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Given the rapidly increasing market penetration of photovoltaic (PV) systems in

many fields, including construction and housing, the effective maintenance of PV

systems through remote monitoring at the panel level has attracted attention to

quickly detect faults that cause reductions in yearly PV energy production, and

which can reduce the whole‐life cost. A key point of PV monitoring at the panel

level is cost‐effectiveness, as the installation of the massive PV panels that com-

prise PV systems is showing rapid growth in the market. This paper proposes an

implementation method that involves the use of a panel‐level wireless PV moni-

toring module (WPMM), and which assesses the cost‐effectiveness of this

approach. To maximize the cost‐effectiveness, the designed WPMM uses a volt-

age‐divider scheme for voltage metering and a shunt‐resistor scheme for current

metering. In addition, the proposed method offsets the effect of element errors by

extracting calibration parameters. Furthermore, a design method is presented for

portable and user‐friendly PV monitoring, and demonstration results using a com-

mercial 30‐kW PV system are described.
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1 | INTRODUCTION

The use of photovoltaic (PV) systems has increased rapidly
in recent years owing to the steady reduction in PV module
prices [1]. The global market deployment of PV technology
experienced impressive growth and acceleration in 2015, and
the globally installed total PV capacity is estimated at
roughly 228 GW [2]. This rapid growth has led to the instal-
lation of numerous PV panels, including household PV sys-
tems for consumers, where the PV panels can be positioned
on the rooftops of residential houses to minimize the amount
of wasted space [3]. The huge expansion of the PV panel
market can allow energy production to be as close as possi-
ble to the consumption nodes, thus shifting the dependence
of energy resources for consumers from the electricity power

grid to residential PV systems [3,4]. Accordingly, to reduce
their whole‐life costs and to mitigate the undesirable loss of
PV power generation, the continuous monitoring of residen-
tial PV systems is important [5]. PV monitoring, particularly
at the panel level, is attracting much attention because this
approach allows for the quick detection of faults that cause
reductions in PV energy production, while also enabling effi-
cient maintenance processes [4,6].

Previous works on the monitoring of PV systems
focused mainly on the monitoring of the overall behavior of
PV systems or arrays [7–9]. However, recent studies have
addressed PV monitoring at the panel level to achieve better
reliability and efficiency of the PV system [4,10,11]. A key
point is the cost‐effectiveness in PV monitoring at the panel
level owing to the vastly increased installation of PV
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panels. One study [10] proposed a design method for panel‐
level monitoring modules using power line communication
(PLC) considering its low cost. Wireless PV monitoring
methods at the panel level have been proposed in several
recent studies [4,11], with panel‐level monitoring expanded
to the diagnostics of PV systems. Voltage and current
metering in one such study [4] are based on distributed
maximum‐power point architecture to conduct maximum‐
power point tracking (MPPT) at the panel level [12]. This
method can increase the cost because individual panels need
an additional microcontroller unit (MCU) for panel‐level
MPPT. Wireless PV monitoring methods [4,11] use 2.4‐
GHz wireless communications, where the path loss is con-
siderable relative to that of sub‐1‐GHz communications.
This occurs because the path loss in free space is propor-
tional to the square of the frequency in those cases [13].
Thus, given the initial installation cost of wireless PV moni-
toring systems, the 2.4‐GHz communications method is
inferior to the sub‐1‐GHz case because monitoring systems
using 2.4 GHz require more remote terminal units (RTUs)
or gateways than in the case of sub‐1‐GHz communications.
The IEEE 802.11 group, which standardizes wireless LAN
systems at 2.4 GHz, is considering the sub‐1‐GHz band for
several applications, such as advanced metering infrastruc-
ture (AMI) and distributed grid management [14].

In this paper, we propose an implementation method for
a cost‐effective wireless PV monitoring module (WPMM)
at the panel level based on sub‐1‐GHz communication. The
proposed WPMM measures the voltage and current, which
is a mandatory step during PV monitoring, using cost‐
effective circuits. Metering degradation, which may occur
because of the trade‐off between cost and performance, is
offset with calibration parameters. By employing the pro-
posed design and compensation method, WPMM can maxi-
mize the level of cost‐effectiveness.

The remainder of this paper is organized as follows.
Section 2 describes the design concept of the WPMM
implementation scheme. Then, Section 3 explains the
design method of the WPMM, while Section 4 provides
details about the parameter extraction method for metering
calibration. Section 5 demonstrates the results of the imple-
mented WPMM. Finally, Section 6 concludes the paper.

2 | CONCEPT OF WPMM
IMPLEMENTATION

Figure 1 demonstrates the concept of a WPMM system. As
shown in Figure 1, the WPMMs estimate the voltage and
current of the PV panels, and transmit these estimated val-
ues to an RTU using a frequency‐shift‐keying (FSK) modu-
lation scheme. FSK is an attractive communication scheme
owing to its low complexity and low power consumption,

and it is widely used in applications that require long‐range
communication, such as smart utility networks (SUNs) and
low‐power wide‐area networks (LPWANs) [15,16]. The PV
data transmitted to the RTU are recorded at a data logger,
and users can monitor the recorded PV data with a personal
computer (PC). The PV data can also be given to users by
employing a smart device using an FSK‐to‐Wi‐Fi gateway,
which converts data types from FSK to Wi‐Fi, and vice
versa. Users can conveniently use PV monitoring and man-
agement through a portable gateway and a smart device.

