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DAYLIGHT ELECTROLUMINESCENCE OF PV MODULES IN FIELD INSTALLATIONS:  

WHEN ELECTRICAL SIGNAL MODULATION IS REQUIRED? 

 

Gisele A. dos Reis Benatto*, Rodrigo Del Prado Santamaria, Thøger Kari Hass, Martin Bartholomäus, Luca Morino, 

Peter B. Poulsen, Sergiu V. Spataru 

Department of Electrical Photonics Engineering, DTU Electro, Technical University of Denmark 

Frederiksborgvej 399 4000 Roskilde, Denmark. 

 

 

ABSTRACT: With the growth of photovoltaic plant installations in quantity and size, the operations & maintenance 

industry calls for more efficient and accurate ways to inspect the PV modules health. Different country regulations on 

work hours and installations sites conditions may require that inspections must be done during nighttime, daytime or 

short time periods, what may limit the use of imaging inspection techniques, such as Infrared Thermography and 

Electroluminescence (EL). To expand inspection viability, Daylight Electroluminescence (dEL) plays a big role, as EL 

allows accurate diagnosis of PV panels deep into the cell level. Obtaining EL images in the field during direct sunlight 

without covers is challenging but effective and robust using a modulated electrical signal and image processing. The 

thresholds required by the modulation techniques and a detailed description of how the sunlight influences the capture 

of the EL images are not clearly described in the research or technical literature. In this case study, our goal is to report 

how sun irradiance in the plane of the array influences dEL image acquisition of PV panels under direct sunlight and 

to better specify the irradiance limit for when modulation of the forward bias is necessary instead of constant bias. All 

this considering reaching the minimum acceptable EL image quality for PV diagnosis using previously available and 

new signal-to-noise ratio (SNR) markers. 
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1 INTRODUCTION 

 

The luminescence spectrum of crystalline silicon (c-

Si) is a broad band that ranges from 900-1300nm 

approximately. This range is mostly in the short-wave 

infrared (SWIR) region of the electromagnetic spectrum. 

To perform electroluminescence (EL) images of c-Si PV 

panels, a camera containing a sensor based on silicon 

(CCD or CMOS) that can detect photons in the entire 

visible range and partially in the SWIR range, such that 

long exposure times (in the range of seconds) are required 

to reach enough quality for the evaluation of the PV 

module health, including relatively small details such as 

finger failures and mode-A cracks [1], [2]. This fact 

unfortunately limits the use of this kind of camera for field 

EL imaging anytime out of the dusk-to-dawn period. Koch 

et al. [3] mentions that a boundary irradiance condition to 

perform EL in the field using cameras with silicon based 

detectors is 100 W/m2 due to moon light and sources other 

than sunlight. During daytime, however, our field 

experience indicates that this limit doesn’t apply for global 

plane of array irradiance (GPOA) for this type of detector, 

because it saturates the sensor before the EL signal can be 

captured, even with the use of optical filters. On the other 

hand, InGaAs sensors can acquire the entire EL spectra 

range, allowing acquisition of EL images in milliseconds 

rather than seconds, and making possible the performance 

of daylight EL (dEL) imaging of PV modules installed in 

the field, without the need of any cover or enclosure over 

the panel. 

In the literature, it has been explained that the sunlight 

at 1 sun can be 4 to 5 orders of magnitude more intense 

than the EL signal coming from a PV panel forward biased 

at short circuit current (ISC) [4], [5]. In this context, a single 

background (BG) subtraction is not enough to get rid of 

the sunlight noise embedded in the images, as short 

exposure times (below 1 ms) are also a requirement to 

avoid sensor saturation. With the use of a 1150 nm 

bandpass filter to block light from most of the sunlight 

spectrum, the exposure can be increased to 2-4 ms 

depending on sunlight intensity and camera settings, what 

can still be short to reach sufficient EL image quality with 

single BG image subtraction at high irradiance conditions. 

To enable dEL in such scenario, the acquisition of a 

sequence of images is required, so the signal-to-noise ratio 

(SNR) can be enhanced. The image sequence in principle 

has to be acquired at the same exact position and 

surrounding conditions with the PV panel biased (EL 

images) and not-biased (BG images) for later image 

averaging for noise cancelling and signal enhancement [4], 

[6].  

It has been reported that for measurements done in 

clear sky conditions [7], [8], the sequence of images can 

be acquired in batches, i.e. simply taking several images 

with forward bias ON and then several with bias OFF. 

Nevertheless, same surrounding conditions can be very 

challenging to achieve in locations such as United 

Kingdom and Denmark, where a cloudless sky is rare. 

