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ABSTRACT 

This work is a contribution to photovoltaic (PV) systems with distributed maximum 

power point tracking (DMPPT), a system topology characterized by performing the 

MPPT at module level, instead of the more traditional topologies which perform MPPT 

for a larger number of modules. The two DMPPT technologies available at the moment 

are known as microinverters and power optimizers, also known as module level power 

electronics (MLPE), and they provide certain advantages over central MPPT systems 

like: higher energy production in mismatch situations, monitoring of each individual 

module, system design flexibility, higher system safety, etc. Although DMPPT is not 

limited to urban environments, it has been emphasized in the title as it is their natural 

market, since in large ground-mounted PV plants the extra cost is difficult to justify. 

Since 2010 MLPE have increased their market share steadily and continuing to grow 

steadily. However, there still lacks a profound understanding of how they work, 

especially in the case of power optimizers, the achievable energy gains with their use and 

the possibilities in failure diagnosis. The main objective of this thesis is to provide a 

complete understanding of DMPPT technologies: how they function, their limitations 

and their advantages. A series of equations used to model PV arrays with power 

optimizers have been derived and used to point out limitations in solving certain 

mismatch situation. Because one of the most emphasized benefits of DMPPT is their 

ability to mitigate shading losses, an extensive study on the effects of shadows on PV 

systems is presented; both on the I-V curve and on MPPT algorithms. Experimental 

tests have been performed on the MPPT algorithms of central inverters and MLPE, 

highlighting their inefficiency in I-V curves with local maxima. An analysis of the 

possible mitigation of hot-spots with DMPPT is discussed and experimentally verified. 

And a theoretical analysis of the possible power and energy gains is presented as well as 
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experiments in real PV systems. A short economic analysis of the benefits of DMPPT 

has also been performed. 

In order to aide in the previous task, a program which simulates I-V curves under 

shaded conditions has been developed and experimentally verified. This same program 

has been used to develop a software tool especially designed for PV systems affected by 

shading, which estimates the losses due to shading and the energy gains obtained with 

DMPPT.  

Finally, a set of algorithms for diagnosing system faults in PV systems with DMPPT 

has been developed and experimentally verified. The tool can diagnose the following 

failures: fixed object shading (with distance estimation), localized dirt, generalized dirt, 

possible hot-spots, module degradation and excessive losses in DC cables. In addition, it 

alerts the user of the power losses produced by each failure and classifies the failures by 

their severity and it does not require the use of irradiance or temperature sensors. 
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RESUMEN 

Este trabajo es una contribución a los sistemas fotovoltaicos (FV) con seguimiento 

distribuido del punto de máxima potencia (DMPPT), una topología que se caracteriza 

porque lleva a cabo el MPPT a nivel de módulo, al contrario de las topologías más 

tradicionales que llevan a cabo el MPPT para un número más elevado de módulos, 

pudiendo ser hasta cientos de módulos. Las dos tecnologías DMPPT que existen en el 

mercado son conocidos como microinversores y optimizadores de potencia, y ofrecen 

ciertas ventajas sobre sistemas de MPPT central como: mayor producción en situaciones 

de mismatch, monitorización individual de cada módulo, flexibilidad de diseño, mayor 

seguridad del sistema, etc. Aunque los sistemas DMPPT no están limitados a los 

entornos urbanos, se ha enfatizado en el título ya que es su mercado natural, siendo 

difícil una justificación de su sobrecoste en grandes huertas solares en suelo. 

Desde el año 2010 el mercado de estos sistemas ha incrementado notablemente y 

sigue creciendo de una forma continuada. Sin embargo, todavía falta un conocimiento 

profundo de cómo funcionan estos sistemas, especialmente en el caso de los 

optimizadores de potencia, de las ganancias energéticas esperables en condiciones de 

mismatch y de las posibilidades avanzadas de diagnóstico de fallos. El principal objetivo 

de esta tesis es presentar un estudio completo de cómo funcionan los sistemas DMPPT, 

sus límites y sus ventajas, así como experimentos varios que verifican la teoría y el 

desarrollo de herramientas para valorar las ventajas de utilizar DMPPT en cada 

instalación. Las ecuaciones que modelan el funcionamiento de los sistemas FVs con 

optimizadores de potencia se han desarrollado y utilizado para resaltar los límites de los 

mismos a la hora de resolver ciertas situaciones de mismatch. Se presenta un estudio 

profundo sobre el efecto de las sombras en los sistemas FVs: en la curva I-V y en los 

algoritmos MPPT. Se han llevado a cabo experimentos sobre el funcionamiento de los 

algoritmos MPPT en situaciones de sombreado, señalando su ineficiencia en estas 
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situaciones. Un análisis de la ventaja del uso de DMPPT frente a los puntos calientes es 

presentado y verificado. También se presenta un análisis sobre las posibles ganancias en 

potencia y energía con el uso de DMPPT en condiciones de sombreado y este también 

es verificado experimentalmente, así como un breve estudio de su viabilidad económica. 

Para ayudar a llevar a cabo todos los análisis y experimentos descritos previamente se 

han desarrollado una serie de herramientas software. Una siendo un programa en 

LabView para controlar un simulador solar y almacenar las medidas. También se ha 

desarrollado un programa que simula curvas I-V de módulos y generador FVs afectados 

por sombras y este se ha verificado experimentalmente. Este mismo programa se ha 

utilizado para desarrollar un programa todavía más completo que estima las pérdidas 

anuales y las ganancias obtenidas con DMPPT en instalaciones FVs afectadas por 

sombras. 

Finalmente, se han desarrollado y verificado unos algoritmos para diagnosticar fallos 

en sistemas FVs con DMPPT. Esta herramienta puede diagnosticar los siguientes fallos: 

sombras debido a objetos fijos (con estimación de la distancia al objeto), suciedad 

localizada, suciedad general, posible punto caliente, degradación de módulos y pérdidas 

en el cableado de DC. Además, alerta al usuario de las pérdidas producidas por cada 

fallo y no requiere del uso de sensores de irradiancia y temperatura. 
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1.11.11.11.1 FFFFRAME OF RESEARCH ANDRAME OF RESEARCH ANDRAME OF RESEARCH ANDRAME OF RESEARCH AND    MOTIVATIONMOTIVATIONMOTIVATIONMOTIVATION    (INTEGRA(INTEGRA(INTEGRA(INTEGRA    FV)FV)FV)FV)    

The work presented in this PhD Thesis is mainly the result of the research conducted by 

the candidate at the Instituto de Energía Solar of the Universidad Politécnica de Madrid 

(IES-UPM), in Madrid, Spain. During the research period and under the International 

Doctorate program of the UPM, the candidate worked four months conducting research 

at the Institut National de l'Energie Solaire (INES), in Chambery, France and some 

results from this period are also presented.  

The fundamental basis of the work presented in this Thesis is the project INTEGRA 

FV (ENE2008-06763-C02-01) financed by the Spanish Ministry of Science and 

Technology in which the IES-UPM and Tecnalia, a research centre from the basque 

country, have worked together. This project is born at the end of 2008, during a scenario 

of exponential increase of the photovoltaic (PV) systems in Spain, reaching the world 

record breaking figure of 2.7GW installed in a year. This increase was mainly based on 

large ground-mounted PV plants as the subsidies primed this type of installations. The 

integration of PV into the urban environment, despite its unquestionable advantages 

such as producing electricity in the place where it is consumed and competing in price 

with the user's electricity tariff, still, even to this day, lags behind, although quickly 

increasing. The main objective of the INTEGRA FV project was to improve the 

efficiency, feasibility and availability of energy in PV systems, especially in building 
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integrated photovoltaic (BIPV) systems, thus contributing from a technological point of 

view to the complete development of PV energy  

Several studies [Eclareon, 2013; Parkinson, 2013; Shah,Booream-Phelps et al., 2014] 

confirm that PV systems have already reached grid parity1 in several parts of the world. 

Although this would seem to be reason enough for a large scale deployment of roof-

mounted PV systems, this is not the case. There are several reasons for this: political, 

economic and technical. Although the political ones are evidently out of the scope of 

this Thesis, it is worth noting that large scale deployment of roof-top PV systems 

implies the democratization of energy, were now any individual is able to produce its 

own electricity reducing their dependence on electric utilities. The immense loss of 

benefit and power of electric utilities is evident and the electric lobbies worldwide are 

pressuring the governments to avoid this situation. In Spain, this is working extremely 

well and from 2008 only 2GW have been installed in five years and have recently 

proposed introducing a fee of 0.07€ for each kWh that is produced and instantly 

consumed; destroying any economic benefit in self-consumption PV systems.  

Because distributed PV systems are generally of a small size, their price is higher than 

ground-mounted PV systems, mainly because it is more difficult to apply economies of 

scale. While, to this day, ground mounted PV systems are costing around 1€/Wp roof-

mounted PV systems of about 3kW are estimated at around 2€/Wp [EPIA, 2012]. In 

addition, because of their geographic distribution and installation, at usually less 

accessible places, the O/M costs are also higher. Other technical reasons like the 

complexity of the installation and the losses due to shading will also incur in a higher 

price of the final levelised cost of electricity (LCE). 

