IPV ¼ Iph� Io exp
VPVþ IPV:Rs

V t

� �
�1

� �
, ð1Þ

where Iph is the current produced by light (A), Io is the
reverse saturation current of p-n diodes (1�10�9 A), Rs

is the series resistance of PV cell, and V t is the thermal
voltage of the connection terminal (V). Note that V t

depends on the absolute temperature of the cell, which is
defined on (2):

V t ¼ kTc

q
, ð2Þ

where Tc is the cell absolute temperature (K), k is the
Boltzmann constant (1:3807�10�23 JK�1), and q is the
charge of the electron (1:6022�10�19 C). Accordingly,
the PV power can be formulated as (3):

PPV ¼VPV:IPV ¼VPV Iph� Ioðeð
VPVþIPVRs

kTc=q
Þ �1

h i
: ð3Þ

According to a PV cell’s current–voltage (I-V) and
power–voltage (P-V) curves, there is a specific working
voltage and current under a certain radiation and tem-
perature that produces the maximum power of Pmax [29].
It is necessary to experimentally measure the open circuit
voltage (VOC) and the short-circuit current (ISC) to calcu-
late the power of the MPP (Pmpp). This is called Pmpp,
and this point is the product of the voltage of MPP (Vmpp)
and the current of MPP (Impp). As depicted in Figure 2,

TAB L E 1 Characteristics of the SP5V400 solar cell

Power 2 W

Peak voltage 5 V

Open circuit voltage 6 V

Peak current 336 mA

Short circuit current 400 mA

Size 135 mm � 125mm

Conversion efficiency 17.1 %

F I GURE 1 Electrical model for photovoltaic (PV) cell

F I GURE 2 I-V and P-V curves of a photovoltaic (PV) cell

(SP5V400)
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the MPP of the PV cell is related to these specific operat-
ing voltage and current points.

2.2 | Thermoelectric EH system

One distinct approach to produce electrical energy is to
use TEG, which works based on the temperature differ-
ence on its both sides [30]. TEG is a semiconductor device
that converts temperature difference into electrical poten-
tial difference through the Seebeck effect [31]. As this
temperature difference increases, the overall output volt-
age deliverable at the TEG’s output will be higher. The
proposed technique implemented in this paper recycles
the heat across the body of the PV cell which otherwise
would have been wasted. In other words, the temperature
difference between the body of the PV cell and air (or the
water in case of being used in the ocean) would be uti-
lized to extract the energy of heated PV cells, while PV
converts the incoming light into electricity. Since TEGs
have a low-power density, their series and parallel con-
nections can be configured to increase the received power
[32]. The TEGs used in this paper have the part number
of SP1848-27145. A series of five TEGs are attached to the
body of the PV cells for implementation. In addition, the
technique of placing heatsinks on the cold side of the
TEGs is utilized to generate higher temperature differ-
ence leading to greater resultant voltage. These TEGs
consist of thermal elements of N and P types, which are
electrically connected in series and thermally in parallel
[33]. The performance of thermoelectric elements for
power generation and cooling is evaluated based on its
competence figure known as ZT [34] given in (4),

ZT¼ σα2

k
T, ð4Þ

where α is the Seebeck coefficient, σ is the electrical con-
ductivity, T is the absolute temperature, and k is the

thermal conductivity. The performance of TEG improves
with the ZT value. Therefore, it is preferable to choose
TEG with a higher ZT value to accomplish a better per-
formance [35]. Figure 3 shows a simple electrical model
of the TEG that describes the mathematical equations.

