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Abstract—Converter-based impedance spectroscopy (IS) pro-
vides a promising tool to achieve online health monitoring of
photovoltaic (PV) panels without additional equipment. However,
to obtain a relatively complete IS spectrum of the PV panel,
the frequency of the perturbation signal should reach at least
100 kHz, posing a great challenge for the current switching and
sampling devices of power converters. Meanwhile, to correctly
and clearly interpret the internal physical processes of the PV
panel based on IS measurements, establishing an appropriate AC
equivalent circuit model (AC-ECM) is essential. Nowadays, the
existing AC-ECMs in PV domain are generally at the cell level,
which exhibit inherent complexity for online implementation at
the panel level. Moreover, the effect of bypass diodes is typically
ignored, which affects the analysis under faulty conditions, such
as partial shading. To address these issues, this work aims to
propose a systematic health monitoring methodology for PV
panels by converter-based IS. Firstly, an appropriate panel-
level AC-ECM is established by both simplifying the internal
relaxation processes at the cell level and considering the existence
of bypass diodes. Secondly, the proposed AC-ECM enables fitting
the measured IS spectra over a lower frequency range of [1 Hz, 2
kHz], efficiently responding to variations in environmental condi-
tions. Thirdly, four health features are originally defined and ex-
tracted based on the proposed AC-ECM, including ln(Rp)/VPV ,
ln(Cp)/VPV to analyze the influence of temperature and output
voltage, Rs + Rp to reflect the PV panel’s conductivity, and τ to
describe the recombination process. Experimental verification has
been performed under various operating conditions, including
different temperatures, irradiance levels and partial shading
percentages. The results indicate that the proposed methodology
can efficiently characterize the different operating conditions of
the PV panel.

Index Terms—AC equivalent circuit model, Converter-based
impedance spectroscopy, Photovoltaic panels, Health features.

I. INTRODUCTION

W ITH the reduction of fossil energy and the impact of
greenhouse gases, solar energy shows extremely high
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prospects due to its pollution-free nature and wide distribu-
tion. Photovoltaic (PV) cells can directly converts the solar
energy into electricity, fulfilling a part of the energy needs
of various applications in daily lives, transportation, industries
and residential buildings connected by converters [1]–[3]. For
example, the installation of solar energy in Europe is planned
to reach nearly 600 GW by 2030 [4]. However, the annual
power losses in PV generation caused by various faults are
estimated to be around 18.9% [5]. Additionally, some faults
may result in safety risk, such as arcs and short-circuits, which
can cause fires [6]. Therefore, monitoring health states is
crucial to ensuring the reliability and efficiency of the entire
system. Considering the percentage of commercial products,
silicon PV panels, which are the most popular devices in the
PV market [7], [8], are primarily targeted in this work. In the
following sections, PV cells/panels represent the silicon PV
cells/panels for convenience.

Over the past decade, various health monitoring methods in
the PV domain have been proposed for different applications
[9], [10]. According to whether PV panels have power output
during monitoring the health states, these methods can be
classified into two types: offline and online methods. With
offline methods, PV panels do not output power, leading to
poor operating efficiency [11]–[13]. In comparison, online
methods can assess the health states of the system while
maintaining power output, making them more attractive to re-
searchers, such as IV curves [14] and impedance spectroscopy
(IS) measurements [15]. A detailed comparison of various
characterization methods was conducted in the authors’ pre-
vious work [2]. More specifically, IV curve-based methods
rely on the IV curve of a PV panel, which contains DC
current and voltage information. By applying data analysis
techniques, the faults of PV panels can be identified. However,
obtaining the IV curve requires scanning across the entire
voltage range (from open-circuit to short-circuit conditions),
which reduces operating efficiency and interrupts continuous
power output. In comparison, IS measurement-based methods
analyze the health states by injecting perturbation signals over
a wide frequency range. From the perturbation and response
signals, impedance information can be extracted, including
insights into internal relaxation processes. A key advantage of
converter-based IS measurements is that they do not require
a costly workstation and can be implemented online at a
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fixed operating point, ensuring higher operating efficiency and
continuous power output. However, this technique is rarely
applied to PV panels, highlighting the need for an appropriate
AC equivalent circuit model (AC-ECM) at the panel level,
clearly defined health features and efficient fault diagnosis
methods.