Figure 2 shows a conceptual diagram of the WPMM.
The WPMM is composed of a power‐generation module,
current metering, voltage metering, and a wireless MCU
for both analog‐to‐digital conversion (ADC) and FSK pro-
cessing.

The WPMM obtains electric power from the PV panel.
The voltage of the PV panel varies depending on factors
such as the level of solar irradiation and the MPPT. The
WPMM requires a stable and low‐noise supply of power.
Therefore, it is necessary that a stable voltage be obtained
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FIGURE 1 Demonstration of the concept of a wireless PV
monitoring system
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FIGURE 2 Conceptual diagram of the WPMM
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despite the varying voltage of the PV panel. Considering
this point, the WPMM adopts a two‐step DC/DC conver-
sion approach that is based on the intermediate voltage,
similar to the intermediate frequency and is used to ensure
stable operation in wireless radiofrequency (RF) systems.
The next section presents the details of the power‐genera-
tion process.

For cost‐effective panel‐level monitoring, voltage meter-
ing and current metering use a voltage divider and a shunt
resistor, respectively. The voltage divider is composed of
two resistors, as in an earlier study [17], and current meter-
ing typically utilizes one shunt resistor and one operational
amplifier (OP‐AMP), indicating that the voltage divider
and the shunt resistor enable a cost‐effective metering cir-
cuit. The next section also describes the details of the
metering circuit.

Generally, an RF module and an MCU are used for
wireless communication of the PV monitoring data and for
control of the RF module, respectively. In this case, two
chips are needed for wireless communication, which
increases the cost. The proposed WPMM uses a wireless
MCU to improve the cost‐effectiveness, where the FSK
modem and MCU are integrated.

3 | DESIGN OF THE WPMM

This section describes in detail the method used to design
the WPMM.

3.1 | Generation of stable and low‐noise
power supply

Figure 3 shows a schematic diagram of the two‐step DC/
DC converter for a stable and low‐noise power supply.

The voltage of the PV panel, the intermediate voltage,
and the voltage of the wireless MCU are denoted as vpv,
Vm, and Vs, respectively. The PV voltage, vpv, varies
depending on the degree of solar irradiation. The practical
PV panels used in this paper have voltage levels ranging
from 0 V to 60 V. Both the OP‐AMP and the wireless
MCU use a 3.3‐V voltage supply. The intermediate voltage
Vm is adopted to compensate for conflicts between the vari-
able panel voltage vpv and the stable module voltage Vs.

A key point in the first step of the two‐step DC/DC con-
version process is the extraction of the intermediate voltage
Vm near the module voltage Vs from the panel voltage vpv.
The WPMM uses a switching regulator that can have a large
input range. However, the switching operation of the switch-
ing regulator usually causes noise. Thus, it is necessary to
suppress the switching noise of the intermediate voltage Vm,
to drop Vm down to Vs, and to stabilize Vs. In this study, a
low‐noise low‐dropout (LDO) regulator was used in the sec-
ond step for Vs. The intermediate voltage Vm was set to 5 V
near the supply voltage Vs considering the conversion effi-
ciency of the LDO regulator. This two‐step conversion pro-
cess ensures a stable and low‐noise supply voltage from the
variable and unstable voltage of the PV panel.

3.2 | Cost‐effective voltage metering

The voltage metering circuit uses a voltage divider, as in a
previous study [18], and is composed of several resistors,
and can enable low‐cost implementation. Figure 4 shows a
schematic diagram of voltage metering at the panel level. In
the figure, vpv, R1, R2, and vd represent the voltage of the PV
panel, the resistance of the first resistor of the voltage divi-
der, the resistance of the second resistor, and the divided
voltage from the PV voltage vpv, respectively. In addition, Rf

and Cf denote the resistance of the resistor and the capaci-
tance of the capacitor of the low‐pass filter used. This low‐
pass filter suppresses high‐frequency noise components out
of the low‐frequency band, where the slowly varying compo-
nents of the voltage and current exist. The WPMM uses
0.001 as the time constant τ of the low‐pass filter related to
the cutoff frequency, as reported in a previous study [17].