For a TEG that consists of n thermocouples, the VOC

open circuit voltage of the TEG is calculated as in (5):

VOC ¼ S�ΔTTEG ¼n�αðTHJ�TCJÞ, ð5Þ

where α and S are the Seebeck coefficient of a thermo-
couple and a TEG, respectively. Besides, ΔTTEG is the
temperature difference and THJ and TCJ are the tempera-
tures of the hot and cold sides, respectively. In
addition, (6) can be used to measure the current of TEG
(ITEG):

ITEG ¼ VOC

RTEGþRL
, ð6Þ

where RTEG is the internal resistance of TEG and RL is a
load resistance that is connected to the TEG. In addition,
value of RTEG is given in (7):

RTEG ¼ L
σAleg

þ 2LC

σCAC
, ð7Þ

where σC is the contact electrical conductivity of the cop-
per strip, Aleg is the cross-section area of thermoelectric
elements, AC is the cross-section area of the copper strip,
L is the thermocouple length, and LC is the length of cop-
per strip. In addition, (8) can be used to calculate the
power taken from TEG:

PTEG ¼ðVOC:
RL

RTEGþRL
Þ

RL
¼ α2:ΔT2

TEG:RL

RTEGþRL
: ð8Þ

The maximum power transfer from the TEG source
to the load is obtained under the condition of RTEG ¼RL.
To get the most power from the TEG, the MPPT
approach can be implemented to match the impedance of
the energy source to the load. Given that the load resis-
tance is the same as the resistance of the collector source,
the power taken is always maximum for various tempera-
ture differences [6].

2.3 | DC-to-DC converter for EH system

Due to the variability of electrical energy extracted from
the PV cell and TEG in different climatic conditions, it is
necessary to use DC converters to increase/decrease and

F I GURE 3 Electrical model for thermoelectric generator

(TEG)
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stabilize the voltage. Hence, in this paper, a
non-inverting buck–boost converter is used to provide a
constant and stabilized output voltage [36].

Figure 4 shows the structure of this buck–boost con-
verter. In this circuit, instead of conventional rectifier
diodes, the diode-connected Q2 and Q4 transistors are
used to provide a low voltage drop. In this converter,
TL494 is used to control the feedback loop.

Transistors Q1 and Q3 are turned ON and OFF by a
control circuit via a pulse-width modulation (PWM) sig-
nal. Based on the comparison between the sampled out-
put voltage and the reference voltage, when the input
voltage is higher than the output voltage, the converter
operates in buck mode. On the contrary, when the input
voltage is less than the output voltage, the converter
operates in boost mode [37, 38]. Moreover, the boost con-
verter in EH systems can be fully integrated as a chip
without the need of a coil. This is accomplished by the
idea of the double boost converter [39].

The conversion ratio (MðDÞ) in the buck–boost con-
verter is obtained from (9).

MðDÞ¼Vout

V in
¼ VRL

VHEH-DC
¼ D
1�D

: ð9Þ

Using the small-ripple approximation and writing
KVL and KCL equations, the following are obtained [36]:

L
dîðtÞ
dt

¼Dv̂gðtÞ�D0v̂ðtÞþðVgþVÞd̂ðtÞ, ð10Þ

C
dv̂ðtÞ
dt

¼D0 îðtÞ� v̂ðtÞ
R

� ILd̂ðtÞ, ð11Þ

îgðtÞ¼DîðtÞþ Id̂ðtÞ, ð12Þ

where i is the inductor current and D is the duty cycle.
The parameters îðtÞ,v̂gðtÞ,v̂ðtÞ,d̂ðtÞ, and îgðtÞ are small-
signal AC variations of inductor current, input voltage,
output voltage, duty cycle, and input current, respectively.

According to these equations, the control-to-output
transfer function is of the following form:

GvdðsÞ¼ v̂ðsÞ
d̂ðsÞ¼Gd0

ð1� s
ωzd

Þ
ð1þ s

Qω0
þð s

ω0
Þ2Þ : ð13Þ

In addition, the line-to-output transfer function can
be calculated as follows:

GvgðsÞ¼ v̂ðsÞ
v̂gðsÞ¼Gg0

1

1þ s
Qω0

þð s
ω0
Þ2 : ð14Þ

The parameters associated with this noninverting
buck–boost converter is given in Table 2.