In order to solve some of the problems related with roof-mounted PV installations, 

increase their efficiency and, therefore, lower the LCE, new system architectures, like 

that of distributed maximum power point tracking (DMPPT) have been proposed.  

                                                      

1 Grid parity refers to the moment where the PV levelised cost of electricity (LCE) is less than or equal 

to the price that the user pays to the utility. 
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1.21.21.21.2 IIIINTRODUCTINTRODUCTINTRODUCTINTRODUCTION TO ON TO ON TO ON TO DMPPTDMPPTDMPPTDMPPT    SYSTEMSSYSTEMSSYSTEMSSYSTEMS    

Traditionally, PV systems are composed of a number of PV modules all connected in 

series or parallel to a central inverter who is in charge of the maximum power point 

tracking (MPPT) and the DC-AC conversion. These new DMPPT systems, also known 

as module level power electronics (MLPE), have an MPPT algorithm at each PV module 

or each few modules. The DC-AC conversion can be centralized, as is the case with 

power optimizers, or distributed (at the same point as the MPPT), as is the case with 

micro-inverters. Figure 1.1 shows the schema of both of these topologies. 

 

 

Figure 1.1: Connection diagram of a) power optimizers and b) microinverters. 

Although the idea of using micro-inverters has been present since the early 1990s 

[Hempel,Kleinkauf et al., 1992] and that of power optimizers since the mid-2000s 

[Walker and Sernia, 2004], at the beginning of this PhD Thesis, in late 2009, there were 

only a couple of companies offering these products. In the last few years, DMPPT 

systems have been introduced in the PV market and their market share is growing 

steadily. [IMS, 2013; Podewils, 2011; Shiao, 2013]. The common denominator in the 

claims made by these companies is the extra electricity produced by the use of their 

products, some claiming “extra power yields up to 30%” and others even claiming “up to 

25% extra energy harvests”.  

Some of the advantages that have been proposed with the use of DMPPT systems are: 
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� Better optimisation of each module in the system: because each module has its 

own MPPT, the maximum power of each module can be extracted at all times 

eliminating the losses due to mismatch. 

� Design flexibility: because each module has its own MPPT, this permits 

connecting together modules of different technology or characteristics. It is also 

possible to connect together modules installed at different tilt or orientation 

angles. 

� Advanced monitoring systems: having an MPPT at each module implies that 

values of voltage and current of each module are being constantly measured. 

This provides an immense amount of information that can be used to detect 

failures easily and rapidly, drastically reducing the O/M work. 

� System reliability: because of the larger number of units in the system, a single 

failure will not result in the loss of the entire system’s production as would be the 

case with the central inverter. This would be the case for micro-inverters but not 

for power optimizers which also have a central inverter. 

Although it seems like these advantages are a clear benefit for complex PV 

installations, like those in the urban environment, there still lacks a profound 

understanding of the real benefits that can be obtained by using DMPPT. Previous to 

starting this PhD Thesis at least the following points to be solved could be identified: 

� It is known and it has been proven that these systems can provide large power 

improvements in case of shading but whether this translates to an annual energy 

improvement is unclear.  

� It is also known that there are limitations in the amount of shade that these 

systems can mitigate and the difference in orientation and tilt angles that can be 

combined. 

� Still no advanced failure diagnosis system has been proposed and the products 

offered limit themselves to detecting the under-producing modules in the 

system. 

� Is the higher price that must be paid for these systems worth it? 
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� More electronic parts in system can be translated to a lower reliability of the 

system. 

From what has been exposed it is clear that there is still work to be done in the 

understanding of the benefits provided by DMPPT. This PhD Thesis aims at solving 

these issues and to provide a broader understanding on how DMPPT systems function, 

their real possible benefits, their limitations and their disadvantages. In addition, 

methods for testing each product are proposed and a model for simulating energy gains 

as well as an automatic failure diagnosis system have been developed. 

1.31.31.31.3 SSSSTATE OF THE ARTTATE OF THE ARTTATE OF THE ARTTATE OF THE ART    

1.3.11.3.11.3.11.3.1 AAAA    BIT OF HISTORYBIT OF HISTORYBIT OF HISTORYBIT OF HISTORY    

Although it has only been in the last few years that the market of DMPPT products has 

started to pick up its pace, research into micro-inverters and real products has been 

present for over 20 years. The early stages of research and development of DMPPT 

products were fully focused on micro-inverters having the first references to power 

optimizers less than 10 years ago [Walker and Sernia, 2004]. The research into 

microinverters was started by the German Institut für Solar Energie-versrgungstechnik 

(ISET) in the late eighties, publishing their first papers in this area in the early nineties 

[Hempel,Kleinkauf et al., 1992; Kleinkauf,Sachau et al., 1992]. During this period, 

research and development into AC module inverters started in parallel in Germany, The 

Netherlands, Switzerland and the USA [Dunselman,Weiden et al., 1994; Kern and Kern, 

2000; Oldenkamp and Jong, 1998a]. From this research in the late eighties and early 

nineties came the first prototypes and commercial micro-inverters. 

The first prototype of a micro-inverter was developed by the Zentrum für 

Sonnenenergie und Wasserstoff-Forschung Baden-Württemberg in Germany and it was 

presented in 1992. In 1993, Dutch company Mastervolt, presents their first grid-tie 

micro-inverter, the SunMaster 130S which was designed to mount directly to the back of 

the panel and to be connected to other micro-inverters and to the power grid (Figure 

1.2-left). Some years later, in 2000, this same company replaced their model with  the 
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Soladin 120, designed to connect the PV module directly to a wall socket. During this 

period, the US company Ascension Technology, had also started working on a micro-

inverter and in 1994 they sent an example to Sandia Labs for testing. Later, in 1997, this 

same company partnered with US module company ASE Americas to produce the 

300W SunSince panel (Figure 1.2-right) which was the PV module which included a 

mounted micro-inverter in the junction box, being it the first plug and play PV Module 

[Kern and Kern, 2000]. In 1995, another Dutch company, OKE Services, developed a 

high frequency micro-inverter, the OK4 of 100Watts. This company later developed 

another improved model, the OK4ALL, which in 2009 was sold to the largest inverter 

manufacturer, SMA Solar Technology AG (SMA). Other, less succesfull products were 

also developed like the MI250 from Advanced Energy Systems which predicted that in 

large quantities their inverters could be produced at less than 0.20$/W [Strong, 1999]. 

Considering that that is the range of prices for today’s large-scale inverters, this was a 

very optimistic prediction. At the time, there was already conscience of the benefits that 

could be gained by monitoring the production at module level and some models, like 

the OK4 and the ZSW, included an RS485 communication interface with monitoring 

facilities. The MI-250 went one step beyond and included communication by a power 

line communications (PLC) signal.  

 

Figure 1.2: Imagenes micro-inversores 

During this period there were also several PV projects that installed AC modules, like 

the PV-groei (PV-growth) in The Netherlands which aimed at installing four AC 

modules in each of 10,000 roofs [Oldenkamp and Jong, 1998b], a 15kW installation with 

the SunSine AC module at the Pentagon in 1999 (Figure 1.3) or a 10kW façade with 

100W micro-inverters [Knaupp,Schekulin et al., 1996]. And many of the scientific 
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papers that were being published at the time [Kleinkauf,Sachau et al., 1992; Oldenkamp 

and Jong, 1998a; Strong, 1999] already mentioned many of the benefits attributed to 

micro-inverters nowadays, like: higher energy production, advanced monitoring 

possibilities, safer installations due to small DC voltages, etc. and there were even some 

studies that estimated energy gains in shaded PV systems with positive results: up to a 

7.5% yearly energy gain [Gross,Marttin et al., 1997]. 

 

 

 

 

Figure 1.3: 15kW installation with the SunSine AC 

module at the Pentagon in 1999. 

However, as the years passed it became clear that the price of micro-inverters could 

not compete with that of larger central inverter systems. Because of this and reliability 

problems like failing micro-inverters, in 2003 they disappeared from the market when 

the last standing micro-inverter, the OK4, stopped production at the end of a Dutch 

subsidy program [Katz, 2009]. This was nonetheless only a parenthesis since only five 

years later, in 2008, micro-inverters, and now also power optimizers, re-entered the 

market. 

1.3.21.3.21.3.21.3.2 TTTTHE MODERN PRODUCTSHE MODERN PRODUCTSHE MODERN PRODUCTSHE MODERN PRODUCTS    

Of all DMPPT products available today the first one to be commercially available was 

the micro-inverter from Enphase, which started shipping in late 2008. It was, however, 

some years before that other companies had started to develop similar products and in 

May 2009 the first power optimizers were presented at the Intersolar trade fair 

[Podewils, 2009]. There were three power optimizers presented at the time: SolarMagic 

by US semiconductor group National Semiconductors, SolarEdge by the Israeli start-up 

of the same name and Tigo from the US start-up Tigo Energy. Of these three products, 

SolarMagic was the one that entered the market with the most force but, curiously, it is 

also the one that has stopped production; only two years after market introduction. Now 
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they offer an MPPT power production chipset by Texas Instruments rather than an 

integrated power optimiser unit. 