From Figure 4, the divided voltage vd can be expressed
as (1) according to the principle of the voltage divider.

vd ¼ R2

R1 þ R2
vpv ¼ 1

R1=R2 þ 1
vpv: (1)

The divided voltage vd is inputted to the ADC port in
the wireless MCU in order to digitally measure the panel
voltage, and wirelessly transfer it via the FSK communica-
tion channel. Thus, the relationship between the divided
voltage vd and the value measured through the ADC should
be considered. The conversion range is an important factor
associated with the ADC, and is the range of convertible
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FIGURE 3 Schematic diagram of a two‐step DC/DC conversion
process
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input values. The single‐ended ADC used in this study sets
the conversion range using the reference voltage. In this
case, the conversion range overlaps with the reference volt-
age. Considering the conversion range, it is best that the ref-
erence voltage of the ADC, denoted as VADC, be equal to
the maximum divided voltage vd, which is denoted by
Vd_max and related to the maximum PV panel voltage vpv. If
Vd_max is larger than VADC, the divided voltage vd larger
than VADC is saturated to VADC, causing ADC distortion to
occur. However, when Vd_max is smaller than VADC, the
ADC quantization noise becomes larger because there is no
conversion within the range of Vd_max to VADC. Accord-
ingly, the ADC resolution is not fully used. These outcomes
mean that the resistance ratio R1/R2 of the voltage divider in
(1) should be set such that Vd_max is equal to or approaching
VADC. For example, when VADC = 2.5 V, R1 = 10 MΩ,
and the maximum PV panel voltage, which is denoted by
Vpv_max, is 60 V, (2) can be solved with Vd_max = VADC and
using the results of (1).

Vd max ¼ 1
R1=R2 þ 1

� 60 ¼ VADC ¼ 2:5: (2)

By solving (2), the resistance ratio R1/R2 of the voltage
divider in this example is 23.

The relationship between the divided voltage and the
value measured through the ADC can be represented with
a proportional expression because the voltage divider is
composed of linear elements, such as a resistor. If Vd_max

is equal to VADC, the relationship between the divided volt-
age vd and the integer value, as measured through the
ADC, adcv, is expressed as follows:

vd : adcv ¼ VADC : ADCmax: (3)

In (3), ADCmax is the maximum integer outputted by the
ADC, and is related to the resolution of the ADC. For an
ADC with an 11‐bit resolution, ADCmax is 2,047.

Equation (3) can be transformed as follows:

vd ¼ VADC

ADCmax
adcv: (4)

By combining (1) and (4), the relationship between the
PV panel voltage vpv and the measured ADC value adcv
can be determined as follows:

vpv ¼ R1

R2
þ 1

� �
VADC

ADCmax
adcv: (5)

Equation (5) shows that the PV panel voltage vpv can be
directly calculated using the ADC value adcv that is mea-
sured or monitored at the MCU. In other words, the PV
panel voltage can be simply obtained by applying the pro-
portional constant (R1/R2 + 1) × VADC/ADCmax to the cal-
culation program in the MCU.

3.3 | Cost‐effective current metering

For cost‐effectiveness, the current circuit uses a shunt resistor
scheme composed of one shunt resistor and one amplifier,
such as an OP‐AMP [18]. Figure 5 illustrates a schematic
diagram of current metering at the panel level. In the figure,
Rs is the resistance of the shunt resistor, ipv is the PV panel
current passing through the shunt resistor, vs is the voltage
across the shunt resistor, Ga is the gain of the OP‐AMP, and
va is the voltage at the output of the OP‐AMP. The time con-
stant τ of the low‐pass filter for noise suppression is set to
0.001, as in the voltage metering shown in Figure 4.

The amplified voltage va in Figure 5 can be represented
as follows:

va ¼ Gavs ¼ GaRsipv: (6)

Equation (6) shows that the PV panel current ipv is propor-
tional to the amplified voltage va with the proportional con-
stant GaRs. As in voltage metering, the relationship
between the amplified voltage va and the values measured
through the ADC should be considered. Saturation occurs
if the maximum amplified voltage, Va_max, is greater than
the ADC reference voltage VADC, whereas the quantization
noise becomes larger if Va_max is smaller than VADC. Con-
sidering the saturation and efficiency in the ADC, the pro-
portional constant GaRs in (6) should be adjusted properly
such that Va_max is equal to or approaches VADC. For exam-
ple, when VADC = 2.5 V and the maximum of the PV
panel current ipv is 12.5 A, the desired GaRs becomes 0.2.

The shunt resistor value should be carefully chosen con-
sidering the power rating in watts (W) relative to the
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FIGURE 4 Schematic diagram of voltage metering at the panel
level
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maximum PV panel current ipv. The relationship between
the power ps and current is at the shunt resistor is
expressed using (7) with Ohm's law.

ps ¼ Rsi2s : (7)

Shunt resistor manufacturers provide both resistance
levels and power ratings, and thus both values are given.
For convenience, when choosing a shunt resistor, (7) can
be transformed as follows:

Is max ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Pr=Rs

p
: (8)

In (8), Pr is the power rating of the shunt resistor, and
Is_max denotes the maximum current through the shunt
resistor, which is calculated using the given values of Pr

and Rs. The power rating of the shunt resistor can be
considered by comparing the calculated Is_max and the
maximum current Ipv_max in the datasheet of the target
PV panel. The maximum current Ipv_max of the PV panel
should be greater than the calculated Is_max.

If Va_max is equal to VADC, similar to the case of voltage
metering, the relationship between the amplified voltage va
and the integer value measured through the ADC, adci, can
be represented using a proportional expression, as follows:

va : adci ¼ VADC : ADCmax: (9)

Equation (9) can be transformed as follows:

va ¼ VADC

ADCmax
adci: (10)

By combining (6) and (10), the relationship between the
PV panel current ipvs and the measured ADC value adcv
can be obtained as follows:

ipv ¼ 1
GaRs

VADC

ADCmax
adci: (11)

As shown in (11), the PV panel current ipv can be directly
calculated with the ADC value adci. In other words, the

PV panel current can be simply obtained by applying the
proportional constant 1/GaRs × VADC/ADCmax to the calcu-
lation program in the MCU.