Equations (13) and (14) can be used to design the
closed-loop system and to verify its stability.

The input voltage of the buck–boost converter (V in) is
taken from the hybrid energy harvester source (HEH-
DC), as depicted in Figure 4. In this converter, the tran-
sistor IRF3205 is used for Q1 and Q3, and the transistor
IRLZ44 is used for Q2 and Q4. In boost mode, the value
of inductor (L) is formulated as in (15):

L¼
V 2

inðminÞðV out�V inðminÞÞ
0:2:IoutðmaxÞ:f sw:V

2
out

, ð15Þ

where IoutðmaxÞ is the maximum load current. In this
design, Tmote Sky wireless sensor node is considered as
the load, which requires a voltage of 3.3 V. In addition,
f sw is switching frequency set at 40 kHz supplied by the
control circuit. Equation (16) can be used to calculate the
saturation current of the inductor (ILðsatÞ) rating at a min-
imum input voltage.

ILðsatÞ ≥ � Vout� IoutðmaxÞ
0:9�V inðminÞ

þΔIL
2

� �
, ð16Þ

where ΔIL is the inductor ripple current. A higher induc-
tance provides smaller ripple current at the expense of
the inductor size, cost, and DC resistance [40]. Besides,
the output capacitor is chosen based on the maximum
RMS current in the capacitor during boost mode and the
output voltage ripple profile. When operating at the

F I GURE 4 Structure of the non-inverting buck–boost
converter

TABL E 2 Parameters of the non-inverting buck–boost
converter

Gg0 Gd0 ω0 Q ωzd

D
D0

V
DD0 D0ffiffiffiffiffi

LC
p D0R

ffiffiffi
C
L

q
D02R
DL
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minimum input voltage and maximum load, the maxi-
mum RMS current in the output capacitor (ICout-rms) can
be obtained using (17).

ICout-rms ¼ Iout�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vout

V in
�1

r
: ð17Þ

The output ripple has components based on the
equivalent series resistance (ESR) that represents the
ESR-based ripple (ΔVESR) given in (18) and the capacitive
ripple (ΔVCout) given in (19).

ΔVESR ¼ Iout�Vout

V inðminÞ
�ESR, ð18Þ

ΔVCout ¼ Iout
Cout� f sw

� Vout�V in

Vout

� �
: ð19Þ

The maximum capacitive ripple occurs at the mini-
mum input voltage. Moreover, the input capacitor can be
selected in the same manner as the output capacitor. The
maximum RMS current flowing in Cin occurs in buck
mode given as follows:

ICinðrmsÞ ¼ Iout�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vout

V in
1�Vout

V in

� �s
: ð20Þ

The input voltage ripple is a combination of capaci-
tive and ESR-based ripple. The ESR-based ripple at the
input can be calculated as follows:

ΔVRippleðESRÞ ¼ IoutESR: ð21Þ

In addition, the capacitive input ripple can be deter-
mined as follows:

ΔVRippleðCinÞ ¼
Iout

Vout
V in

�ð1� Vout
V in

Þ
Cinf sw

: ð22Þ

According to the abovementioned equations, the
values of the inductor and capacitor are calculated to be
L¼ 470 μH and C¼ 82 μF, and the value of the superca-
pacitor is 1 F.

The combination of energy sources at the input is one
of the main challenges in HEH systems. A common tech-
nique is to use a diode block on the entrance floor. In this
block, only the energy harvester can be used as the direct
input of the converter, which has a higher voltage level.
Due to the low harvested voltages, making a diode block
with metal-oxide-semiconductor field effect transistor

(MOSFET) (Figure 5) is recommended to approach the
ideal diode structure. Although using a diode block is a
common method of combining energy sources, a disad-
vantage is that only one of the inputs is connected to the
output at a time. In other words, in a diode block struc-
ture, only one energy source is responsible for supplying
the load at any given time. It is worth noting that separate
supercapacitors can be used for each input to store the
harvested energy permanently. Moreover, in case the
input power sources have different impedances, the PWM
signal generated by the control circuit should be pro-
grammed such that the impedance matching of the load
and the source satisfied to maximize the output power.
Since the conventional approach of using a diode block is
not suitable for maximizing the output power, the
method of applying the current mirror at the input stage
is proposed in this paper and is described in the following
section. The diode block can be used to provide the
supply voltage needed for the battery-free operation of
the current mirror, which is explained in the next section.