During the following years there was a real invasion of DMPPT products and by the 

end of 2011 there were over fifteen companies offering power optimizers and at least 

five offering micro-inverters [Podewils, 2011]. However, many of these companies had a 

similar future as SolarMagic and have discontinued their production. At this moment, 

in the world of power optimizers there are only two clear players, SolarEdge and Tigo, 

coping almost all of the market share with 60% SolarEdge and 40% Tigo [IMS, 2013]. By 

mid-2013 both of these companies had shipped over 2 million units each. 

The success of the SolarEdge products has allowed the company to invest heavily in 

R&D and since late 2011 they offer a second generation of power optimizers with buck-

boost DC/DC converters and an improved efficiency of up to 99.5% for the maximum 

efficiency and 98.8% for the weighted efficiency, as stated by the company. An 

independent test from Photon [Neuenstein and Podewils, 2011] returned lower results: 

from 97.94 to 99.06%. The company offers either module embedded or module add-on 

power optimizers. The module embedded option, with Upsolar PV modules, includes 

all the necessary electronics in the junction box of the PV module, eliminating cabling 

and the extra housing. In addition, two different types of module add-on versions are 

offered: one which only works with the SolarEdge inverter or the independent optimizer 

which can work with any inverter on the market. In the first version, five different 

models are offered: from 250Wp -600Wp, an input voltage range of 47V-130V and 

MPPT range from 5-125V depending on each model. All power optimizers from 

SolarEdge are sold with a 25 year warranty2 to match PV modules’ expected lifetime. 

They also offer a series of inverters ranging from 2.2kW to 50kW. The SolarEdge system 

also offers module level monitoring including a monitoring portal, automatic arc 

detection, automatic DC shutdown for safety issues and automatic alerts. 

The Tigo Energy optimizers offer basically the same options as the SolarEdge 

products but in a more limited range, only offering two module add-on power 

                                                      

2 Tigo only offers a 10 year warranty and Enphase a 25 year warranty in the US, 20 year warranty in 

UK, France, Greece, Italy, Luxembourm, Netherlands and Belgium and 10 year warranty in the rest of the 

world 
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optimizers from 300Wp -350Wp and one module embedded power optimizer (SolarEdge 

also only offers one). However, in the case of the module embedded option, Tigo has 

arrived at agreements with six different module companies (while SolarEdge is in 

partnership with one) to produce their smart modules. For the Tigo system a central 

management unit, or maximizer management unit (MMU) as they call it, is necessary 

for the DC safety disconnection, arc detection and monitoring options. However, Tigo 

is also in a partnership with Kaco who produces an inverter especially for the Tigo 

system and which includes the MMU. Another feature that differentiates Tigo from 

SolarEdge is the MPPT function. While SolarEdge utilizes a classic MPPT algorithm 

applied to each module, Tigo has implemented a centralised approach. The idea is that 

from the working values of each module a central processing unit calculates the exact I-

V properties of each module and then each maximizer contains the “impedance 

matching” components to control the output of each module. This approach could be 

more cost effective as there is not one MPPT per module. However, their MPPT range, 

from 16-48V, could cause local MPPs to not be detected, as is shown in section 4.4 and 

the necessity of communicating with a central unit for the MPPT function could also 

result problematic if the communication is lost or if local maxima are present. 

In the market for microinverters there are a larger number of players, although the 

clear leader is Enphase with over 3 million units shipped by July 2013. Even so is their 

leadership, that, according to the Enphase CEO, the firm boasted a 53.5% market share 

in the US residential market; that is considering all inverters not only microinverters. 

However, in the last year or so, many other companies have entered the microinverter 

market and can jeopardize this leadership, especially some big inverter companies like 

SMA or PowerOne which have both recently introduced a microinverter to their 

product portfolio. Other names that are in the game are SolarBridge reaching a different 

market than Enphase as they are the only AC module producer, Enecsys with over 

160,000 microinverters sold and Renesola with a price 15 to 20% lower than Enphase 

and delivering 10,000 units per month in the US [Wesoff, 2013a]. Despite the relatively 

large number of products, there is barely any difference in specifications or in added 

value. They all offer the standard DC/AC conversion at module level with monitoring 

possibilities. The power ranges are all very similar as the MPPT range. This second 

factor is important to consider since almost none of them can track below 22-24V which 
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can seriously affect the efficiency when local MPPs are present, as is shown in section 

4.4. Table 1.1 presents the main characteristics of the main microinverters and power 

optimizers available by July 2014.  

1.3.31.3.31.3.31.3.3 TTTTHE ACTUAL AND FUTUREHE ACTUAL AND FUTUREHE ACTUAL AND FUTUREHE ACTUAL AND FUTURE    MARKET OF MARKET OF MARKET OF MARKET OF DMPPTDMPPTDMPPTDMPPT    PRODUCTSPRODUCTSPRODUCTSPRODUCTS    

Analysing a market is always a difficult task, especially since the data isn’t always 

available and is sometimes distorted due to economic interests. In the case of the market 

for DMPPT there are two full analysis available, one by the UK firm IMS research titled 

“The world market for PV microinverters and power optimizers” [IMS, 2013], recently 

acquired by IHS, who has published the third yearly version of their report and the 

other by GTM Research (“The global PV inverter landscape 2013: technologies markets 

and survivors”)  [Shiao, 2013] a part of the online media company on renewable 

energies, Greentech Media. These reports are quite costly, 3000-6000€, and neither of 

them were purchased to develop this section. All the data presented in this section 

comes from interviews to IHS members or from articles from Greentech Media or PV-

magazine which reference either report. 

According to IMS-IHS research the world market in 2013 for microinverters will hit 

500MW [Meza, 2013] and that of power optimizers between 600-900MW [Neidlein, 

2013]. This sums to a total between 1.1-1.4GW which considering shipments of around 

32GW of classic PV inverters corresponds to about 4% of the total inverter market. This 

is still a low figure, however, it should be considered that this DMPPT technology is still 

very new and that it is growing fast, 180% in 2011 and 70% in 2012 and that by 2016 it 

will comprise 10% of the market [Beetz, 2012]. IMS research predicts that power 

optimizers will grow to a 4GW market by 2016 [Neidlein, 2013] and microinverters to 

2.1GW by 2017 [Meza, 2013]. 

Dividing the market by regions, microinverters are inclined towards the US, coping 

72% of all the microinverter market in 2012 [Meza, 2013]. Microinverters have reached 

such high penetration rates in the US that they held a 53.5% market share in the US 

residential market in 2012 [Wesoff, 2013a], including all inverters. While power 

optimizers have their market in Europe [Neidlein, 2013], a large growth of the power 

optimizer market is expected in Asia in the following years and then the Americas. 
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Table 1.1: Characteristics of the main microinverters and power optimizers available by July 2014  

Model Type Nominal 

ouptut power 

MPPT_range 

(V) 

Efficiency 

Weighted/Max 

(%) 

 

SMA SB240 Microinverter 240W 15/23-32V 95.9/96 

 

Enphase 250 Microinverter 240W 16/27-39V 96/96.5 

 

SolarBridge 

Pantheon II 

AC module 238W 18-37 93.2/95.6 

 

Renesola 

Replus 

Microinverter 225 22-55 95/96.3 

Enecsys Microinverter 225 23-35 93.5/95 

Power One 

Aurora 

Microinverter 250 12/30-50 95.4/96.5 

 

Tigo 

optimizer 

Power 

optimizer: 

Add-

on/module 

embedded 

375 16-48 

 

 

98.5/99.5 

(Does not consider 

the central inverter’s 

efficiency) 

 

SolarEdge 

(Data 

shown for 

OP250) 

250W 5-55 
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Despite the different products available, over 25 microinverters and power 

optimizers, just three — Enphase, SolarEdge and Tigo — accounted for 93% of 

shipments [Beetz, 2012]. Considering the number exposed in the previous paragraph, it 

could be 60% power optimizers and 40% microinverters. Inside the power optimizers 

category it is 60% SolarEdge and 40% Tigo [Neidlein, 2013].  

Initially, the DMPPT products were designed for small residential installations 

affected by shading or with difficult design features like different tilt and orientation 

angles. Until 2013 it was that way with 91% of these products going to residential 

systems although a shift is expected having about one third of the products installed in 

commercial systems by 2017 [Meza, 2013]. Certainly, this shift has already started and 

many hundred-kilowatt and even megawatt systems have been built with distributed 

power electronics. For example, SolarEdge has several installations in the hundreds-of-

kilowatts range and even a 1.63MW installation in The Netherlands and has announced 

an 8MW project to be connected in 2014. Tigo has also various installations in the 

hundreds-of-kilowatts range and a 2.2MW installation with Upsolar-Tigo smart 

modules in Vermont. This installation was decided to be installed with Upsolar-Tigo 

modules due to the orography of the terrain, as shown in Figure 1.4. And in August 

2013, Enphase announced the construction of a 2MW installation in Canada [Wesoff, 

2013b]. 