IS measurement is widely used in batteries, fuel cells, and
materials corrosion, where it demonstrates high efficiency and
accuracy [16]–[19]. IS is also employed to evaluate the internal
physical information of PV cells to improve their overall
performance [20]–[24]. However, most applications rely on
a specific work-station. Due to its high cost and considerable
volume, this tool is rarely applied to PV panels especially in
small-scale applications such as residential applications.

On the other hand, the method known as converter-based
IS generates the perturbation signals by controlling the duty
cycle of the existing DC/DC power converters [25]–[27].
In this way, no additional equipment is required. Both cost
and volume of the target system are decreased. To ensure
the reliability and accuracy of IS measurements, the control
method and the AC equivalent circuit model (AC-ECM) of the
target system are the two main aspects of concern. Authors
in [28] and [29] achieved the online IS measurements of
the battery based on the bidirectional DC-DC converter and
the interleaved boost/buck converter, respectively. However,
the corresponding control methods are specifically designed
based on the battery characteristics. In [2], three online control
methods were developed based on commonly used controllers
in linear system, allowing stable perturbation signals to be
injected online while considering the characteristics of the
PV panel, including output voltage, output current and the
frequency requirements. However, the AC-ECM, composed
of electrical elements, is an essential part for interpreting the
health state information of PV panels based on the obtained
impedance.

The fundamental physic structure of PV cells was provided
in [30]. Both DC- and AC- ECMs of PV cells was proposed
and analyzed in [31]. The variation in capacitance with the
DC-bias voltage of the PV cell across both the quasi-linear
current region [32] and the entire voltage range were revealed
in [33]. Considering the influence of the illumination, an AC-
ECM considering three relaxation processes was proposed in
[22], with a frequency range of [1 Hz, 1 MHz]. However,
applying this model in practical applications is challenging
and costly due to the need to cover the entire frequency range.
Additionally, to mitigate the effects of hot spots and partial
shading, multiple bypass diodes are often connected within a
single panel, which plays an important role in quantifying the
influence of environmental factors. Directly applying the cell
model for data analysis may introduce deviation, especially
under partial shading conditions. A dynamic model of the
PV panel was proposed in [34], and this model was used
to detect the hot spots in PV panels in [35]. While this
model is well suited for enhancing the IV curve performance
during hardware-in-the-loop simulations of PV panels, it is not
suitable for analyzing the IS data due to the variable relaxation
processes of PV panels at different injection points.

To overcome these shortcomings and provide a basis for

evaluating the health states of the PV panel using converter-
based IS, a simplified AC-ECM at the panel level is established
in this work. The influence of the operating conditions on
the internal parameters is systematically studied. The major
contributions are listed as follows:

• An appropriate AC-ECM at the panel level is proposed
based on the relaxation processes at the cell level, while
taking into account the existence of bypass diodes and
the limitation imposed by converter bandwidth.

• The physical meaning of each parameter in the AC-
ECM is interpreted by analyzing the internal relaxation
processes. Furthermore, four health features with specific
physical meanings are originally defined and extracted
from the IS spectra with a limited frequency range to
assess the health states of the PV panel.

• Experimental verification has been conducted under var-
ious operating conditions, including different tempera-
tures, irradiance levels and partial shading percentages,
to verify the effectiveness of the proposed AC-ECM and
the defined health features.

The following sections are organized as follows. The basic
operating principle of converter-based IS applied to PV panels
is introduced in Section II. In Section III, a simplified AC-
ECMs at the panel level is presented, taking into account the
internal physical processes, the limitations of converter band-
width, and the existence of bypass diodes. Meanwhile, four
health features with specific physical meanings are defined
accordingly to reflect the health states of the PV panel. Section
IV provides experimental verification under different operating
temperatures, irradiance levels and partial shading percentages.
Section V presents the conclusions and perspectives.

II. CONVERTER-BASED IS
Fig. 1 illustrates a conventional boost converter with in-

tegrated IS for a PV panel. The corresponding parameters
are listed as follows: S - the power source/PV panel; iPV

- the output current of the PV panel; L - the filter inductor;
Diode - the diode of the converter; Tsw, d - the switch and
its corresponding duty cycle; C - DC bus capacitor; RL -
the load of the system; vPV - the the output voltage of the
PV panel; iac, vac - AC components of the PV panel’s voltage
and current. Regarding the converter-based IS implementation,
two parts are indicated in Fig. 1: converter control and IS post-
treatment.