Consequentially, the robustness of dEL shall be met using 

a modulated electrical bias current to the PV sample and 

fast camera frame rates [9], [10]. PV module bias 

modulation does require a higher complexity to the EL 

related equipment, such as the capability of controlling the 

power supply unit output in a waveform and signal-camera 

synchronization, but the later (which is the most complex) 

is only optional if certain image processing methods are 

used, such as fast Fourier transform (FFT).  

In this work, we wish to answer the question: at which 

sun irradiances it starts to be a requirement to have image 

sequencing and modulated electrical signal for adequate 

dEL image quality? Using an InGaAs camera and PERC 

PV modules installed in a power plant, the image quality 

was sufficient with single BG subtraction at GPOA below 

432 W/m2. Additionally, we introduce a new SNR marker 

able to indicate the signal quality in a sequence of images 

intended for performing dEL, along with images processed 

with an efficient FFT signal detection, to show the 

correlation with the EL SNR marker developed for single 

EL-BG subtracted images. 
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2 METHODOLOGIES 

 

2.1 Experiment details 

 EL imaging was performed in this work using an 

InGaAs camera (640×512 pixels sensor) from First Light 

Imaging (model C-RED 3) installed in a high tripod. The 

camera, lens, and filter details have been presented 

previously [5], [11]. During the sequence acquisition, the 

exposure time was 2 ms, avoiding saturation due to the 

sunlight. The images were acquired at 480 frames per 

second. The panels imaged were PERC bifacial modules  

with 17.7% efficiency, from Trina Solar installed in the 

tracker facility at Technical University of Denmark (DTU) 

Risø campus. The modulated electrical signal was 

provided by a bidirectional DC power supply unit from 

Delta Elektronika (model SM 1500-CP-30) and a 30 Hz 

squared waveform generated by an oscilloscope. The 

power supply was connected to a PV string consisting of 

22 panels, while for better image resolution, only two PV 

panels were imaged per imaged sequence. The same 

oscilloscope was used to monitor the current running 

though the PV string. The images acquired from the PV 

string were taken throughout a bright and cloudless day 

and before every image sequence acquisition, the GPOA 

was measured using a calibrated reference cell. An image 

sequence consisted of 300 images acquired at 480 frames 

per second. 

 

2.2 Image processing and quality metrics 

Single BG subtraction consisted of using one image 

with the EL signal (forward bias signal ON) and subtract 

it with an identical image without EL signal (forward bias 

OFF). The image subtraction was performed using the 

software ImageJ [12]. For EL image quality metrics, 

SNR50 (for individual EL-BG image pairs) and SNRAVG 

(for image sequences) are markers used in the literature 

[13], [14]; however, the former proves to carry 

inconsistencies for dEL imaging [5], [11] and for this 

reason we did not use it in this work.  

SNR50 should decrease linearly with sun irradiance, 

assuming that all the other surrounding conditions during 

image acquisition are constant. In the IEC 60904-13 

technical specification [13], it is suggested that SNR50 for 

outdoor EL images should not be lower than 5 to achieve 

minimum acceptable quality and we followed this 

guideline to determinate when modulation starts to be a 

requirement. 

For image sequences processing, an FFT approach was 

used [15], which consisted in investigating the forward 

bias signal modulation frequency of the image sequence in 

phase space. This approach was first mentioned by Guada 

et al. [7], attesting that it was too computationally 

demanding to be implemented in large scale. As this 

approach is suitable to a scenario such as high sun 

irradiance in addition to camera motion, we focus on it to 

future implementation to drone based EL imaging. We 

were able to improve the processing time from 30 min to 

below one second, making it available for large scale PV 

inspections and data processing. Together with the image 

processing FFT approach, a new way to estimate the 

quality of the image was necessary.  

As the FFT approach sees the EL signal in the phase 

space, we approached the SNR quantification from the 

signal quality instead of image quality (in contrast with 

SNR50). First, slow background noise is removed through 

a filter suitable for the modulation frequency, such as an 

appropriately sized moving average. Next, the noise level 

for the time series of a single pixel is calculated as shown 

in equation (1), and the signal level in equation (2), where 

the parameters are shown in Figure 1. 𝑁1 and 𝑁2 are the 

number of samples in each subsample set 𝜇1 and 𝜇2. The 

noise calculation is made for every pixel time-series, p, in 

an image stack and combined as shown in equation (3), 

where a weighing scheme is used to mainly capture the 

SNR level primarily from pixels with a detectable signal. 