 

 

 

 

 Figure 1.4: 2.2MW installation in Vermont with 

Upsolar-Tigo smart modules 

 

1.41.41.41.4 SSSSCOPE OF THE THESISCOPE OF THE THESISCOPE OF THE THESISCOPE OF THE THESIS    

In a broad sense, this Thesis provides a profound understanding of how DMPPT 

systems work, both power optimizers and micro-inverters, and, therefore, contributes to 
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their development. It also aims at giving the reader the sufficient knowledge and 

understanding to determine, for any particular PV system, whether the use of DMPPT 

is positive or not and which of the two technologies, if any, is best to use. This can be 

divided in the following sections. 

In the first place, an analysis is presented of how classic PV systems work, their 

failures and losses, especially those that are aimed at being mitigated with DMPPT. In 

this part, a special emphasis is made on the effects of shading over PV modules and PV 

generators as they are the main effect for which DMPPT were intended in the 

beginning. Many measurements of I-V curves of generators and modules affected by 

shading are presented and the software that has been developed to simulate I-V curves 

of generators affected by shadows is introduced. 

Secondly, a theoretical study of PV systems with power optimizers is presented. In 

this section only power optimizers are dealt with as they are the ones that present a 

complex operation in PV arrays. The I-V curves of power optimizers are presented and 

described. Mathematical equations that describe the behaviour of DC/DC converters in 

PV arrays have been derived and are presented as the basis to simulate the functioning 

of power optimizers in PV arrays. And with this set of equations the limitations of 

power optimizers to mismatch mitigation is highlighted. Also, a theoretical introduction 

to the power gains obtained with the use of DMPPT in presence of shading is presented. 

In a third part, the results from a set of experiments performed on power optimizers 

and microinverters are presented. Some of these experiments were aimed at verifying 

what was exposed in the theoretical study, resulting in good agreement. Other 

experiments were focused on power gains with the use of DMPPT in different shading 

situations and others in testing the efficiency of the different MLPE. Then a profound 

study on the effect of incoming shadows on the MPP of the I-V curve and how it could 

affect the MPPT of the different equipment is presented as well as the results from the 

tests performed on the MPPT algorithms of different equipment: inverters, 

microinverters and power optimizers. These were aimed at evaluating their efficiency at 

finding the absolute MPP in I-V curves with local maxima. Finally, a standard for testing 

this ability is proposed.  
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Chapter 5, presents a model for simulating energy gains with DMPPT. This model is 

valid for any location worldwide and allows the user to introduce different obstacles that 

cause shading as well as the I-V curves of different modules to consider module 

mismatch. Results from energy gain experiments are also presented as well as a brief 

economic analysis is performed. This analysis does not aim to be very profound but it 

does aim to study how the use of DMPPT affects the LCE PV systems. 

Finally, the last chapter presents an advanced failure diagnosis procedure that makes 

use of all the module level data available in DMPPT systems. In this same chapter, the 

verification of the procedure which was conducted in a real PV system is also presented. 

 



 

 

 

2222 BBBBASIC CONCEPTS OF ASIC CONCEPTS OF ASIC CONCEPTS OF ASIC CONCEPTS OF PVPVPVPV    SYSTEMSSYSTEMSSYSTEMSSYSTEMS    

This chapter presents the basic theory of PV systems necessary to understand the 

whole document. The different topologies used in PV systems are presented as well as 

the effects of temperature and irradiance changes on PV production. There is also an 

introduction to the main MPPT algorithms used and some of the failures and losses that 

can occur in PV systems are discussed. A special emphasis is made on the effects of 

shading over PV modules and PV generators, as this is the main failures that DMPPT is 

focused on mitigating. During this thesis a software tool that simulates I-V curves for Pv 

generators under shaded conditions has been developed and its implementation and 

validation is discussed in this chapter. Many measured and simulated I-V curves of PV 

generators with shading are presented and discussed, serving as the basis for the 

validation of the developed software. Finally, there is a brief description of DC-DC 

converters as they are the basis of power optimizers and they are the cause of some of 

the limitations of these systems.  
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2.12.12.12.1 PVPVPVPV    SYSTEMS MODELLINGSYSTEMS MODELLINGSYSTEMS MODELLINGSYSTEMS MODELLING,,,,    CONFIGURATIONCONFIGURATIONCONFIGURATIONCONFIGURATION,,,,    FFFFAILURES AND AILURES AND AILURES AND AILURES AND 

LLLLOSSES OSSES OSSES OSSES     

2.1.12.1.12.1.12.1.1 CCCCENTRAL INVERTER ENTRAL INVERTER ENTRAL INVERTER ENTRAL INVERTER PVPVPVPV    SYSTEMSSYSTEMSSYSTEMSSYSTEMS    

2.1.22.1.22.1.22.1.2     IIIIRRADIANCE AND TEMPERRRADIANCE AND TEMPERRRADIANCE AND TEMPERRRADIANCE AND TEMPERATURE DEPENDENCE ATURE DEPENDENCE ATURE DEPENDENCE ATURE DEPENDENCE OF OF OF OF PVPVPVPV    MODULESMODULESMODULESMODULES    

The characteristics of a PV cell, module or generator are represented by its current-

voltage (I-V) curve, in which three particular points can be identified: 

• The open circuit voltage (Voc), characterized by a zero current in the PV cell, 

module or generator. 

• The short-circuit current (Isc), characterized by a zero voltage. 

• The maximum power point (MPP), at which there is an MPP current, IM, an 

MPP voltage, VM, and where the power, defined as PM = VM ∙ IM, is maximum.  

Figure 2.1 shows a typical I-V curve of a sixty cell 240W PV module with the 

previous points labelled. The same figure also shows the power-voltage curve of the 

same module.  

 

 

 

 

 Figure 2.1: I-V and P-V curves of a 240W PV module 

with 60 cells in series. 

All PV modules are rated at a standard set of conditions known as Standard Test 

Conditions (STC). When we want to specify that a point is given at STC an asterisk is 

added to the parameter: for example PM
* represents the maximum power at STC. The 

defined STC are the following: 

• G*: irradiance at STC = 1000W/m2 
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• Tc
*: cell temperature at STC = 25ºC 

• Solar spectrum at AM1.5: Thi 

It is well known that a PV module’s I-V curve changes its shape depending on the 

cell’s temperature, the incoming irradiance and the solar spectrum. The short-circuit 

current, Isc, varies mainly and linearly with the incoming as in equation (2.1). 

 ������ = ���∗�∗ ∙ � (2.1) 

However, there is a second-order effect that causes Isc to increase slightly with 

increasing temperature. This is mainly due to the fact that the band gap of the 

semiconductor generally decreases with temperature which causes an increased light 

absorption. This effect can be modelled by adding a linear term to equation (2.1), 

obtaining equation (2.2). 

 �����, ��� = ���∗ ∙ ��∗ ∙ �1 + � ∙ ��� − ��∗�� (2.2) 

Where Tc is the cell temperature and m is the current temperature coefficient which 

depends on the semiconductor type and is normally given by the manufacturer. 

Common values are around 0.04-0.05%/K for crystalline silicon cells, meaning that for 

operating cell temperatures of 70ºC there is approximately a 2% increase in Isc. 

Although the band gap reduction with increasing temperature only causes a small 

effect on Isc, it is also responsible for a significant reduction of the cell’s open circuit 

voltage, expressed in equation (2.3). 

 ������� = ���∗ + � ∙ �� ∙ ��� − ��∗� 
(2.3) 

Where β is the voltage temperature coefficient which depends on the technology and 

is typically around -2.1mV/ºC for crystalline silicon cells; being lower (closer to zero) for 

amorphous silicon solar cells. Ns is the number of cells in series in the module or 

generator.  

Although in a lower factor than the temperature, Voc is also affected by the irradiance, 

tending it to increase with the illumination level in a logarithmic relation; as shown in 

equation (2.4).  
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 ������ , �� = ���∗ + � ∙ �� ∙ ��� − ��∗� + �� ∙ �� ∙ �� � ��∗� (2.4) 

Where Vt is the thermal voltage of the p-n junction and responds to equation (2.5). 

 �� = ���/� 
(2.5) 

Where m is the ideality factor of the diode, typically between 1 and 1.3 for silicon 

solar cells, k is boltzmann’s constant, T is the operation temperature in Kelvin and e is 

the electric charge of the electron. Vt can be approximated to 25mV for m = 1 and T = 

300K. 