The converter control part achieves the cooperative control
among different modes, i.e, maximum power point tracking
(MPPT), injection point tracking (IPT) and IS modes, as well
as the detailed control of each mode. In the authors’ previous
work, a systemic design guideline for the control strategy has
been proposed [2]. Specifically, the unified control strategy
is utilized in this work, and the corresponding control block
is depicted in Fig. 2, where Iref−dc and iref−ac represent
the reference of DC and AC components, Gipv−d(s) is the
transfer function of the duty cycle to the output current of the
PV panel by Laplace transform, and GPI(s) is the transfer
function of the PI controller. Corresponding parameters that
ensure the validity of IS measurement can be calculated based
on the proposed method.
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The IS post-treatment part focuses on the acquisition and
treatment of impedance information in IS mode. The pertur-
bation and response signals, i.e., iac and vac, are extracted
by Fast Fourier Transform (FFT) analysis of the sampled
current and voltage signals. Based on the collected signals,
the PV panel’s internal impedance at the injection point, i.e.,
ZPV (fp), can be calculated as:

ZPV (fp) = vac(fp)/iac(fp) (1)

where fp is the frequency of the perturbation signal.
Based on the calculation results of (1), the AC-ECM fitting

is then performed to extract the equivalent internal parameters.
Subsequently, the health features can be defined based on the
impedance information to describe the health states of the
PV panel. To ensure effective health monitoring relying on
the converter-based IS measurements, two major aspects in IS
post-treatment part should be specifically addressed:

1) Appropriate AC-ECM at the panel level: The fre-
quency range of the perturbation signal should be as
wide as possible to capture all relevant information.
However, the high-frequency range of perturbation and
response signals is limited by switching power devices
and converter control. Thus, an appropriate AC-ECM to
interpret a limited frequency range, is needed.

2) Effective health features: Health features are used
to describe the health states under various operating
conditions and should be related to the internal physical
processes. Since IS is rarely applied in PV panels, there
is a lack of effective health features associated with the
AC-ECM of PV panels.

III. AC-ECM OF THE PV PANEL

This section focuses on the AC-ECM of the PV panel by
analyzing the internal relaxation processes of the PV cell while
considering the existence of bypass diodes and the limitation
imposed by converter bandwidth.

A. AC-ECM of the panel

A simplified physical structure of the silicon PV cell is
shown in Fig. 3 (a), which mainly relies on a p− n junction
to achieve the conversion from solar energy to electricity.
The absorbed solar energy excites the electrons in the p − n
junction, resulting in the formation of free electrons and holes,
known as carriers. The output current and the corresponding
output voltage are denoted as IPV and VPV respectively.
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Fig. 3. Relaxation processes: (a) Simplified physical structure of the silicon
PV cell; (b) Relaxation processes in silicon PV cells (adapted from [36]).

During the energy conversion, there are four main relaxation
processes inside the PV cell, with the corresponding typical
time scales and frequency ranges indicated in Fig. 3 (b). Based
on the different time scales, these relaxation processes can
be classified into: 1) femtosecond-level relaxation process,
which is caused by electronic transitions and can typically be
studied using transient optical spectroscopy; 2) nanosecond-
level relaxation process, which describes the molecular or
lattice polarization and dipolar rearrangement, which can
be observed using dielectric spectroscopy; 3) microsecond-
level relaxation processes, which can be investigated using
electrical spectroscopy and arises from both electronic and
ionic conduction as illustrated in Fig. 3 (b) in terms of
conductivity and electron transfer, and are also referred to
as diffusion/transition and recombination processes [22], [33],
[37]. These two relaxation processes are generally equivalent
to two sub-circuits and the corresponding complete impedance
spectrum typically contains two arcs, as shown in Fig. 4.

According to the turning points of the IS spectrum and its
intersections with the real axis, as indicated in Fig. 4, the
overall frequency range can be separated into four segments:

• Low frequency range (f0 ≤ f ≤ f1): Based on the IS
spectrum in this range, only the total resistance informa-
tion can be accurately obtained.

• Medium frequency range (f1 ≤ f ≤ f2): When the
maximum frequency of the perturbation signal can reach
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this range, the information of the recombination process
can be estimated.

