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ABSTRACT: Building Integrated and Building Applied Photovoltaic (BIPV, BAPV) systems often suffer from low 
performance due to partial shading. New system architectures have been proposed to optimize the energy yield.  The 
common approach of these new architectures is to track the Maximum Power Point (MPP) of every solar module 
individually. Three independent PV systems were installed in Eindhoven, a reference string inverter system, a power 
optimizer (PO) system and a micro inverter system. We designed a sophisticated monitoring system that allows for a 
detailed comparison of the three PV systems. We calculated system and component efficiencies and  found a good 
agreement with data sheets provided by the manufacturers. Additionally, we analyzed the performance ratio for DC 
and AC of the systems for different weather types based on the clearness index. A pole shading covering 1 to 2% of 
the total system surface has been used to evaluate system performance under a specific type of partial shading. 
Module Level Power Electronics (MLPE)  are capable of increasing the Performance Ratio (PR) up to 35% under 
certain partial shading conditions. However, the string inverter system outperformed MLPE under unshaded 
operation conditions. 
Keywords: MLPE, partial shading, BIPV, BAPV, outdoor testing, micro-inverters, power optimizers 
 

 
1  INTRODUCTION 
 

Penetration of solar PV systems in the Netherlands 
and worldwide has remarkably increased the past years 
and it is forecasted to keep growing in the future. 
Particularly the application of BIPV and BAPV systems 
are projected to thrive in the following years as a result of 
increasing electricity prices and decreasing PV 
component costs and zero energy building regulations. 

Residential and small commercial PV systems are 
typically installed in an urban environment. Roofs and 
terraces are often affected by shade coming from the 
close proximity of buildings, poles, antennas, dormers 
etc. Shading operation of traditional PV systems has been 
studied by various researchers in the past [1]-[2]  but  the 
quantitative impact of shade in different PV architectures 
remain unclear.  

Several approaches have been proposed to mitigate 
these types of heterogeneous circumstances. A common 
feature of these approaches is to bring maximum power 
tracking at the module level. These are called MLPE 
devices and can be distinguished into two main 
categories: micro-inverters and power optimizers. The 
power optimizer category consist of several DC/DC 
converter topologies such as: buck, boost and buck-boost 
converters. On the other hand, traditional central and 
string inverters are evolving and offering high 
performance, hybrid MPPT techniques, detailed 
monitoring capabilities etc. 

 

 
Figure 1: Residential PV system shaded by a lighting 
mast  
 

 
 

Traditionally, solar panels are connected in series 
forming strings. The strings are then connected in parallel 
forming arrays. The total DC power of the array is then 
fed to a power electronic device (inverter). Usually, the 
inverter is connected to the grid and is equipped with a 
maximum power point tracking algorithm in order to 
extract the maximum available power from the solar 
panels. However, in order to maximize the energy fed to 
the grid, other system topologies have been introduced in 
the past years such as string inverters, micro-inverters 
and power optimizers [3]. The initial purpose of 
introducing different system topologies was to minimize 
the so called “mismatch losses”. 

Electrical mismatch losses are generally caused by 
manufacturing tolerance, heterogeneous irradiation 
conditions, panel degradation and thermal mismatch of 
the solar panels. Manufacturing tolerance has been 
improved significantly in the past years. Due to the 
vigorous testing during manufacturing the quality of the 
solar panels has been improved significantly.  

Solar panels are connected in series and thus sharing 
the same current in a string. This topology is prone to 
power losses if the solar cells are not operating under the 
same conditions thereby reducing the current of the 
whole string. Shaded solar cells become reverse biased 
because of the series connection and thus act as a load 
consuming the power that is generated by the unshaded 
cells. Two negative effects occur from partially shaded 
operation of a PV system: power loss and increased 
temperature on the shaded cell (hot-spot). By-pass diodes 
have been applied in solar panels to prevent power 
consumption from shaded cells and to prevent hot-spots 
by by-passing the shaded substrings of the solar panel. 
Most of the solar panels include one by-pass diode 
connected anti parallel per 16-24 cells [4]. Even shading 
50% of a typical crystalline solar cell in a module can 
activate the by-pass diode that protects the shaded cell 
and the assigned group of cells resulting in a reduction of 
1/3 of the module power [5]. 
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the goal of the field test is to make a direct and absolute 
comparison of the three PV systems, a shading analysis 
was done to determine which parts of the day there is 
uncontrolled shade.  