It should be noted that, since the influence of the irradiance on Voc is logarithmic, the 

effect can be considered negligible for irradiances close to 1000W/m2. However, it is a 

very important effect at very high irradiances, for example in concentrating photovoltaic 

(CPV) applications, and at low irradiances in normal PV applications. For example, for 

800W/m2, 500W/m2 and 100W/m2 the effect on Voc is 0.83%, 2.6% and 8.6% 

respectively. The effects of both, the cell temperature and the irradiance, on the I-V 

curve are presented in Figure 2.2. 

  

Figure 2.2: Effects of Tc and G on a PV module’s electrical characteristics. The plot with changing irradiances 

shows the corresponding I-V curves from 1000W/m2 (the one with highest Isc) to 100W/m2 (the one with lowest Isc). 

It has been chosen to display the MPP to show how it changes in voltage with changing irradiance. This is an 

important point when considering the MPPT efficiency with changing irradiance and the effects are presented in 

section 4.4.1.    
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2.1.32.1.32.1.32.1.3 EEEEXTRAPOLATION OF XTRAPOLATION OF XTRAPOLATION OF XTRAPOLATION OF IIII----VVVV    CURVES TO DIFFERENT CURVES TO DIFFERENT CURVES TO DIFFERENT CURVES TO DIFFERENT IRRADIANCE AND IRRADIANCE AND IRRADIANCE AND IRRADIANCE AND 

TEMPERATURE VALUESTEMPERATURE VALUESTEMPERATURE VALUESTEMPERATURE VALUES    

The sun’s spectrum changes over time and during the same day, due to the changing 

path of the solar rays through the atmosphere and changes in the actual atmosphere. 

This affects the response of PV systems due to their spectral response. Spectral losses are 

typically between 2% and 4% on a yearly basis [Luque and Hegedus, 2002] but can be up 

to 10% on smaller time scales for a-si [Nann and Emery, 1992]. For this reason, 

irradiance should be measured with a device of the same spectral response as the device 

under test and this is also suggested by the International Electrotechnical Committee 

(IEC) [IEC, 2006]. Others also suggest that it would be better to measure with a 

pyranometer and apply an spectral mismatch correction. 

Considering the exposed effects of temperature and irradiance over the operating 

conditions, the IEC in their standard IEC-60891 [IEC, 2009] defines the equations for 

extrapolating the values of voltage and current of an I-V curve to new values of voltage 

and current at different operating conditions. In particular, the standard defines three 

correction procedures. The first is identical as the one given in the first edition of the 

standard in 1994, the second is an alternative method of algebraic correction which 

produces better results in large irradiance corrections (> 20%) and the third is an 

interpolation procedure which does not require input parameters (G or Tc) but can only 

be used when a minimum of three I-V curves at different operating conditions have 

been measured. During this Thesis, all the extrapolations have been performed using the 

second procedure or a small variation of it. This procedure is defined by equations (2.6) 

and (2.7). 

 �� = � ∙ �1 +∝"#$∙ ��� − � �� ∙ %&%'  (2.6) 

 �� = � + �() ∙ *�"#$ ∙ ��� − � � + + ∙ �� ���� �, − -./ ∙ ��� − � � − �/ ∙ �� ∙ ��� − � � (2.7) 

 

where: 

 

I1, V1 are coordinates of the measured I-V curve; 

 

I2, V2 are coordinates of the extrapolated I-V curve; 
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G1 is the measured irradiance; 

 

G2 is the irradiance at which the extrapolation is desired; 

 

T1 is the measured cell temperature; 

 

T2  is the cell temperature at which the extrapolation is desired; 

VOC1  is the open circuit voltage of the measured I-V curve; 

 

αrel y βrel are relative temperature coefficients of current (αrel) and voltage (βrel) at 

1000W/m
2
. They are a function of ISC

*
 and VOC

*
; 

 

a is the correction factor for VOC which is associated to the thermic voltage of the 

diode and the number of cells in series; 

 

R
’
S is the internal series resistance of the device under test; 

 

k
 ’
 is interpreted as the temperature coefficient of the internal series resistance, 

RS
’
. 

         

In order to be able to apply the extrapolation equation, it is necessary to have values 

of irradiance and cell temperature of the measured curves or, if extrapolating from STC, 

to know the value to extrapolate to. As already mentioned, irradiance should be 

measured with a device of the same spectral response as the device to be extrapolated. If 

this is not possible, measurements from a pyranometer can be used and a model which 

considers spectral changes in the incoming radiation can be applied [Martín and Ruiz, 

1999]. 

For the cell temperature, there are three main methods which can be used. The first 

one is the open-circuit voltage method for which a calibrated sensor with a linear 

dependence of Voc with respect to the temperature, typically a PV cell or module, is 

necessary. The procedure uses equation (2.4) to solve for Tc, resulting in equation (2.8), 

and is also defined by an IEC standard [IEC, 2011].  

 �� = 25º3 + 1� ∙ �� ���� − ���∗ � (2.8) 
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If no Tc sensor is available, a thermocouple can be attached to the Tedlar behind the 

PV module. However, this method is not recommended because the isolation provided 

by the back sheet of the PV module does not permit obtaining the real Tc. 

Finally, if what is desired is to extrapolate to future operating conditions, for example 

to calculate the presumed production over a whole year, equation (2.9) which relates the  

operating cell temperature, Tc, the ambient temperature, Ta, and the irradiance can be 

used. 

 �� = �43��º3� − 208007/�� ∙ � + �8 (2.9) 

Where NOCT is the nominal operating cell temperature and is a value given by the 

manufacturer, typically between 43ºC and 47ºC for glass-tedlar encapsulation. 

The parameter a in equation (2.7) is the relative irradiance coefficient of Voc and can 

be obtained from equation (2.10). 

 + = �� ∙ �����∗  (2.10) 

Obtaining Rs can be done in a number of ways. For example, the IEC-60891 suggests 

a procedure which measures several I-V curves at different irradiances and at constant 

temperature. Then the curves are extrapolated to STC considered Rs = 0, giving different 

I-V curves. Rs is then varied in steps of 10mΩ until there is less than ±0.5% error in Pm. 

This method proves to be very exact; however, it is very tedious since it requires 

measurement of different I-V curves at different irradiances and constant temperature. 

Section 22.10.1 of [Luque and Hegedus, 2002] presents two methods for determining 

RS from the main parameter of an I-V curve, being the most straightforward one the one 

presented in equation (2.11). 

 -� = ���∗ − �9∗ +� ∙ �� ∙ �� ∙ ln	�1 − =>∗=?@∗ ��9∗  

 

(2.11) 
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Finally, obtaining k’ should be done, as explained in the IEC-60891, by measuring 

different I-V curves at different temperatures but constant irradiance. Then, these 

curves are extrapolated and k’ is varied from 0mΩ/K in steps of 1mΩ/K until the 

extrapolated curves match with an error below ±0.5% at Pm. This parameter is not as 

important as Rs and even if it is kept at 0mΩ/K the error should not be very large. 

2.1.42.1.42.1.42.1.4 SSSSHADOWS AND NONHADOWS AND NONHADOWS AND NONHADOWS AND NON----UNIFORM IRRADIANCEUNIFORM IRRADIANCEUNIFORM IRRADIANCEUNIFORM IRRADIANCE    

Shadows cast over the PV generator cause a reduction of the incoming radiation and 

therefore reduce the power generated by the system. If the incoming radiation is 

reduced by the same amount all over the PV array, the resulting I-V curve is evident and 

can be easily obtained by applying equations (2.6) and (2.7). However, this is normally 

not the case when there are shadows from nearby objects or dirt patches in certain cells, 

being the reduction in the incoming radiation non-uniform. This makes the analysis of 

shading effects a complex exercise. For the purpose of fully understanding the effect of 

non-uniform irradiance over PV arrays a simulation program in Matlab has been 

created.  

2.1.4.12.1.4.12.1.4.12.1.4.1 Simulation methodologySimulation methodologySimulation methodologySimulation methodology    

Non-uniform irradiance over a PV array causes each cell to have different electrical 

characteristics and, because they are interconnected, electrical mismatch is present, 

deforming the I-V curve of the system. When a cell is shaded the maximum current that 

it can deliver is diminished in proportion to the shading factor. If this cell is connected 

in series with other cells it could3 start working in negative voltages (where it can deliver 

more current) in order to match the current of the rest of the cells in series and if the cell 

works at a negative voltage, this means that there is a power loss. A number of factors 

influence the negative voltage at which the shaded cell or cells are working and the 

amount of power lost. These factors are: the amount of shading over each cell, the 

number of shaded cells, the interconnection of the cells and the modules (series or 

                                                      

3 This depends on the working point of the system, imposed, for example, by the MPPT. In stand-

alone systems without an MPPT charge regulator, this point is imposed by the battery.  
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parallel), the configuration of the by-pass diodes in the modules, and the reverse 

characteristics of each cell.  