• High frequency range (f2 ≤ f ≤ f3): If the IS spectrum
of the PV cell can cover this range, the information of
both recombination and transportation processes can be
revealed.

• Super high frequency range (f ≥ f3): A relatively
complete IS spectrum can be obtained and all the pa-
rameters including the inductance and resistance caused
by connection lines can be extracted.

According to the analysis in [22], the boundaries of high
and super high frequency ranges are satisfied as: f2, f3 ∈
[10 kHz 100 kHz]. To obtain the IS spectrum in each fre-
quency range, the bandwidth of the connected converter and
sampling devices should be higher than the corresponding
frequency of the IS spectrum [38], [39]. However, wide
converter bandwidth and high-precision devices would pose
great challenges to current technology and increase the overall
system cost, which is impractical for small-scale residential ap-
plications. Typically, the cost-effective equipment can ensure
that the IS spectrum enters the medium frequency range.

In addition, one PV panel typically consists of several PV
cells connected in series and parallel to increase its output
voltage and current. Its major relaxation processes are the same
as those of a PV cell. Generally, to improve the operating
efficiency of the PV panel, bypass diodes are connected with
a string of PV cells [40]. As an example, for the PV panel
applied on our platform (60MXXX of RECOM-SILLIA), one
bypass diode is connected in parallel for every 20 cells and
there are in total 3 bypass diodes. When the PV panel
experiences partial shading or other faulty conditions, bypass
diodes will be activated, causing the connected string of PV
cells to operate at the short-circuit point. The combined part
will primarily exhibit the characteristics of an activated bypass
diode. Therefore, the bypass diodes should be considered in
the analysis of the impedance of PV panel. Considering the
frequency limitation, when the bypass diode is activated, it can
be regarded as a resistor, with its value changing according to
the trend described in [41]; when it is inactivated, it can be
ignored.

By combining all the resistors connected in series, the
total series resistance for the AC-ECM at the panel level
can be obtained and is symbolized as Rs, as indicated in
Fig. 5 (a), where Rtr represents the transition resistance;
Ril represent the resistance caused by the illumination; Rbyd

means the resistance of activated bypass diode, and Rseries is
the resistance resulted by the connection lines, respectively.

The recombination process is represented by a sub-circuit,
i.e., Rp // Cp. According to the AC-ECM at the panel level,
corresponding health features can be defined to reflect its
health states.
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Fig. 5. AC-ECM at the panel level and data analysis: (a) panel-level AC-
ECM; (b) Nyquist plot of an experimental IS spectrum and its fitting curve.

B. Health features

The impedance of AC-ECM at the panel level, indicated in
Fig. 5 (a), can be calculated by:

Z = Rs +Rp//Cp (2)

Substituting the impedance of Cp, i.e., jωCp, (2) can be
replaced by:

Z = Rs +
Rp

1 + (ωRpCp)2
+ j

R2
pCp

1 + (ωRpCp)2
(3)

where ω represents the angular frequency and is equal to: ω =
2πf (rad/s).

Hence, the real and imaginary part of the impedance can be
separately expressed as:{

Re = Rs +Rp/
(
1 + (ωRpCp)

2
)

Im = R2
pCp/

(
1 + (ωRpCp)

2
) (4)

As the frequency increases, the value of Re decreases.
The maximum value of Re is equal to Rs + Rp, when the
frequency approaches 0 Hz. The impedance spectrum reaches
its peak when the imaginary part attains its maximum value.
At this point, the corresponding frequency, imaginary part, and
real part are given by 1/(2πRpCp), −Rp/2 and Rs + Rp/2,
respectively. These two specific points can serve as boundary
limitations during curve fitting.

As shown by the red circles in Fig. 5 (b), the measured IS
spectrum is incomplete due to the limitation of the converter
bandwidth. Considering the boundary constraints, the com-
plete fitted IS spectrum is illustrated by the dashed black line in
Fig. 5. The fitting accuracy is evaluated using the normalized
root mean square error (NRMSE):

NRMSE =
RSME

(Xexp,max −Xexp,min)

RMSE =

√∑
n
i=1(Xexp −Xmodel)2

n

(5)

where Xexp and Xmodel represent the average value of the
experimental data and the ideal model values, respectively, as
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shown in (4). Additionally, Xexp,max and Xexp,min denote
the maximum and minimum values of Xexp, respectively.