For this purpose we used the Suneye from Solmetric. 
By means of a fisheye camera with integrated compass 
and GPS, one can determine the exact time and date that 
a specific point of the PV system is shaded. Several 
skyline pictures have been taken from all the module sub 
strings of the systems and superimposed to the sun path 
in order to determine which part of the PV generator is 
shaded and when this happens. In this way a “clean 
measurement time” has been determined where shadeless 
operation takes place.  

 

 
Figure 4 : Skyline picture shoot from the micro inverter  
system facing south-east. Clearly visible is the wall on 
the south side of the solar panels highlighted with green 
colour. Additionally the east and west neighboring 
building can be seen. An average solar access of 83% has 
been calculated for the specific location. 

 
DC and AC electrical parameters are monitored with 

high accuracy power analyzers from Yokogawa(WT-
1800). In total 7 power analyzers with 6 inputs per device 
have been used. Through a wired network the power 
analyzers are synchronized providing data capture 
simultaneously for all channels. Logging interval is per 
second for all inputs to assure detection of even the 
fastest transient phenomena. Thermocouples are used to 
measure module  and ambient  temperature while 2 ISO 
secondary standard pyranometers measure in plane 
irradiance. Logging of the temperatures and irradiance is 
via a MW100 data logger that is also synchronized with 
the power analyzers. All measuring equipment is housed 
in weather proof cabinets including the devices under 
test. All in all more than 130 parameters with 1 second 
resolution are monitored in order to evaluate system 
performance. 
 
2.2 Analysis software and calculation routines  

We developed a software package in Python to 
automatically perform calculations reducing manual 
errors. Daily ‘control graphs’ are generated and analysed 
for quick inspection of the ongoing measurements. 
Intermediate performance steps for the three systems are 
calculated according to figure 5.  

The general equation for the performance ratio is 
given in equation 1 [9]. 

 

  
Where the summation of power over a given time 

period is substituted for DC power, PO power or AC 
power to calculate respectively the DC ratio, PO ratio or 

PR. PSTC and GSTC are the rated system power and the 
irradiance under STC conditions. GPOA is the measured 
irradiance in plane of array.  

The European and CEC inverter efficiencies are 
calculated according to equations 2 and 3 

 

 
 
Where ߟ	ݔ is the inverter efficiency at ݔ % of the 
maximum power. 

 

 
Figure 5. Schematic rep of the path from sunlight into 
grid injected AC power, showing the monitored 
parameters in red and the definition of the DC ratio, PO 
ratio and PR on the right hand side by blue and purple 
arrows  
 
 
3 CHARACTERIZATION UNDER OPERATING 
CONDITIONS 
 
3.1 String inverter 

The string inverter chosen for the task is a new 
generation low power inverter fitted with a HF 
transformer. It includes a shadow function which can be 
switched on from the internal settings of the device. Note 
that the inverter is supplied with the shadow function 
deactivated by default. Experiments with a pole shadow 
have been performed both with the shadow function 
activated and deactivated.  

It can be seen in figure 6 that when the inverter is 
operating with the shadow function disabled and there is 
partial shading present, it chooses a local maximum from 
the lumpy PV curve of the series connected modules. 
When the shadow function is activated, the inverter is 
scanning the MPPT every 15 minutes and can correctly 
track the global maximum and hence improve the 
extraction of the available power. 

Depending on the system size and the shading 
conditions and due to the operation of the shadow mode, 
the inverter can easily fall below the  MPPT voltage 
range specified by the manufacturer occurring additional 
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