Already in 1988 Bishop studied the effect of electrical mismatches in different cell 

interconnections [Bishop, 1988], while more recently other authors have studied the 

effect of the diode configuration [Silvestre,Boronat et al., 2009], the  effect of having 

different reverse characteristics of the solar cells [Alonso-García,Ruiz et al., 2006a; 

Alonso-García,Ruiz et al., 2006b; Meyer and Ernest van Dyk, 2005] and the effects of 

different array configurations [Woyte,Nijs et al., 2003]. In this section, all these effects 

are considered to analyse the effects of non-uniform irradiance over PV arrays. 

For modelling the reverse characteristics of solar cells, equation (2.12) has been used, 

which was proposed in [Alonso-García and Ruíz, 2006]. 

 � = ��� − �A ∙ � + B ∙ ��
1 − exp	FG# �1 − H∅JKLM∅JKL �N

 

 

 

(2.12) 

 

Where Be is a non-dimensional cuasi-constant parameter with value ≈ 3, Vb is the 

breakdown voltage,  is the built-in junction voltage (not to be used as an adjustable 

parameter, using a typical value of  = 0.85 for silicon cells of unknown junction 

structure.), and Gsh is the shunt conductance, simply 1/Rsh. The addition of the parabolic 

term c (c < 0) is used in cases where the linear fitting is not sufficient. 

In order to model shading effects on cells with different reverse characteristics, Vb 

and c can be changed, obtaining different curves as shown in Figure 2.3. 

 

Figure 2.3: Left: Effect of varying c and Right: effect of varying Vb in the reverse characteristics of a solar cell. 
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When shading is present, each cell will have different irradiance values and the I-V 

curve in positive voltages will vary with equations (2.6) and (2.7) while in the negative 

voltages only Isc of equation (2.12) will vary. Knowing the incoming irradiance on each 

cell, its I-V curve can be calculated and then added in series or parallel to the rest of the 

cells in the array. The by-pass diodes have been modeled to have a square curve which 

conducts at 0.7V. So, the by-pass diode will be forward bias if the cells protected by the 

same diode add a voltage of -0.7V or lower. Once this occurs, the diode polarizes the 

group of cells that it protects to -0.7V. A number of examples of non-uniform irradiance 

over a PV array have been simulated with the developed program in Matlab and they are 

presented in the following figures. 

2.1.4.22.1.4.22.1.4.22.1.4.2 Simulation resultsSimulation resultsSimulation resultsSimulation results    

Two different values of cell breakdown voltage have been used for the simulation:     

Vb=-5V and Vb=-25V. These values are chosen as in one case (Vb=-5V ) shading over 

one cell is not enough to polarize the diode in forward bias while in the other (Vb=-

25V), shade over one cell will be enough to polarize the diode in forward bias. In part, 

these values were also chosen as the match quite well with the values measured in 

different PV modules used in this Thesis. For example, modules Isofoton I-110 and 

photowatt PW-1400 have cells with low breakdown voltages, from -5V to -7V, and 

modules Siliken 60 P6L and Bosch c-Si M 60 have cells with high breakdown voltages, 

from -15V to -30V.    

For all examples shown from Figure 2.4 to Figure 2.8 a 238W PV module with 60 

cells in series and three by-pass diodes (20 cells per diode) has been used. Figure 2.4 

shows the effect of shading over one cell for different degrees of shading and a different 

Vb of the shaded cell. In all of the examples the shape of the resulting I-V curve is 

different due to the different reverse characteristics of the shaded cell.  
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Figure 2.4: 15% (top), 30%(second from top) 50% (third from top) and 85% (bottom) shading over one cell of a 

238.3W (Vmpp=30V and Impp=8.04A) module with 60 cells in series and three by-pass diodes for Vb = -5V (left) and 

Vb = -25V (right).   
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At 15% shading, both modules lose the same amount of power because the shaded 

cell does not work in reverse bias and it is the rest of the cells in series that lower their 

current to match the shaded cell’s current. So the reverse characteristics of the shaded 

cell have no effect on the MPP, although they do have an effect on the shape of the I-V 

curve, as can be seen. It must be noted that even though there is an irradiance loss of 

15% in one cell the lost power is only 4%. This is because when the module reduces its 

Impp it is displacing its working point towards Voc and, therefore, increasing its Vmpp, so 

the effective power lost is always lower than the reduction in current. 

At 30% shade, the shaded cell with a Vb = -5V works in reverse bias, matching the 

current of then non-shaded cells and lowering the Vmpp of the module while the cell with 

Vb = -25V works in forward bias forcing the reduction of current of the rest of the cells. 

This occurs because if the cell with Vb = -25V worked in reverse bias it would force the 

by-pass diode in forward bias losing the power of all 20 cells, or one third of the 

module’s power, plus some due to the voltage drop in the diode. Therefore, at this 

shading percentage, and for this cell, it is still worth reducing the current of the non-

shaded cells. For the cell with Vb = -5V the by-pass diode never works in forward bias 

and losing a maximum of five volts is better than reducing the current of the non-

shaded cells. A 10% power difference is also noticed in both cases, being the module 

with the cell of Vb = -5V the one that loses less power. 

In the third case, with 50% shade applied, both cells are working in reverse bias. The 

module with the cell of Vb = -5V only loses a bit more power than in the previous case, 

due to the shaded cell working at a slightly more negative voltage but still at the non-

shaded Impp. The module with the Vb = -25V cell has now lost the power from one third 

of the cells due to the by-pass diode working in forward bias. There is a large power 

difference between both modules. 

Finally, in the case for 85% shading there is no difference with respect to the previous 

case in the module with the Vb = -25V cell because the by-pass diode is still in forward 

bias like in the previous case. The module with the Vb = -5V cell has lost a bit more 

power due to the shaded cell working in slightly more negative voltage. 
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Figure 2.5 shows shading over the same module as the previous example but this time 

shading five cells under the same by-pass diode. Because a larger number of cells are 

shaded, the sum of the negative voltages of the shaded cells is enough to forward bias the 

diode and, therefore, the power lost is the same in both modules. In this case the only 

difference is the shape of the I-V curve, which is still less than in the case with only one 

shaded cell. 

  

Figure 2.5: 50% shading over five cells of a 238.3W(Vmpp=30V and Impp=8.04A) PV module with 60 cells in series 

and three by-pass diodes for Vb = -5V (left) and Vb = -25V (right).  

Figure 2.6 shows two different I-V curves were cells of different by-pass diodes are 

shaded. Specifically, five cells of one by-pass diode are shaded 85% and one cell of a 

second by-pass diode is shaded 50%. This is a combination of the examples of Figure 2.4 

and Figure 2.5, just to show that the effects can be combined; that is, the shape of the 

curve in each section in the combined case is very similar to that of the isolated case. 

However, it must be noted that the activation of the second diode will not occur at the 

same degree of shade needed to activate the first diode. For example, in Figure 2.6 

(right) the MPP is at a point where only one diode is activated while if we were to add 

the two effects, both diodes should be activated: a 50% shade and an 85% shade both 

activate their diodes. However, now the activation of the second diode means losing 

more than 50% of the power left while before it meant only 1/3. So it is more efficient to 

reduce the current of the non-shaded cells by 50%. 
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Figure 2.6: 85% shading over five cells of one by-pass diode and 50% over one cell of a second by-pass diode of a 

238.3W(Vmpp=30V and Impp=8.04A) module with 60 cells in series and three by-pass diodes for Vb = -5V (left) and 

Vb = -25V (right). 

Similar considerations can be applied to PV generators. Because each sub-module4 

can be considered independent of the rest, a PV generator of 10 modules in series can be 

considered like 30 sub-modules. However, considering the effect of activation or not of 

the diode the power loss might not be the same for the same degree of shading. For 

example, Figure 2.7 shows two examples of shading over an array of 10 PV modules in 

series with the same shading as the examples in Figure 2.5 (50% shading over five cells) 

and Figure 2.6 (85% shading over five cells and 50% shading over one cell), only for the 

cell with Vb = -25V. In the example of the left, the diodes are in forward bias in both the 

module and the generator and the power lost is the same in both systems: 85W. 

However, in the example of the right, both diodes are in forward bias in the ten module 

generator but the module alone only has one of the diodes in forward bias, losing one 

sub-module. In this case, the power lost in the individual module is less than the power 

lost in the generator: 142.7W in comparison to 170W. This, we can say, is the basis for 

power optimization with DMPPT and more examples are seen in section 3.4. 

                                                      

4 A sub-module refers to the group of cells protected by one by-pass diode, i.e. a sixty cell module with 

three by-pass diodes is made up of three sub-modules. 
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Figure 2.7: I-V curves of a ten module generator with the same shading as the examples in left-Figure 2.5 (50% 

shade over five cells of the same by-pass diode) and right-Figure 2.6 (85% shade over five cells and 50% shade over 

one cell of two different by-pass diodes). In the left case, because now both by-pass diodes are in forward bias, the 

power lost is the same as that lost in the single module (85W) while in the right case the power lost in the whole 

generator is higher (170W with respect to 142.7W). This is the basis for power optimisation with DMPPT. 