3.4 | Specifications of implemented WPMM

The specifications of the implemented WPMM are described in
Table 1. In Table 1, Vpv_max and Ipv_max are determined accord-
ing to the specification of the used PV panel, and the PV volt-
age range for the module operation represents the voltage range
of the PV panel required to turn on the WPMM, which is
dependent on the specifications of the designed power‐genera-
tion scheme and the panel used. Vs and Vm are the parameters
for the power‐generation scheme designed in this paper, as
described in Section 3.1, and the peak‐to‐peak supply voltage
represents the peak‐to‐peak amplitude of the AC component of
the module supply voltage, which is related to the magnitude of
the noise of the DC supply voltage. The time constant τ and the
cutoff frequency are the parameters of the used low‐pass filter,
and the resistance ratio R1/R2 is a parameter of the designed
voltage‐metering scheme, as described in Section 3.2. The ideal
resistance ratio of the voltage divider is 23, as described in Sec-
tion 3.2, but the resistance ratio is fitted to 23.2558, which is
close to 23, owing to the difficulty achieving a combination of
resistors for which the value is equal to 23. Rs, Pr, and Ga are
parameters for the designed current metering scheme, as
described in Section 3.3. In this study, a delta‐sigma ADC was
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FIGURE 5 Schematic diagram of current metering at the panel
level

TABLE 1 Specifications of the implemented WPMM

Maximum voltage of PV panel (Vpv_max) 60 V

Maximum current of PV panel (Ipv_max) 12.5 A

PV voltage range for module operation 4.5 V–60 V

Supply voltage of module (Vs) 3.3 V

Intermediate voltage for two‐step DC/DC (Vm) 5 V

Peak‐to‐peak supply voltage 59.289 mV

Time constant τ of low‐pass filter 0.001 s

Cutoff frequency of low‐pass filter 159 Hz

Resistance ratio of voltage divider (R1/R2) 23.2558

Resistance of shunt resistor (Rs) 4 mΩ

Power rating of shunt resistor (Pr) 5 W

Gain of OP‐AMP (Ga) 50

ADC scheme Delta‐Sigma

Number of used ADC ports 2

ADC reference voltage (VADC) 2.5 V

ADC conversion range 0 V–2.5 V

ADC resolution 11 bit

ADC maximum output (ADCmax) 2,047

Frequency band of wireless MCU 920 MHz

Modulation of wireless MCU FSK
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utilized as the ADC scheme, which is dependent on the specifi-
cations of the wireless MCU used, and the ADC used in this
paper is robust to noise according to the properties of the delta‐
sigma ADC. VADC is used to determine the ADC conversion
range is dependent on the parameters R1/R2, Rs, and Ga of the
designed voltage and current schemes, as described in Sec-
tions 3.2 and 3.3. The ADC resolution and ADCmax are deter-
mined according to the specifications of the wireless MCU
used. The frequency band and modulation of the wireless
MCU, which represents the communication scheme used for
wireless monitoring, are also determined according to the speci-
fications of the wireless MCU used. The choice of the wireless
MCU with a frequency band of 900 MHz means that the com-
munication range is wider than those of communication
schemes that utilize the 2.4‐GHz frequency band. Moreover,
the initial installation cost can be reduced owing to the require-
ment of fewer RTUs or gateways.

By applying the specifications in Table 1 to (5) and (11),
the calculation equations for voltage metering and current
metering are expressed as (12) and (13), respectively.

vpv ¼ 0:0296� adcv; (12)

ipv ¼ 0:0061� adci: (13)

3.5 | Comparison between related works and
the proposed WPMM

This section presents a comparison of existing wireless PV
monitoring schemes that work at the panel level and the
WPMM proposed in this paper. Table 2 shows the results
of the comparison between the related works and the pro-
posed WPMM.

From Table 2, voltage metering is generally performed
using a voltage‐divider scheme. Current metering in the work
of Guerriero and others and in this paper is based on a shunt
resistor, which can be composed of one OP‐AMP and several
passive circuit elements, such as a resistor and a capacitor,
whereas the method reported by Caruso and others uses a com-
mercial current sensor based on the Hall effect. In terms of cost
efficiency, voltage and current metering using a voltage divider
and a shunt resistor is advantageous because the metering

circuit can consist of one OP‐AMP and several low‐cost pas-
sive circuit elements. Two ADC ports are typically used; thus,
to calculate the voltage and current metering in the MCU, an
ADC port is required for voltage and current metering.
Therefore, it can be deduced that voltage and current metering
are generally performed in a separate circuit. From a wireless
communication perspective, the method proposed by Caruso
and others and the WPMM use the sub‐1‐GHz frequency band,
where the communication range is wider than 2.4 GHz [13],
whereas other methods use the 2.4‐GHz frequency band. In
addition, the method proposed by Caruso and others uses a
commercial communication module that is based on an ampli-
tude shift keying (ASK) scheme, with the performance
degraded to a greater extent relative to that of the FSK scheme
[20]. This implies that the proposed WPMM can handle long‐
range communication compared to other methods, and that the
initial installation cost can be reduced owing to the smaller
number of RTUs or gateways that are required. From Table 2,
when calculating the metering values using the MCU, the
calculation process employed by the MCU includes steps
that incorporate the ADC parameters. These steps that consider
the ADC parameters are described only in our paper, and to
the best of our knowledge, the consideration of the ADC
parameters has not been proposed in other studies.