Including both positive and negative values of 𝑆 decreases 

contributions from areas without signal, as the random 

offsets cancel out. Thus, the method is able to detect if a 

signal is present in the image series, as well as its quality, 

independent of image cropping.   

 

 
Figure 1: Noise calculation from the modulated 

electrical signal perspective 

 

 

�̅� = ∑|𝑥𝑖,1 − 𝜇1| 𝑁1⁄ + ∑|𝑥𝑖,2 − 𝜇2| 𝑁2⁄                  (1) 

𝑆 = 𝜇2 − 𝜇1            (2) 

𝑆𝑁𝑅𝐾𝑎𝑟𝑖 = {
∑ |𝑆𝑝|𝑆𝑝𝑝

∑ 𝑆𝑝𝑁𝑝𝑝
, 𝑖𝑓 ∑ 𝑆𝑝𝑝 > 0

0

               (3) 

 

This approach was named SNRKari and is used for 

quality assessment of FFT processed dEL images. The 

SNRKari metric for dEL indicates a satisfactory signal for 

image extraction from 𝑆𝑁𝑅𝐾𝑎𝑟𝑖 = 1 and upward. 

𝑆𝑁𝑅𝐾𝑎𝑟𝑖 > 4 ensures a high quality image, while values 

below one will result in poor quality. 

To capture the most appropriate datapoints for the 

calculation, the phase and frequency of the modulation 

signal must be known. It can be found as the dominant 

frequency and phase in the image series, where the noise 

cancels itself out.  

Near the transition between peak and valley, both 

interpolation, as well as electrical spikes or ramp-up 

effects can occur. To mitigate this, the number of samples 

collected from each peak (or valley) is selected via a 

simple heuristic: 

     𝑁𝑝𝑒𝑎𝑘 = 𝑀𝑎𝑥(1,  𝐹𝑙𝑜𝑜𝑟( 𝑇𝑚/2 −  𝑀𝑎𝑥(4,  𝑇𝑚/4)))      (4) 

 
, where 𝑇𝑚 is the number of samples per modulation 

period. 

Until 𝑇𝑚 = 12, where 𝑁𝑝𝑒𝑎𝑘 = 2, only one sample per 

peak/valley is collected per period, but this is made up for 

by the large number of pixels in the image. At 𝑇𝑚 = 16, 

𝑁𝑝𝑒𝑎𝑘 = 4 while 𝑇𝑚 = 32, provides 𝑁𝑝𝑒𝑎𝑘 = 8. The 

relatively narrow selection also allows e.g. sinusoidal 

signals to be investigated with sufficient precision. 

Equation (3) is tailored to square-wave or nearly 

square-wave modulation signals for performance 

purposes, but can be generalized to other waveforms. 
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3 RESULTS AND DISCUSSION 

 

3.1 Batch vs Modulated image sequence acquisition 

Figure 2 shows partially a PV module where dEL is 

performed with batch and modulated image acquisition 

performed one just after the other at high sun irradiance 

(GPOA 906.8 W/m2) measured just before the acquisitions. 

In both cases, the EL signal enhancement was made using 

image averaging. In the graphs on the left, the variation of 

the mean pixel number in each image reveals the ambient 

light variation that is often unavoidable in daylight 

scenarios. EL and BG indicate the group of images where 

the EL bias signal was ON and OFF respectively. The 

images on the right show that dEL is not robust in 

providing good quality images when the batch acquisition 

is performed.  

 

 
Figure 2: Batch and Modulated dEL image acquisition 

at GPOA 906.8 W/m2. The graphs on the left show the 

mean pixel numbers of each image in the sequence and 

on the right it sshow the final EL image using averaging 

to improve image quality. 

 

A similar situation was previously described by 

Bhoopathy et al. [16] for daylight photoluminescence of 

PV modules, however, the scenario was composed of high 

efficiency, high luminescence signal PV modules and 

stationary cameras; a scenario that involves a high 

luminescence signal suitable to the use of averaging for 

image improvement. In short, signal enhancement via 

averaging can be used for both batch image acquisition and 

modulated acquisition, can only increase the image quality 

by adding images and is inefficient in enhancing signal 

when the noise is too high, such as when the camera is in 

motion. 

 

3.2 Single background subtraction 

BG subtraction is commonly used of EL field 

inspections during nighttime. Being able to perform the 

simpler image acquisition and image processing with only 

two images is more straightforward to inspectors to 

perform it. Additionally, it allows us to use the SNR50 

marker as a reference for image quality. 