Because the activation of the diode isolates the shaded sector very effectively, shading 

is not much of a problem with respect to current mismatch in series strings; the solution 

is losing the shaded sector . However, when strings are connected in parallel, and 

because their voltage must be the same, shaded strings can negatively affect the rest of 

the non-shaded string in parallel. Figure 2.8 shows two I-V curves with the same 

shading as in Figure 2.7-right but with two parallel strings of five modules each. The 

shade is applied to two sub-modules of the same string (right) and on sub-modules of 

different strings (left). If the shade is split up between the strings, Vmpp of both strings 

will be the same and there will be no voltage mismatch, losing the same power as in a 

ten module string. However, if all the shading occurs on the same string, there will be a 

voltage mismatch and the power loss will be higher.  

 

Figure 2.8: I-V curves of a PV generator of two parallel strings with five modules each, with the same shade as 

Figure 2.7-right (85% shade over five cells and 50% shade over one cell of two different by-pass diodes) where the 
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shaded sub-modules belong to different strings (left) and the same string (right). It can be seen how, due to voltage 

mismatch of the strings, when the shadow affects only one of the strings the power loss is higher than if the shadow 

is spread over both parallel strings.  

In conclusion, the power loss due to shading over only one cell with low breakdown 

voltages is less than with high breakdown voltages. When the shade is applied to various 

cells there is no difference in the power lost in cells with different Vb since the negative 

voltage is enough to activate the by-pass diode in both cases. When applying the same 

shade over a PV generator the losses can be greater than if applied at module level, being 

this the basis for power optimization with DMPPT. And finally, in parallel connected 

strings the losses will be greater than in series connected strings if the shade is not equal 

in all strings. 

2.1.52.1.52.1.52.1.5 MPPTMPPTMPPTMPPT    ALGORITHMSALGORITHMSALGORITHMSALGORITHMS    

An MPPT algorithm plays an important role in a PV system since it is in charge of 

finding the MPP of the module’s or generator’s I-V curve, thus maximizing the energy 

output of the system. In the previous section, it was assumed that the MPP values from 

partial shading were achieved by a perfect MPPT algorithm. In reality, some inverters 

may be operating at a sub-optimal operating point; as will be seen in section 4.4.2.2. 

There are numerous references in the literature to MPPT algorithms and reviews of the 

different methods can be found in the following references [Esram and Chapman, 2007; 

Hohm and Ropp, 2003; Reza Reisi,Hassan Moradi et al., 2013; Sanz, 2010]. For example, 

in [Esram and Chapman, 2007] over 90 different papers and 19 different MPPT 

algorithms are reviewed. Despite this large number of methods for MPPT the most 

popular ones and the ones used in commercial inverters are the Perturb and Observe 

(P&O) and Incremental Conductance (InCond) [Hohm and Ropp, 2003; Sanz, 2010] or 

small variations of them.  

The P&O method is based on the perturbation by means of small changes in the 

voltage. If an increment of the voltage returns an increment of the power, the algorithm 

continues to increase the voltage. Otherwise, if it returns a decrement of the power then 

the algorithm starts to decrease the working voltage. This process is repeated until the 

MPP is found and then the operating point oscillates around the MPP. 
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The InCond algorithm is based on the fact that the slope of a P-V curve is zero at the 

MPP, positive on the left of it and negative on the right. By comparing the increment of 

the power versus the increment of the voltage between two consecutives samples, the 

change in the MPP voltage can be determined. 

In both P&O and InCond schemes, how fast the MPP is reached depends on the size 

of the increment of the reference voltage. 

Both of these techniques have the drawback of oscillation around the MPP. However, 

if the algorithm is designed well enough, for example with a variable perturbation step 

[Chao,Dean et al., 2009], this problem can be minimized. Another drawback is that they 

can lose track of the MPP if the irradiation changes rapidly. For example, when 

irradiation changes occur, the curve in which the algorithms are based changes 

continuously, as was seen in Figure 2.2, so the changes in power are not only due to the 

perturbation of the voltage. As a consequence it is not possible for the algorithms to 

determine whether the change in the power is due to its own voltage increment or due 

to the change in the irradiation, possibly causing the MPPT to keep changing the voltage 

in a direction away from the MPP. There are, however, improved P&O methods that 

solve this problem [Sera,Kerekes et al., 2006] and there is an international standard 

[CENELEC, 2010] which proposes a measurement protocol to verify the correct 

working of MPPTs. More on this is seen in section 4.4.1. 

Probably, the biggest issue with MPPT efficiency is not finding local MPPs. Sections 

2.1.4 and 4.4.2 show how local MPPs can appear in the I-V curves when shading is 

present and how the power difference between a local MPP and the global MPP can be 

quite large. If the MPPT is not capable of finding the absolute MPP and stays at local 

MPPs, large power losses can occur. Although there are various methods that solve this 

problem [Alonso,Ibaez et al., 2009; Patel and Agarwal, 2008; Taheri,Salam et al., 2010; 

Young-Hyok,Doo-Yong et al., 2011] most modern PV inverters, micro-inverters and 

power optimizers do not include them, as is presented in 4.4, and even today’s only 

standard for measuring MPPT efficiency [CENELEC, 2010] (presented in the following 

section) does not include an MPPT test when local maxima are present. 
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2.1.5.12.1.5.12.1.5.12.1.5.1 MPPT efficiencyMPPT efficiencyMPPT efficiencyMPPT efficiency    

If the MPPT algorithm does not function properly it will not maximize the power 

extracted from the PV system, increasing the losses and therefore reducing the 

performance ratio (PR). The PR is the ratio of AC energy delivered to the grid to the 

energy production of an ideal, lossless PV plant at 25ºC cell temperature, and is defined 

in the IEC standard 61724 [IEC, 1998]. It is therefore important to characterize how well 

an MPPT algorithm works to be aware of the possible losses due to MPPT inefficiency 

and to improve the algorithm in case necessary. This characterization results in the 

MPPT efficiency, expressed as equation (2.13) and defined by the European Standard 

EN 50530:2010 of title: Overall efficiency of grid connected photovoltaic inverters 

[CENELEC, 2010]. 

 OPQQR = S TPQQR�U�VURWXS TP�U�VURWX
 

 

(2.13) 

Where PMPPT(t) is the power point found by the MPPT algorithm and PM(t) is the 

theoretical MPP of the I-V curve, at each time instant.  

The Standard also defines two types of efficiencies: static efficiency and dynamic 

efficiency. The static MPPT efficiency measures the precision of an inverter to operate at 

the MPP in a static I-V curve of a PV generator; that is with no irradiance or 

temperature changes. The Standard requires that an I-V curve is set at the I-V 

simulator, with a constant power, and connected to the inverter. Before measuring, an 

initial stabilization time should be waited until the inverter finds the MPP. After the 

stabilization, the DC power set by the MPPT algorithm should be recorded during 10 

minutes5. Then, applying equation (2.13) the static MPPT efficiency is obtained. The 

standard also requires that this test is implemented for powers ranging from 5%-100% 

of the nominal power and for different shapes of I-V curves, those similar to c-Si 

modules and thin-film modules. 

                                                      

5 Although the recording frequency is not specified it should be high enough to consider the MPPT 

fluctuations. 
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Because an I-V curve’s shape changes with irradiance and temperature, the Standard 

also defines a dynamic MPPT efficiency. In this test the cell temperature is considered 

constant and only irradiance changes are taken into account. However, as it was shown 

in section 2.1.2, not only is the current dependent on the irradiance but also the voltage 

so the I-V curves’ voltage and current will change during the test.    

Like in the previous test, the I-V simulator sets a curve and inputs it into the inverter 

to test. During the test different I-V curves are set depending on a varying irradiance 

following a pattern similar to Figure 2.9, taken from the Spanish version of the 

Standard. Specifically, there are two irradiance ranges: from 300W/m2 to 1000W/m2 and 

from 100W/m2 to 500W/m2 and the slope of the rising and decreasing ramps are 

changed: from 0.5W/m2/s to 100W/m2/s. The time waiting time at high irradiance and 

low irradiance is 10 seconds.  

 

 

 

 

Figure 2.9: General irradiance profile proposed 

by [CENELEC, 2010] for MPPT efficiency 

testing 

Finally, the dynamic MPPT efficiency is calculated as the average efficiency of each of 

the applied I-V curves. In total there are 135 different I-V curves with a total test 

duration of almost 6.5 hours. 