3 | PROPOSED METHOD OF
COMBINING HARVESTED
ENERGIES

In this paper, the main idea for combining energy
sources in the input floor is based on using a current
mirror circuit so that no energy source is left unused at
any time. The current mirror is a circuit that is
designed to copy the current through an active circuit
by controlling the current in another circuit and keep-
ing the output current constant regardless of the load
[41]. To achieve this, two possible approaches are
depicted in Figure 6, which shows the block diagrams
of the suggested HEH systems.

F I GURE 5 Diode connection with p-channel MOSFET

(PMOS)
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3.1 | Proposed circuit topologies

The goal is to increase the corresponding currents taken
from environmental energy sources to achieve more
power, and this is accomplished via a current mirror cir-
cuit. In Figure 6A, the input sources, that is, PV cell and
TEGs, act as the inputs to the mirror current circuit and
the inputs to the diode block. The diode block implemen-
ted with MOSFET transistors conveys the input with
higher voltage to its output with the least voltage drop.
Next, the output of this block is applied to a buck–boost
converter to provide a suitable and stabilized voltage for
the operation of the current mirror circuit. As is
depicted in this figure, the output of the current mirror
is connected to the supercapacitor to store the generated
electrical energy continuously and supply the load. It is
worth noting that in practice, the electrical energy pro-
duced by light is more than that of heat; therefore, to
stabilize and regulate the voltage, the converter operates
in the buck mode for the PV cell and in the boost mode
for the TEGs. In Figure 6B, the input sources, that is,
PV cell and TEGs, act as the inputs to the mirror cur-
rent circuit. The diode block is not used in this scheme.
Instead, an OpAmp is used to amplify the DC level of
voltage excavated from the TEGs. This amplified voltage
along with the voltage acquired from the PV cell is then
applied to the current mirror cells. Next, the output of
both current mirrors will sum up and will be stored to
a capacitor to provide the input voltage for the
converter. This voltage is then applied to a buck–boost
converter to provide a suitable and stabilized voltage for
the load.

Figure 7 shows the proposed current mirror circuit
based on the block diagrams of Figure 6. In Figure 7A, in
addition to the proper combination of energy harvesters,
the current will be increased at the output. In this case,
more power can be transferred to the load. The current of
the current mirror circuit is supplied through ambient
energies harvested from SEH and TEH. In addition,
OpAmp OP07 is used to elevate the level of output volt-
age delivered by the TEGs by the ratio of (1+R4/R3).
Moreover, the transistor M1 is used to convert the voltage
into a current, and no external power supply is required
in the proposed current mirror circuit. In parallel, the
highest harvested energy from SEH and TEH is passed
through a diode block, and the corresponding voltage is
then applied to the buck–boost converter to stabilize the
voltage needed for the operation of the circuit. In propor-
tion to the current of ambient energy sources, the resis-
tors R1,2 can be adjusted according to (23), along with the
I-V equation of the MOS transistor,