Based on the above analysis, the values of Rs, Rp and Cp

can be determined. Generally, their value changing trends can
be estimated by [42] , as shown in (6):{

lnRp ∝ −qVPV /(mRkT )

lnCp ∝ qVPV /(mCkT )
(6)

where q represents the elementary charge of an electron (q =
1.6 × 10−19(C); VPV is the DC voltage of the PV panel; T
represents the temperature in Kelvin (K); k is the Boltzmann
constant (k = 1.38×10−23(J/K)); mC and mR represent the
coefficients related to the ideality factor of the PV panel, and
satisfy mC < mR.

As indicated in (6), both the output voltage and the tem-
perature of the PV panel impact the values of lnRp and lnCp.
Since the output voltage is linked to the injection point, which
is controlled manually, it is considered as a controlled factor
in this work. Additionally, the output voltage of the PV panel
and the temperature are coupled [43], when the output current
is maintained at a constant value. Thus, a combination of
lnRp, lnCp and the output voltage, i.e., VPV , can be used to
reflect changes in temperature. However, under illumination,
in addition to temperature and output voltage, the value of
Rp and Cp are also determined by thermal recombination and
total charge, i.e., Rth = mRkT/Jq, where J represents the
photogenerated current.

Furthermore, the internal conductivity significant influences
the efficiency of the PV panel. Under fixed operating condi-
tions, as internal conductivity increases, the output power of
the PV panel initially rises and then declines. The maximum
output power is achieved When internal conductivity reaches
a balance with the conductivity of external load. Internal
conductivity can be evaluated using the total resistance, i.e.,
Rs + Rp. The recombination of carriers is influenced by
their lifetime and energy levels. To accurately describe the
recombination process, the corresponding time constant is
required. It can be calculated using Rp and Cp and is denoted
as τ .

Therefore, four health features with specific physical mean-
ings are defined, as summarized below:

• Feature 1, 2: ln(Rp)/VPV , ln(Cp)/VPV : they contribute
to analyzing the influence of temperature and output
voltage on the recombination process.

• Feature 3: Rs + Rp: the equivalent total resistance
of the PV panel. It can reflect the conductivity of the
PV panel. A smaller value of Rs + Rp indicates better
conductivity. On the other hand, increased conductivity
is also manifested by a higher internal current of the PV
panel, i.e., Isc − IPV , where Isc and IPV represent the
short-circuit and the output current of the PV panel.

• Feature 4: τ : τ represents the time constant of the
recombination process and is given by τ = RpCp. An
increase in carrier energy makes recombination more
difficult, leading to a higher value of τ .

These four health features provide valuable insights into
the health states of the PV panel under various operating

conditions. Before diagnosing the faults, it is essential to
characterize the changing trends of these health features across
different operating conditions, including both normal and
abnormal states. The influence of operating conditions on the
health features will be further analyzed in the next section.

IV. EXPERIMENTAL VERIFICATION

A. Experimental setup

An experimental platform has been developed in the labora-
tory, as shown in Fig. 6, with a focus on achieving a transfer
efficiency of over 95% and an input current ripple of less
than 5%. The platform includes a PV panel (RECOM-SILLIA
60MXXX), a boost converter based on a half-bridge SiC power
module (PEB 8024) with an integrated DC bus capacitor (C
= 260 uF) and with an inductor (L = 2.5 mH) in series,
and a resistive output load (RL = 96 Ω). The current signal
is collected by a high-precision current transducer (IT 65-S
ULTRASTAB). The detailed information is listed in Table I.
The perturbation signal and the corresponding response signals
are generated and collected by a real-time control system
(dSPACE SCALEXIO box).

DC power supply
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(resistor)

dSPACE 

SCALEXIO

SiC module 

(Conventionql 

boost converter)

Input

Current sensor

Sampling 

board
PV panel

Simulated 

irradiatorInductor

Fig. 6. Experimental platform.