In summary, the WPMM design method proposed in this
paper is more cost‐effective compared to the previous works
because the low complexity of the metering circuit is obtained
by using the voltage divider and shunt resistor schemes. In
addition, in terms of installation cost, the installation effi-
ciency of the RTUs communicating with the WPMMs is
enhanced owing to the wide communication range and the
robust communication performance that are obtained by using
the FSK in the sub‐1‐GHz frequency band.

4 | PARAMETER EXTRACTION FOR
METERING CALIBRATION AND
ACCURACY ANALYSIS OF THE
WPMM METERING

This section proposes a parameter‐extraction method that
compensates the metering deviation owing to the errors of

TABLE 2 Comparison of the related works and the proposed WPMM

Authors [Ref] Ando et al. [4]
Guerriero
et al. [11] Caruso et al. [17] Rashidi et al. [19]

Proposed
WPMM

Voltage metering Voltage divider Voltage divider Voltage divider

Current metering
Using commercial module

Shunt resistor Hall effect
Not described

Shunt resistor

Number of ADC ports Not described 2 2 2 2

Consideration of ADC parameters No No No No Yes

Communication scheme FSK IEEE 802.15.4 ASK IEEE 802.15.4 FSK

Frequency band (GHz) 2.4 2.4 0.315 2.4 0.92
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practical circuit elements, and analyzes the metering accu-
racy of the WPMM previously proposed in Section 3. In
addition, the measurement and calibration of the PV tem-
perature are described in connection with the proposed
methods.

4.1 | Parameter extraction for metering
calibration

The voltage and current of the PV panel can be calculated
with values measured by employing the ADC using the lin-
ear equations shown in (5) and (11). This is because the
voltage and current circuits are composed of linear ele-
ments such as resistors and amplifiers. For simplicity, (5)
and (11) are converted to (14) and (15), respectively.

vpv ¼ Kv � adcv whereKv ¼ R1

R2
þ 1

� �
VADC

ADCmax
; (14)

ipv ¼ Ki � adci whereKi ¼ 1
GaRs

VADC

ADCmax
: (15)

In (14) and (15), Kv and Ki are the proportional con-
stants for voltage metering and current metering, respec-
tively. However, for the expressions in (14) and (15) to be
valid, it is assumed that the elements used are ideal,
whereas electronic devices typically have errors. The resis-
tance of a practical resistor may deviate from the desig-
nated resistance, and the possible error range, known as the
tolerance, is provided. Gain deviation is also possible in
practical OP‐AMPs. Thus, the expressions in (14) and (15)
should be modified to compensate for error effects to
enable more accurate metering. When variables that reflect
the effects of errors are applied, (14) and (15) can be,
respectively, modified to become (16) and (17).

vpv ¼ Kv þ Δv sð Þ � adcv þ Δv y; (16)

ipv ¼ Ki þ Δi sð Þ � adci þ Δi y: (17)

In (16), Δv_s and Δv_y represent the deviation of the
slope and the deviation of the y‐intercept caused by errors
in the elements for voltage metering, respectively. In (17),
Δi_s and Δi_y, respectively, denote the deviation of the
slope and the deviation of the y‐intercept caused by errors
in the elements for current metering. The deviations Δv_s,
Δv_y, Δi_s, and Δi_y can be utilized as parameters for cali-
brating the WPMM. The calibration parameters in each
WPMM are different from each other because the element
errors are all different in each WPMM. This means that the
calibration parameters of each WPMM should be extracted
by performing experiments. Figure 6 shows the experimen-
tal environment used to extract the calibration parameters.

In Figure 6, the power supply functions as a virtual PV
to supply power to the WPMM, and as a voltage controller

to adjust the voltage to the WPMM. Moreover, the currents
are controlled by the DC electronic load. The voltage and
current, which are maintained at specified values, as well
as the peak‐to‐peak supply voltage are monitored using an
oscilloscope. Values measured through the ADC in the
wireless MCU can be monitored with a PC.