IREF ¼Vððambient sourceÞ�Vgsn

R1,2
, ð23Þ

where IREF is IR1 (IR2), which is the current of transistor
M1 (M4), provided that SEH (TEH, i.e., Vin-TEG in
Figure 7A) is used as the ambient energy source, R1 (R2)
is used as resistor R1,2, and Vgs,n is used as gate-source
voltage of M1(M4). As the TEH has a lower harvested
energy compared to the SEH, regardless of its early
amplification via the OpAmp, the current generated in
the mirror circuit of a thermal source is multiplied by
three, producing Iy ¼ 3� IR2, while the current generated
in the mirror circuit of a solar source is multiplied by
two, producing IX ¼ 2� IR1. As a result, both currents are
added together and transferred to the output as is
expressed in (24). However, based on the nature of the
load, any other multiplication factor of energy sources is
applicable based on this proposed circuit. Using a similar
transistor in the current mirror, the resultant current
deliverable to the load is given in (25), as the p-channel
MOSFET transistors M8 and M9 are also identical. There-
fore, for discrete transistors which are bought off the
shelf, the value of the aspect ratio, width to the length of
transistors, is fixed.

I¼ Ix þ Iy ¼ 2IR1

ðW=LÞ2,3
ðW=LÞ1

� �
þ3IR2

ðW=LÞ5,6,7
ðW=LÞ4

� �
, ð24Þ

I¼ 2IR1 þ3IR2 : ð25Þ

Given that this is a lossy implementation due to M8
and M9 transistors, the second implementation is

F I GURE 6 Suggested current mirror-based block diagrams of

the HEH system: (A) Using a diode block; (B) using OpAmp
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proposed, as depicted in Figure 7B. Two Widlar current
sources are used in this circuit. The advantage of a
Widlar circuit is that approximately small constant cur-
rents would be generated using small resistors. Indeed,
small resistors provide low-enough power consumption
compared with the current mirror structure of Figure 7A.

The input current due to the ambient energy sources
can be reported approximately as (26) ignoring the base
currents:

IREF ¼Vðambient sourceÞ�VEB

R
, ð26Þ

where IREF is IR5 (IR3), which is the current of transistor
Q6 (Q1), and VEB is the emitter-base voltage of Q6
(Q1) provided that SEH (TEH, i.e., Vin-TEG in
Figure 7B) is used as the ambient energy source. In this
equation, resistance R is R5þR6 and R3þR4 for Q6 and
Q1, respectively. OpAmp (OP07) is used in the same
manner as in Figure 7A. The current Iy and Ix can be
obtained from the following equations:

Iy ¼ IC,2þ IC,3þ IC,4, ð27Þ

Ix ¼ IC,7þ IC,8þ IC,9: ð28Þ

F I GURE 7 Proposed current mirror circuit: (A) standard current mirror, leading to high-power dissipation and (B) Widlar current

mirror offering a higher efficiency compared with (A)
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Transistors Q2, Q3, and Q4 have the same currents,
which can be described as follows:

VEB1 ¼V t ln
IREF
Is

� �
,VEB2 ¼V t ln

IC2
Is

� �
: ð29Þ

Writing the KVL and KCL equations for this
circuit, (30) is derived as follows:

VEB2�VEB1 ¼R3� IREF ¼V t ln
IC2
IREF

� �
, ð30Þ

where V t is the thermal voltage and Is is reverse satura-
tion current of base-emitter diode. The current of Q7 can
be calculated in the same manner as in (30). In
addition, (27) and (28) can be simplified as Iy ¼ 3� IC2
and IX ¼ 3� IC7, where IC2 and IC7 are the current of Q2
and Q7 transistors, respectively, derived from (30).

3.2 | Effect of nonidealities in the
current mirror circuit

Regardless of its terminal voltage, an ideal current source
can deliver different amounts of current. However, in
practice, the load requirements also affect the value of
constant current. Accordingly, the output voltage and the
output current will change. Likewise, for a practical cur-
rent source, the output impedance is not infinite, which
by itself will limit the amount of output current. Indeed,
some nonidealities, such as process variation, VDS differ-
ence, and VTH mismatch, may cause current mismatches.