TABLE I
PARAMETERS OF EXPERIMENTAL PLATFORM

Part Description Symbol Values

PV panel

Open-circuit voltage Voc 39.6 V
Short-circuit current Isc 9.95 A

Voltage at MPP VMPP 32.3 V
Current at MPP IMPP 9.56 A

Standard irradiance G 1000 W/m2

Standard temperature T 298.15 K
Size S 156*156*60 mm2

Frequency Switching frequency fsw 80 kHz
Sampling frequency fsam 80 kHz

For the IS implementation, the amplitude of the perturbation
signal is set to 15 % of the DC component of the PV
current to ensure the linearity criterion and sampling accuracy.
The frequency range of the perturbation signal is [1 Hz, 2
kHz]. The number of frequency points per decade is 10 for
the frequency range [1 Hz, 1 kHz], and with a frequency
increment of 100 Hz in the frequency range [1 kHz, 2 kHz]
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to enable a more precise curve fitting in the high frequency
range. The number of cycles per frequency is 10 and the
number of samples per cycle is at least 40 to ensure accurate
representations of the AC waveforms. The total measuring
time for one IS measurement is approximately 31.3 s.

To verify the above analysis, experiments are conducted
under different temperatures, irradiance levels and partial
shading percentages. The corresponding IV curves under the
same operating conditions are measured. It is clear that the
output power initially increases from 0 W to its maximum
value and then gradually decreases back to 0 W. To evaluate
the performance of the health features, multiple sets of exper-
imental data are collected under the same conditions, and a
95% confidence interval is applied to ensure the reliability of
the results.

B. Influence of different operating temperatures
Temperature is a critical factor influencing the performance

of the PV panel. The IV curves at eight different temperatures
(ranging from 291.15 K to 232.15 K) under the same irradi-
ance level (250 W/m2) are shown in Fig. 7 (a). The results
indicate that an increase in temperature leads to a decrease
in open-circuit voltage. Meanwhile, the short-circuit current
exhibits only a slight deviation. When the value of IPV at the
injection point is controlled constant, the value of (Isc− IPV )
also changes slightly, demonstrating that the conductivity is
only marginally affected by temperature variations.
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Fig. 7. Experimental results under different temperatures: (a) IV curves; (b)
Nyquist curves.

The perturbation signal is injected at IPV = 0.7 A, located
in the quasi-linear voltage source region. The impedance
information, as described by the Nyquist curves in Fig. 7 (b),
exhibits a high degree of consistency. Based on the Nyquist
curves, four health features are extracted and illustrated in Fig.
8. (a) and (b) increase with temperature. As analyzed from the
IV curves, the slight impact of temperature on Isc means that
the conductivity remains nearly unaffected by temperature, as
shown in Fig. 8 (c). Additionally, since the output voltage
decreases with temperature at the injection point, the carrier
energy slightly increases, resulting in minor changes in the
recombination time constant, as depicted in Fig. 8 (d).

C. Influence of different irradiance levels
The IV curves under different irradiance levels are shown in

Fig. 9 (a), with the irradiance level ranging from 218 W/m2 to
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284 W/m2. It can be observed that changes in the irradiance
level have a significant impact on Isc.
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Fig. 9. Experimental results under different irradiance levels: (a) IV curves;
(b) Nyquist curves.

The corresponding IS spectra in Nyquist plots for the six
irradiance levels, based on the average values, are shown in
Fig. 9 (b). Changes in the irradiance level are reflected in the
Nyquist curve, which contracts from the upper right to the
lower left as the irradiance level increases.

The four health features under different irradiance levels are
extracted and depicted in Fig. 10. Fig. 10 (a) and (b) show that
as the irradiance level increases, Feature 1 decreases, while
Feature 2 exhibits an opposite trend. . In Fig. 10 (c), Rs+Rp

decreases with the increase in irradiance level, indicating an
increase in the conductivity of the PV panel, consistence with
the observations from the IV curves. As the irradiance level
increases, carriers gain more energy, leading to an increase in
the recombination time constant, as illustrated in Fig. 10 (d).