In this paper, an inverse function was used to obtain the
calibration parameters. A specified value for voltage or cur-
rent is inputted to the WPMM, and the ADC value that
matches the specified value is monitored. Subsequently, a
linear function is obtained using the voltage or current as a
variable. Finally, the inverse function of the obtained linear
function is calculated. The calibration parameters are then
extracted from (16), (17), and the inverse function. To ver-
ify these processes of extracting the calibration parameters,
linear functions with voltage and current variables are set,
as in (18) and (19), respectively.

adcv m ¼ Sv � vsp þ Yv; (18)

adci m ¼ Si � isp þ Yi: (19)

In (18), adcv_m is the ADC value for the voltage moni-
tored with a PC, vsp is the voltage set to a specified value, Sv
is the slope of the linear function with the voltage variable,
and Yv is the y‐intercept of the linear function with the volt-
age variable. Similarly, in (19), adci_m is the ADC value for
current monitored with a PC, isp is the current set to a speci-
fied value, Si is the slope of the linear function with the cur-
rent variable, and Yi is the y‐intercept of the linear function
with the current variable. Constant values Sv, Yv, Si, and Yi in
(18) and (19) can be determined by performing the experi-
ment described above. The inverse functions of (18) and (19)
are respectively calculated using (20) and (21).

vsp ¼ 1=Sv � adcv m � Yv=Sv; (20)

isp ¼ 1=Si � adci m � Yi=Si: (21)

Power supply Oscilloscope

DC electronic
load

Implemented
WPMM

PC for monitoring
ADC values

Debug 
cable

FIGURE 6 Experiment environment for obtaining the calibration
parameters
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Because the experimental environment considers all
practical cases, it is reasonable that vpv = vsp, ipv = isp,
adcv = adcv_m, and adci = adci_m. Therefore, the calibra-
tion parameters can be obtained as in (22) and (23) using
(16), (17), (20), and (21).

Δv s ¼ 1=Sv � Kv;Δv y ¼ �Yv=Sv; (22)

Δi s ¼ 1=Si � Ki;Δi y ¼ �Yi=Si: (23)

Figure 7 presents an example of the determination of
the calibration parameters for the implemented WPMM. As
described in the previous section, for the implemented

WPMM with the specifications presented in Table 1, Kv

and Ki are 0.0296 and 0.061, respectively. Figure 7A is
related to (18) and (19), and is used to obtain linear func-
tions experimentally, Figure 7B is related to (20) and (21),
and is used to calculate the inverse functions from the
obtained linear functions, and Figure 7C presents metering
equations with the extracted calibration parameters related
to (16) and (17).

Table 3 presents the calibration parameters that were
obtained for the 12 implemented WPMMs. As shown in the
table, the effects of element errors appear to be minor, and
metering approximation is possible using (5) and (11), includ-
ing only design specifications, whereas precise metering can
be achieved with the calibration parameters in Table 3.

4.2 | Accuracy analysis of the WPMM
metering

In the previous subsection, the parameter‐extraction method
has been proposed to compensate for the metering devia-
tion owing to the errors of the practical circuit elements.
Here, the importance of the parameter extraction is dis-
cussed by analyzing the accuracy of the voltage metering
and the current metering of the proposed WPMM.

The absolute error of the WPMM metering can be set
to deviate from the precise metering value, which is cali-
brated using the parameter extraction method, and can be
represented as (24) and (25) for the voltage metering and
the current metering, respectively, using (14), (15), (16),
and (17).

ɛv ¼ Kv � adcv½ � � Kv þ Δv sð Þ � adcv þ Δv y
� ��� ��

¼ Δv s � adcv þ Δv y
�� ��; (24)

vpv = (0.0296 + 0.002) × adcv + 0.4355,
ipv = (0.0061 – 0.0001) × adci + 0.3685.
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FIGURE 7 Example of the extraction of calibration parameters:
(A) linear functions obtained experimentally, (B) inverse functions
calculated from the obtained linear functions, and (C) metering
equations with the obtained calibration parameters

TABLE 3 Calibration parameters obtained for the 12
implemented WPMMs

Index of
WPMMs Δv_s Δv_y Δi_s Δi_y

1 0.0002 0.4355 −0.0001 −0.3685

2 0.0001 0.1959 −0.0001 −0.096

3 0.0001 0.4458 −0.0001 0.0127

4 0.0001 0.3423 −0.0001 −0.0039

5 −0.0001 0.3451 −0.0001 0.016

6 0.0001 0.2615 −0.0001 0.0611

7 −0.0001 0.3542 −0.0001 0.0903

8 0 0.3872 −0.0001 −0.1104

9 0 0.3973 −0.0001 −0.0357

10 −0.0001 0.4113 −0.0002 0.2393

11 0.0002 0.2084 −0.0001 −0.1439

12 0.0003 0.3933 −0.0001 0.0356
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ɛi ¼ Ki � adci½ � � Ki þ Δi sð Þ � adci þ Δi y
� ��� ��

¼ Δi s � adci þ Δi y
�� ��: (25)

In (24) and (25), εv and εi are the errors for the volt-
age metering and the current metering, respectively. The
first terms in (24) and (25) are proportional to the ADC
outputs adcv and adci, whereas the second terms are con-
stant. This means that the effect of the first term on the
metering error may dominate the second term in the case
of an ADC with high resolution. In the cases of (24) and
(25), the maximum metering error values are obtained
when the respective ADC outputs, adcv and adci, are
equal to zero or the maximum value ADCmax. Therefore,
error bounds for the voltage metering and the current
metering can be expressed as (26) and (27), where max{}
selects the maximum from among the arguments in the
curly brackets.