Mismatch due to the threshold voltage: One of
the mismatch factors in current mirror circuits is related
to the threshold voltage, VTH. Considering the nominally
identical current sources M1 and M2 in Figure 8 and

neglecting channel length modulation, the total mis-
match between ID1 and ID2 can be determined as follows
[42]:

Since ID ¼ð1=2ÞμnCoxðW=LÞðVGS�VTHÞ2, the follow-
ing is obtained:

ΔID ¼ ∂ID
∂W=L

Δ
∂W
∂L

þ ∂ID
∂ðVGS�VTHÞΔðVGS�VTHÞ, ð31Þ

where mismatches in μnCox are neglected. It follows that

ΔID¼
1
2
μnCoxðVGS�VTHÞ2Δ ∂W

∂L
�μnCox

∂W
∂L

ðVGS�VTHÞΔVTH:
ð32Þ

It is worth noting that the current mismatch is usu-
ally normalized to the average value to allow a meaning-
ful comparison:

∂ΔID
∂ID

¼ ∂ΔðW=LÞ
∂W=L

�2
∂ΔVTH

∂VGS�VTH
: ð33Þ

This result suggests that, to minimize current mis-
match, the overdrive voltage, VGS�VTH, must be maxi-
mized. This is because as VGS�VTH increases, the
threshold mismatch has a lesser effect on the device cur-
rents. In the same manner, it can be proved that

Io
IREF

≈ 1� 2ΔVTHN

VGS�VTH
¼ 1�2ΔVTHN

VDS;sat
: ð34Þ

Equation (34) is quite noticeable since it shows that
as VGS decreases, the difference in the mirrored currents
increases due to threshold voltage mismatch.

Mismatch due to the drain-to-source voltage and
lambda: Both the matching in the drain-to-source volt-
ages (Vo and VDS1) and the device lambda (λ) affect the
ratio of the output current to the reference current:

Io
IREF

¼ 1þλ2Vo

1þ λ1VDS1
: ð35Þ

For good matching, it is extremely important that
the VDS values of the MOSFETs in the current mirror are
equal. Given that channel length modulation is not con-
sidered (λ = 0), the ratio of currents is equal to the
ratio of widths of transistors. However, according to
the aforementioned equation, if two identical transistors
do not have the same VDS, then a nonlinearity related to
the inequalities in λ and VDS of transistors will occur in
copying or mirroring the current provided by this
equation.F I GURE 8 Mismatch between two current sources

NOOHI ET AL. 527



As mentioned earlier, the limited output resistance
can also affect the operation of the current mirror. It is
desired to have approximately infinite output resistance
which is not feasible in practice. As a case in point, for
the Widlar current mirror depicted in Figure 9, the out-
put resistance is calculated as follows:

Ro ¼Vx

Ix
¼ ro 1þ βR2

ðR1jjreÞþRxþR2

� �
þR2

ðR1jjreÞþRx

ðR1jjreÞþRxþR2

� �
,

ð36Þ

where ro is the intrinsic output resistance of the transis-
tor, re is the intrinsic emitter resistance of a transistor,
and Rx is the parasitic resistance at the base terminal.
This value is way higher than the output resistance of
simple current mirrors.

3.3 | Requirements of a supercapacitor

Recent research in EH systems utilizes supercapacitors as
the promising source of energy storage. In an EH system,
a supercapacitor is connected to the output of a DC-to-
DC converter. Indeed, charging of supercapacitor with
the converter circuit is preferred compared to charging
directly with a rectifier. To select the appropriate superca-
pacitor for an EH application, a number of basic require-
ments, including the normal and minimum operating
voltage, load current or its associated power, and dura-
tion of driving the load, should be taken into account.

The power that an ambient energy harvester can pro-
duce might not be high enough; however, the harvested
energy can be continuously added into an energy storage
device such as a battery or a supercapacitor to meet the
needs of the load [43]. The total number of recharge
cycles for the lifetime of a Li-battery is several hundreds.