D. Influence of different partial shading percentages

Partial shading is a comment fault condition encountered
during the outdoor operation of PV panels. The PV panel used
in this study consists of 60 PV cells arranged in 6 columns.
To simulate partial shading conditions, the first column is
shaded by a plate at varying percentages (from 0 % to 100
%) and a set of IV curves is obtained, as shown in Fig. 11



AUTHORS’ VERSION 7

220 240 260 280 300

220 240 260 280 300

G (W/m
2
)

6

8

10

R
s
+

R
p

 (
 c

m
2
)

220 240 260 280 300

G (W/m
2
)

60

100

140

220 240 260 280 300

G (W/m
2
)G (W/m

2
)

(c)

(b)

(d)

(a)

 (
)s



0.08

0.1

0.12

0.03

0.04

0.05

ln
(C

p
)
 

(
 c

m
2

)
/V

P
V

/V
u
F

ln
(R

p
)
 

(
 c

m
2

)
/V

P
V

/V

4

0.02
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(a). Different partial shading percentages result in a step at
different current levels of the IV curves. However, only a
complete IV curve allows this step to be clearly observed and
utilized to distinguish the occurrence of partial shading. In IS
mode, the DC current at the injecting point is set to 0.7 A as
other cases, and the PV panel operates under a fixed irradiance
level of 284 W/m2 and at a temperature of 315 K.
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Based on the location of the injection point on the IV curves,
the operating conditions under partial shading can be separated
into 3 groups.

1) Group 1: this group includes condition P0 − P4. Under
these conditions, the injecting points are located behind
the step caused by partial shading.

2) Group 2: this group includes P5 and P6. As the shading
percentage increases, the IV curve step moves down-
ward, causing the injecting point to appear in a nonlinear
region.

3) Group 3: when the injecting points are located in front
of the step, the bypass diode is activated during IS test,
such as P7 and P8.

In both Group 1 and Group 3, the injection points are
located in the (quasi-)linear region. However, the injection
points in Group 2 fall within the nonlinear region, which is
not analyzed in this work. The IS spectra based on average

values under Group 1 and Group 3 are depicted in Fig. 11 (b).
The result indicate that there is a jump caused by the bypass
diode.
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The four health features are extracted and illustrated in
Fig. 12. When the bypass diode is switched off, the health
features behave as if the irradiance levels decrease with an
increasing shading percentage: the overall conductivity of the
PV panel diminishes and the corresponding time constant
reduces. Conversely, when the bypass diode is activated, all
parameters undergo a sudden change. By bypassing the shaded
regions, the conductivity of the PV panel increases, which in
turn elongates the recombination time constant.

E. Summary

The experimental results demonstrate that converter-based
IS can collect impedance data online and reflect changes in the
operating conditions, such as temperatures, irradiance levels
and partial shading percentages. When the operating factors
increases, the changing trends of the four health features are
summarized in Table. II. According to Table. II, Feature 1
and 2 are effective in distinguishing changes in temperature or
irradiance level. Feature 3 and 4 can be used to distinguish the
effects of irradiance level and partial shading with an activated
bypass diode. Even with a relatively limited frequency range,
the parameters of the simplified AC-ECM can effectively
achieve the health monitoring of the PV panel under different
operating conditions.

TABLE II
SUMMARY OF THE HEALTH FEATURES

Health features T ↑ G ↑ Partial shading percentage ↑
bypass diode off bypass diode on

Feature 1 ↑ ↓ ↑ ↑
Feature 2 ↑ ↑ ↓ ↑
Feature 3 ↑ ↓ ↑ ↓
Feature 4 ↑ ↑ ↓ ↑
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V. CONCLUSION

IS is an effective tool for real-time characterization of the
internal impedance of PV panels. Unlike traditional IS imple-
mentation, which generally require a specially designed work-
station, converter-based IS measurement can much facilitate
online health monitoring with reduced volume and lower cost.
However, the converter bandwidth limits the acquisition of a
complete IS spectrum which should achieve at least 100 kHz.
This work proposes a simplified AC-ECM at the panel level
to facilitate IS implementation via the converter, considering
both the limitations of converter bandwidth and the existence
of bypass diodes. Four health features are defined based on the
proposed AC-ECM and are linked to the internal relaxation
processes of the PV panel, providing a more intuitive and
reliable basis for further health characterization. Impedance
spectra are obtained online under different operating condi-
tions by controlling the connected converter, and the corre-
sponding experimental results demonstrate that the simplified
AC-ECM and corresponding analysis methods enable effective
health monitoring of the PV panel within a relatively limited
frequency range. Future work will focus on analyzing these
health features under a broader range of outdoor operating
conditions and defective PV panels. Additionally, we aim to
develop advanced faults diagnosis and prognostic methods
based on the proposed health features to enhance reliability
and long-term performance assessment.
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versité Paul Verlaine of Metz, currently Université
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