ɛv ≤ max Δv s � ADCmax þ Δv y
�� ��; Δv y

�� ��� 	
; (26)

ɛi ≤ max Δi s � ADCmax þ Δi y
�� ��; Δi y

�� ��� 	
: (27)

Table 4 shows the absolute maximum values of the
metering errors εv and εi that are due to the errors of
the practical circuit elements used to implement the 12
WPMMs with the specifications in subsection 3.4 and
the calibration parameters in subsection 4.1. For the
metering error bounds in (26) and (27), this paper does
not consider the errors owing to the imprecision of the
experimental equipment used in the parameter‐extrac-
tion process because the errors in the experimental

equipment are relatively small, and are generally
negligible.

Table 4 shows the maximum of the absolute maxima
for the voltage metering error εv, in the 12th WPMM, and
the maximum occurs in the 10th WPMM for the current‐
metering error εi. For both of the cases, the slopes have
absolute maximum values of Δv_s and Δi_s. These demon-
strate that the metering errors are more affected by the first
terms with the proportionality in (24) and (25), as
described in the previous paragraph.

The metering errors in (26) and (27) are represented
when the design method in section 3 is only applied and
the calibration process in subsection 4.1 is not performed.
In other words, the metering error bounds in Table 4 can
be reduced by obtaining the parameters for the metering
calibration. Accordingly, it can be stated that the PV
monitoring system that is implemented with the design
and the calibration methods proposed in this paper have
greater accuracy compared to other systems with no
calibration.

4.3 | Measurement and calibration of PV
temperature

The temperature of the PV module affects the PV module
power and the current‐voltage characteristics, which is also
called an IV curve, and the PV temperature is a factor that
is measured when monitoring the PV module. In [4],
TMP36 was used as the temperature sensor to monitor the
PV at the panel level. Temperature sensors, including
TMP36, normally output analog voltage values that are
proportional to the temperature, and the proportional con-
stant between the temperature and the analog voltage is
also referred to as a scale factor [21]. Therefore, the tem-
perature can be measured in the MCU by using the scale
factor proportional to the analog voltage of the temperature
sensor and a port of the ADCs of the MCU, taking the
analog voltage as the ADC input. This means that the mea-
surement of the temperature can be performed using a simi-
lar method in the voltage metering or the current metering,
as described in Section 3. Thus, the mathematical represen-
tation for measuring the temperature can be as in (28),
which is similar to (14) or (15).

Tpv ¼ KT � adcT þ To: (28)

In (28), Tpv is the PV temperature, adcT is the ADC
output, which takes the analog voltage of the tempera-
ture sensor as the input, KT is the proportional coeffi-
cient, and To is the temperature offset. The proportional
coefficient KT and the temperature offset To can be
obtained using the specification of the used ADC,
including the ADC resolution and the specification of
the used temperature sensor including the scale factor,

TABLE 4 Absolute maximum of the metering errors ɛv and ɛi
due to the errors of the practical circuit elements used to implement
the 12 WPMMs

Index of WPMMs
Absolute
maximum of εv

Absolute
maximum of εi

1 0.8449 0.5732

2 0.4006 0.3007

3 0.6505 0.1920

4 0.5470 0.2086

5 0.3451 0.1887

6 0.4662 0.1436

7 0.3542 0.1144

8 0.3872 0.3151

9 0.3973 0.2404

10 0.4113 0.6487

11 0.6178 0.3486

12 1.0074 0.2403
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the output voltage range, and the output voltages at the
specific temperatures.

There is an uncertainty regarding the temperature
measured using (28) because of the accuracy of the tem-
perature sensor and the quantization error of the ADC
[4]. This means that a more accurate calibration process
is required for the temperature measurement. The calibra-
tion process for the temperature measurement can be per-
formed using a method that is similar to obtaining the
parameters for the voltage metering or the current meter-
ing. The mathematical representation of the parameter
extraction for the calibration of the temperature measure-
ment can be as given in (29), which is similar to (16)
or (17).

Tpv ¼ KT þ ΔT sð Þ � adcT þ To þ ΔT y

 �

: (29)

In (29), ΔT_s and ΔT_y represent the deviation of the
slope and the deviation of the y‐intercept caused by uncer-
tainties that result from the accuracy of the temperature
sensor and the quantization error of the ADC, respec-
tively. The calibration parameters ΔT_s and ΔT_y can be
obtained experimentally using a process that is similar to
that described in the subsection 4.1. The accuracy of the
temperature measurement can be improved by obtaining
the calibration parameters, and may be superior to the
accuracy described in the data sheet of the used tempera-
ture sensor.

5 | DEMONSTRATION OF
IMPLEMENTED WPMMS

To verify the PV monitoring function using the imple-
mented WPMMs, demonstration results that were obtained
when applying the WPMMs to a commercial PV are pre-
sented in this section. Before the demonstration results, a
gateway for user‐friendly PV monitoring through a smart
device is described.