On the other hand, a normal supercapacitor will have
millions of charge cycles, giving it a significant advantage
as an energy storage solution. Moreover, if the leakage
current of a supercapacitor is low and not the source of
concern, a supercapacitor alone can be used as the stor-
age device in indoor PV EH applications without the
need of a battery. It is worth noting that self-discharge
has been the primary concern for using the supercapaci-
tors as the only storage component in sub-mW indoor PV
EH applications for battery replacement solutions. This is
mainly due to the difficulty in evaluating the energy loss
in the charge redistribution process. In Yue and
others [43], a charge-based storage evaluation method is
presented to be used when the power management strat-
egy is focused on maintaining charge stored in the super-
capacitor to ensure that the total charge to the
supercapacitor is not smaller than the total discharge.

The supercapacitor dynamics can also be modeled
through an equivalent circuit formed by a capacitor con-
nected in series with a resistance. Based on this model,
the terminal voltage, VSC, and the cell voltage can be for-
mulated as follows [44, 45]:

V SC ¼VOSCðtÞ�RSCISCðtÞ, ð37Þ

VOSC ¼V iC�ð1=CSCÞ
ðt
0
ISCdt, ð38Þ

where CSC is the capacitance of the SC cell and V iC is the
initial voltage of supercapacitor. The SC cell current, ISC,
in terms of total absorbed/delivered power, PSC, cell volt-
age, VOSC, cell resistance, RSC, and the total number of
cells, nSC, can be represented as follows:

ISC ¼VOSCðtÞ
2RSC

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2

OSCðtÞ�4RSCPSCðtÞ=nSC

q
2RSC

: ð39Þ

4 | EXPERIMENTAL RESULTS

In this paper, five TEGs with the model number of
SP1848-27145 were connected in series. In addition, their
cold side is connected to the heatsink, and the hot side is
connected to the back of the PV cell. In this case, as solar
energy is converted into electrical energy, the heat gener-
ated on the cell is reused and converted into electrical
energy as well. Based on the obtained experimental
results, Table 3 presents the electrical energy generated
by SP5V400, and Table 4 presents the electrical energy

F I GURE 9 Widlar current mirror circuit
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generated by SP1848-27145 in different temperature and
environmental conditions. In an open environment, the
output power can be determined based on the tempera-
ture difference between the heat generated in the body of
the PV cells and the air.

Figure 10 shows the power taken from one to five
TEGs placed in series with different temperature varia-
tions. As it was expected, a larger number of TEGs should
be hired to acquire higher harvested power.

All of five TEGs offer 0.9 V which will be amplified to
2.7 V via the OP07 OpAmp having R1 = 5 kΩ and R2 =

10 kΩ. Moreover, the output voltage of 4.9 V is also acces-
sible from the solar cell. In addition, for the buck–boost
converter, the values of the inductor and capacitor are
chosen to be L¼ 470 μH and C¼ 82 μF, and the value of
the supercapacitor (SC) is 1 F with a nominal voltage of
5.5 V. The SC with KAMCAP model is used here as a
means of storing the excavated voltage deliverable to
the load.

The resistors R3 to R6 were determined to control the
current based on the requirements of the load according
to (22) to the values of R3,5 = 22 Ω R4 = 1.9 kΩ and R6
= 2.2 kΩ. It is worth noting that all transistors are PNP
type and have the part number 2N3906.

In this design, the current mirror circuit receives its
power supply from the ambient energy sources, as
depicted in Figure 6, and does not require an external
power supply.

The input power is equal to the sum of the SEH and
TEH powers, which is calculated to be 194 mW, and the
power deliverable to the load is equal to 141 mW.
Accordingly, the efficiency is calculated as (40):

η% ¼OutputPower
InputPower

¼ 141 mW
194mW

¼ 73%: ð40Þ

Figure 11 shows the output voltage of the buck–boost
converter. The electrical energy obtained for normal use
is stored in a 1 F SC.