In Figure 3, three BG subtracted dEL images of PERC 

PV modules installed in the field are shown. Two full 

modules are in the field of view, presenting with several 

cells displaying issues with the busbar soldering.  

The acquisiton was made at GPOA 607, 426 and 126 

W/m2. The SNR50 was calculated for the images showing 

lower noise when the SNR50 value is higher. At GPOA 426 

and 126 W/m2, the EL image is above the minimum 

acceptable quality for outdoor measurements, what is an 

indication that for PERC or higher efficency modules, 

modulation is not required dEL at these irradiances. 

It is valid to point out that, even for GPOA 607 W/m2 

where the SNR50 was below satisfatory (3.50), the main 

cell defects are still well distinguable. This fact illustrates 

that an image quality guideline should be developed 

displaying limits for especific defects, probably by their 

typical size in a PV cell, rather than only quantifing it in a 

way that is hard to be interpreted the field during a PV 

inspection. 

 

3.3 Image sequence processing 

In Figure 4, three dEL images of the same modules in 

Figure 3 are shown. At this time, the image acquisition was 

made with electrical signal modulation and processed via 

FFT method. The acquisiton was made at the same GPOA 

as in Figure 3. The SNRKari was calculated for the images, 

showing consistensy in relation to the image quality, i. e. 

the SNRKari value is higher when the noise in the image is 

lower, as observed for SNR50. This consistency is not 

observed with SNRAVG in previous works [5], [14]. The 

three dEL FFT processed images analyzed here show high 

visual quality, comparable with EL images acquired 

indoors.  

In contrast with signal enhancement via averaging, the 

enhancement via FFT can retrieve as much signal from the 

sequence of images as it contains, has room for numerous 

filters for signal improvement, making noise addition due 

to camera motion manageable. 

 

 
Figure 3: dEL image with single subtracted BG (1 EL image – 1 BG image) 
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Figure 4: dEL image after processing via FFT using 256 image frames 

3.4 SNR markers towards sunlight intensity 

Figure 5 shows the results for the SNR50 (blue dots) 

calculated for single BG subtraction dEL images acquired 

at different GPOA. The sun irradiances went from 126 to 

607 W/m2 and a linear fit is also presented (blue dashed 

line). The SNR decreases with increasing irradiance and 

the fit crosses the SNR50 = 5 at 432 W/m2. That indicates 

that the quality of the single EL image with subtracted 

background has satisfactory signal quality for basic 

diagnosis via EL images at any solar irradiances at GPOA 

below 432 W/m2. This is valid for this PV panel type 

imaged at the conditions mentioned above in the 

methodology section. Figure 3 also shows the results for 

the SNRkari (red dots) acquired using 256 images of a 

sequence of 300 images obtained. The linear fit (red 

dashed line) shows similar trend as SNR50, attesting a good 

correspondence of the metric. All the dEL FFT processed 

images analyzed here showed a satisfactory image quality 

marker with SNRkari ≥ 1. 

 

 
Figure 5: SNR50 of single BG subtracted images and 

SNRKari calculated for sequences of 256 images with 

modulated current bias acquired at different solar 

irradiances at the GPOA 

 

 

4 CONCLUSIONS AND OUTLOOK 

 

This work presents the analysis of Daylight EL SNR 

and image quality in GPOA irradiances ranging from 126 to 

607 W/m2. For the conditions, approaches and samples 

described, a minimal acceptable dEL image can be 

achieved for an acquisition made below GPOA 432 W/m2 

with simple BG subtraction. This means that signal 

enhanced using a sequence of images is not required and 

therefore, no modulation is needed. In this case, the image 

quality is sufficient to distinguish the defects that occur as 

large areas in a PV cell, such as partially connected 

ribbons, large disconnected crack areas, potential induced 

degradation (PID), among others. These are important 

features for PV diagnosis that are detectable only or 

mainly with EL imaging.  

A new metric for the SNR of image sequences 

(SNRKari) and FFT image processing for dEL are 

introduced. SNRKari focuses on the quality of the 

luminescence signal itself in addition to presenting a good 

correspondence with visual image quality of dEL images. 

Both SNRKari and FFT image processing are applicable for 

signal detection and dEL acquisition in high noise 

acquisition conditions, such as high sun irradiances and 

capture in motion (UAV applications).  

For the outlook of this work, the question of the title 

should be expanded further, considering the important 

sources of noise to dEL: 

 a) At which level of sun irradiance variation does 

modulation start to become a requirement?  

 b) At which level of noise from camera motion does 

FFT signal detection start to become a requirement? 

These questions were out of the scope of the present 

manuscript but should be addressed in a near future. 
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