5.1 | Design of gateway for user‐friendly PV
monitoring

As shown in Figure 1, the implementation of PV moni-
toring is normally done using an RTU, a data logger,
and a PC. This monitoring method limits the user's con-
venience on the move. This limitation in terms of the
movement can be overcome by using a portable smart
device. However, smart devices do not support any FSK
modulation appropriate for long‐range communication.
Thus, a user‐friendly gateway that converts FSK data to
Wi‐Fi data is needed.

Figure 8 presents a conceptual diagram of a gateway for
user‐friendly PV monitoring. The WPMM transfers the

metered data through the FSK, whereas smart devices gen-
erally include a Wi‐Fi communication module. Thus, the
gateway for user‐friendly PV monitoring plays the role of a
bridge to transfer the data received through the FSK to a
smart device using Wi‐Fi communication, and vice versa.
The gateway transfers data through a universal asyn-
chronous receiver/transmitter (UART) that is similar to the
type widely used in MCUs.

The process that is employed to transmit PV meter-
ing data between each PV module, the FSK gateway,
and a smart device can be explained as follows. First,
the voltage and the current data of each PV module,
which are metered using the methods described in Sec-
tions 3 and 4, are transmitted wirelessly to the FSK
gateway through the FSK‐modulated signals. Next, the
PV metering data are transferred to the Wi‐Fi module in
the FSK gateway through the UART, and then the Wi‐
Fi signals, including the PV metering data, are generated
by the Wi‐Fi module to transmit the PV metering data
via a Wi‐Fi communication link, which is normally pro-
vided by portable smart devices. Finally, the smart
device receiving the Wi‐Fi signals displays the PV
metering data using a graphical user interface (GUI) that
supports the Wi‐Fi socket communication. The Wi‐Fi
socket communication is programmed differentially
according to the operating system (OS) of a smart
device, such as Android and IOS. In this study, the
GUI developed to support the Wi‐Fi socket communica-
tion and to display of the PV metering information were
programmed using the Android OS, as described in the
following section.

5.2 | Demonstration results for implemented
WPMMs

The 12 implemented WPMMs were demonstrated using a
commercial PV array. First, the 12 implemented WPMMs
were installed into the array of a 30‐kW commercial PV
system. Figure 9 shows the WPMMs installed in the
actual PV system. The 12 installed WPMMs perform
wireless monitoring of one string composed of 12 practi-
cal panels. As shown in Figure 9, the WPMMs are
installed on the PV panel support separately from the

FSK-based WiFi-based

FSK
+ 

MCU

WiFi
+ 

MCU

Smart device

UART
Data transfer

FSK-to-WiFi gateway

. . .

WPMMs

. . .

FIGURE 8 Conceptual diagram of a gateway for user‐friendly
PV monitoring
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junction box. This installation method can take advantage
of the fact that WPMMs can be easily installed in exist-
ing PV systems that are composed of conventional PV
panels.

Figure 10 shows the PV monitoring results of the
WPMM and the gateway. Figure 10A shows the PV
monitoring results that were obtained using a GUI, which
depicts the monitoring data transferred through the RTU
and the data logger. Figure 10B shows the user‐friendly
PV monitoring results that were obtained using a con-
sumer device and the portable gateway designed in this
paper. From Figure 10, the WPMM and gateway imple-
mented in this paper can realize continuous panel‐level
PV monitoring, which allows the rapid detection of faults
that may affect PV energy production and that reduce the
whole‐life cost when using consumer devices. Therefore,
it can be deduced that the implemented WPMM and
gateway are suitable for residential PV systems, which
are currently being widely implemented as consumer
applications.

6 | CONCLUSION

In this paper, we proposed a method for the imple-
mentation of a cost‐effective WPMM that works at the
panel level. Panel‐level PV monitoring can enhance the
management efficiency of PV systems, although it
requires the installation of a large number of

monitoring modules. Along with the rapid market pen-
etration of PV systems, this paper highlights the cost‐
effectiveness of PV monitoring at the panel level. The
implemented WPMM is composed of voltage metering
based on a voltage divider with two resistors, current
metering based on a shunt resistor scheme with one
shunt resister and one OP‐AMP, and a wireless MCU
that integrates an FSK modem and an MCU on a sin-
gle chip. Thus, the WPMM is considered to be cost‐effec-
tive. More accurate metering can be realized with the
proposed extraction of calibration parameters, which com-
pensate for the effect of element errors. In addition, a gate-
way for user‐friendly PV monitoring was implemented.
The PV monitoring function of the WPMM and the gate-
way were verified by performing a demonstration using an
actual PV array. Panel‐level PV monitoring using the pro-
posed cost‐effective WPMMs can reduce not only the ini-
tial installation cost but also the operation cost owing to
the ability to realize efficient management of the PV sys-
tem. Therefore, to improve the PV management

(A) 

(B) 

FIGURE. 9 (A) 12 WPMMs installed to a practical 30 kW PV
system and (B) close‐up view of Figure 9A

(A) 

(B)

FIGURE 10 PV monitoring results obtained using the
implemented WPMMs and gateway: (A) RTU, a data
logger, and PC and (B) smart device and the implemented
gateway
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efficiency, based on the results in this study, further
research can focus on PV diagnostics technology to
address issues such as degradation and faults based on the
proposed WPMM.
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