Figure 12 shows a comparison between three EH
techniques, namely, solar, thermal, and hybrid. In this
scheme, the output power of five TEGs is equal to
72 mW, and the solar power output from a PV cell is
equal to 122 mW. Thus, the structure of HEH provides
194 mW of power. The generated electrical energy is first
stored in the supercapacitor and then transferred to the
load. It is worth noting that this setup is solely a proof of
concept for the idea of combing the energy sources via
the current mirror cells, and surely higher output powers
are accessible either by using larger PV cell or higher
number of TEGs and temperature difference.

Figure 13 illustrates the experimental setup. It is sup-
posed to power a Tmote Sky wireless sensor module with
a 3.3 V power supply, and the maximum data transfer
current is 23 mA for the receive mode and 21 mA for the
transmit mode (overall maximum data transfer current of

TAB L E 3 Experimental results obtained from PV cells

Sunny day 5 V

Cloudy day 3.5 V–3.7 V

Indoor light 3.0 V–3.4 V

Abbreviation: PV, photovoltaic.

TAB L E 4 Experimental results obtained from a TEG

Temperature difference (� C) 3 5 7 9 11 13

Open circuit output voltage (V) 0.14 0.23 0.33 0.4 0.48 0.57

Output current (mA) 22.4 48.2 66 73.6 85.2 103.4

Abbreviation: TEG, thermoelectric generator.

F I GURE 1 0 Input power received from one to five

thermoelectric generators (TEGs)

F I GURE 1 1 Buck–boost converter output voltage
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44 mA). Depending on the size of the PV cell, more TEGs
can be installed to receive more power from the TEGs.
Given that the supercapacitors are fully charged, the
power that the proposed HEH system can deliver to the
wireless sensor module is equal to 141 mW.

The standard solar panel structure has a lower imple-
mentation cost compared with the proposed structure;
however, its efficiency is significantly reduced. In this
case, if a higher value solar cell is used as the input with-
out TEGs, the efficiency will increase; however, it is still
lower than the efficiency of the proposed structure, and
the thermal energy can no longer be used to guarantee
the continuous supply of electrical energy. Table 5
presents the comparison between the standard solar
panel and the proposed system in terms of cost and
efficiency.

As presented in Table 5, the cost of the proposed sys-
tem, that is, $15.28, is higher compared with the other
two systems not having the TEGs. However, due to the
structure of the Widlar current mirror providing current
with small value resistors, the proposed design provides
higher efficiency which is 73%.

5 | CONCLUSION

This paper reports a methodology for combining the
extracted energies from different environmental sources,
for example, solar and thermal. This is achieved via imple-
mentation of a current mirror structure at the input stage
to convert the associated received voltages into currents
and then scale and sum them together using circuit tech-
niques. This is indeed an HEH system composed of solar
cell and TEGs proposed to combine all incoming energies
concurrently to power the load which is considered to be a
wireless sensor node. To increase the voltage level pro-
duced by TEG, five TEGs on the back of the PV cell were
utilized to reuse the natural heat at the surface of PV cell.
In addition, a buck–boost converter is used to adjust and
stabilize the supply of the circuit. In this system, the excess
electrical energy in the environment is continuously stored
in the supercapacitor, which alone can supply the load.
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F I GURE 1 2 Input power received from one to four

thermoelectric generators (TEGs)

F I GURE 1 3 (A) Overall view of the proposed energy

harvesting (HEH) system. (B) Connection of five thermoelectric

generators (TEGs) to the photovoltaic (PV) cell. (C) PV cell

appearance. (D) Both sides of the PV cell

TABL E 5 Comparison of efficiency and cost of different

structures of EH systems

Circuit structure Cost ($) Efficiency

Proposed structure
(1 solar panel + 5 TEGs)

15.28 73%

Standard solar panel
(1 solar cell without TEGs)

5.18 36%

2 parallel solar cell circuits 8.36 69.5%

Abbreviations: EH, energy harvesting; TEG, thermoelectric generator.
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