Independent authors have also presented different MPPT testing protocols being 

especially interesting the one presented by [Ropp,Cale et al., 2011] for its short duration; 

only 11 minutes (Figure 2.10). However, until this PhD Thesis no protocol has been 

proposed that measures the MPPT efficiency of inverters in cases where local MPPs 

exist. In section 4.4.3, a protocol for testing the MPPT algorithm’s capability of finding 

the absolute MPP is presence of local maxima is presented. 
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Figure 2.10: Irradiance profile proposed by 

[Ropp,Cale et al., 2011] for MPPT efficiency 

testing 

2.1.62.1.62.1.62.1.6 HHHHOTOTOTOT----SSSSPOTSPOTSPOTSPOTS    

Hot spots are a well-known phenomenon, described as early as 1969 [Blake and 

Hanson, 1969], still present PV arrays [Lorenzo,Moretón et al., 2013; Muñoz,Lorenzo et 

al., 2008; Sánchez-Friera,Piliougine et al., 2011; TamizhMani, 2010] and considered a 

cause of degradation of PV modules [Munoz,Alonso-García et al., 2011; Ndiaye,Charki 

et al., 2013]. They occur when a cell, or group of cells, operates at reverse-bias, 

dissipating power instead of delivering it and, therefore, operating at abnormally high 

temperatures. Typically, hot-spot damage occurs when the cell's power is dissipated in a 

very small area surrounding a local weak point or shunt. Cells exposed to higher 

temperatures will degrade at a higher rate than others and, if operation at high 

temperatures occurs during a prolonged time, it can cause irreparable damage to the 

solar cell; forcing it to permanently work in reverse bias and rendering useless the rest of 

the cells under the same by-pass diode. If the cell’s reverse bias is uniformly dissipated 

over the cell, the temperature rise is moderate, and not likely to cause damage but even 

if the cell does not result damaged, the exposure to high temperatures will result in a 

faster degradation of the material used for the module’s encapsulation [Oreski and 

Wallner, 2005; 2009], reducing the radiation that reaches the cell. PV modules should be 

resistant to hot-spot problems and the international standard IEC-61215 describes the 

procedure for hot-spot resistance testing [IEC, 2005].  

The reason why a cell operates in reverse-bias is because it is not capable of 

generating the same current as the rest of the cells serially connected and this can occur 
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due to various reasons: cell degradation, shadows, localized dirt, etc. In order to match 

the current of the normally operating cells, the affected cell works in the second 

quadrant of its I-V curve as can be seen in Figure 2.11. 

 

 

 

Figure 2.11: Shaded cell’s I-V curve (red) and its 

working point (Pinv) at negative bias in order to match 

the current of the rest of the cells in the module. 

By-pass diodes were introduced in order to limit hot-spot effects to a minimum, 

however, even with their use, hot-spots can still occur in PV modules due to localized or 

irregular dirt. In [Lorenzo,Moretón et al., 2013], differences of up to 20ºC between 

shaded cells and non-shaded cells were observed, caused by irregular dirt over the 

modules like that of Figure 2.12 (c) and (d), and a study from the TÜV [TamizhMani, 

2010] found a 10% failure rate in the hot-spot resistance test of 1220 c-Si modules 

during the 2007-2009 period. The study also shows an increased trend with respect to 

previous periods.  

This effect is worst when only one cell is partially shaded since it alone has to 

dissipate the power of the rest of cells protected by the same by-pass diode; the case of 

localized dirt, bird droppings, leaves, etc. Figure 2.12(a) shows an example of a 

permanent hot-spot in a real PV system with modules with by-pass diodes. Figure 

2.12(b) shows a large bird-dropping with a hot-spot under it (also in modules with by-

pass diodes) and Figure 2.12 (c) and d) show other possible causes for hot-spots. 
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a)        b)  

            

c)       d) 

Figure 2.12: Examples of hot-spots and their possible causes. Figure a) shows a permanent hot-spot from a real PV 

system with by-pass diodes. Figure b) shows a large bird dropping which does not wash away after heavy rain and 

that has caused a hot-spot. Figures c) and d) show irregular dirt patches which could lead to hot-spots like 

in[Lorenzo,Moretón et al., 2013].  

Because hot-spots are related with a cell working in reverse-bias, which in turn is 

related with the cell being forced to output the same current and the rest of the cells in 

series and because with DMPPT it is often more power efficient to reduce the current of 

the non-shaded cells, it seems logical that hot-spots are less probable to occur in 

DMPPT systems. Section 4.5 presents the theory under this hypothesis and 

experimental measurements that confirm it. 

2.22.22.22.2 AAAAPPROACHES PPROACHES PPROACHES PPROACHES TOTOTOTO    DMPPTDMPPTDMPPTDMPPT    

As it has already been mentioned there are two approaches to DMPPT, microinverters 

and power optimizers, having each its benefits and disadvantages. This section presents 

a comparison between both technologies highlighting the advantages of one over the 

other (throughout the Thesis these advantages are tested and verified). In addition the 

working principles of each technology are briefly described. 
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2.2.12.2.12.2.12.2.1 CCCCOMPARSION BETWEEN MIOMPARSION BETWEEN MIOMPARSION BETWEEN MIOMPARSION BETWEEN MICROCROCROCRO----INVERTERS AND POWER INVERTERS AND POWER INVERTERS AND POWER INVERTERS AND POWER OPTIMIZERSOPTIMIZERSOPTIMIZERSOPTIMIZERS    

Microinverters achieve module-level functionality by placing a full DC/AC inverter at 

each module, making the DC/AC inversion the center of their concept. While power 

optimizers also allocate power electronics to the module, but conversely keep the 

DC/AC inversion at the inverter-level. Each technology has its advantages and 

disadvantages.  

• MPPT voltage range: Due to the fact that microinverters have to convert the DC 

voltage to a high AC voltage, the MPPT range of microinverters is lower than 

that of power optimizers. While SolarEdge’s MPPT range goes from 5V-55V, 

Enphase’s only goes from 22V-36V. This will cause MPPT losses when shading 

is present. Real MPPT efficiency measurements are presented in 4.4.2.2.  

• Reliability: Warranty periods of both microinverters and power optimizers 

adapt to the PV standard of 25 years6. However, power optimizers have a high 

switching frequency which allows them to use ceramic capacitors instead of 

electrolytic capacitors, which contain fluids which evaporate causing them to fail 

more easily. In addition, due to only having the DC/DC conversion, power 

optimizers require less components, reducing the potential points of failure 

(Figure 2.13).  

• Conversion efficiency: As microinverters convert DC to AC at module level, a 

large voltage boost is required at each conversion, typically from 30V DC to 

230V AC, causing higher conversion losses. In terms of conversion efficiency, 

microinverter systems are behind power optimizers although not by much, 

around 0.5%-2%. 

•  Design flexibility: Being able to quickly design and install a PV system can 

contribute to lowering the system price. At this point microinverters might be 

slightly ahead since they permit connecting systems from 200W while power 

optimizers depend on the lowest compatible PV inverter in the market, ~2kW. 

                                                      

6 Enphase has different warranty periods depending on the location. 25 years for USA, 20 years for 

Europe and 10 years for Australia and New Zealand.  
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In addition, power optimizers have some limitations in irradiation differences 

between modules due to the conversion limits of DC/DC converters, already 

mentioned in [Alonso,Roman et al., 2012b; Vitelli, 2012] 

• Cost: Although it would seem that power optimizers should be lower on cost 

due to having less components, according to the GTM report [Shiao, 2013] costs 

are very similar for both technologies, being it only a little bit higher for 

microinverters: 0.59$/W for power optimizers7 and 0.61$/W for microinverters.   

• Safety: PV systems with microinverters do not have high DC voltages and both 

SolarEdge and Tigo permit deactivating the high DC voltages for safer 

installation, maintenance or firefighting. 

 

Figure 2.13: PCB of the SolarEdge power box with 186 components (left) and Enphase microinverter with 466 

components (right). Figure obtained from the SolarEdge webpage (www.solaredge.com) 

Both microinverters and power optimizers have a built in communication interface 

which allows transmitting the instantaneous values of voltage and current to a central 

processing unit. With these values, the least producing modules in the system are easily 

identified, reducing the time and cost of failure detection and diagnosis. In addition, 

automatic failure diagnosis algorithms can be implemented, like the ones presented in 

section 6, which directly return the possible cause of failure, eliminating the need for a 

technical team in the case of soft failures. 

                                                      

7 Including the central inverter. 



Chapter 2: Basic concepts of PV systems 

 

39 

 

2.2.22.2.22.2.22.2.2     MMMMICROICROICROICRO----INVERTERSINVERTERSINVERTERSINVERTERS    

A microinverter has the same working principles as a string PV inverter but with a 

reduced power rating of its components, in order to match the power of typical PV 

modules. Microinverters have a power rating from 200-300W and are designed to be 

connected to one PV module and to the AC grid. In Figure 1.1, a diagram of a PV 

system with microinverters. 

A microinverter is composed of two main modules: the MPPT module and DC/DC 

module and the DC/AC conversion module. First the MPPT polarizes the PV module at 

its VMPP by means of its MPPT algorithm. This voltage is then converted to a fixed DC 

voltage by means of a DC/DC converter, considered inside the MPPT module. Then this 

fixed DC voltage is converted into AC voltage by means of a series of switches which 

invert the DC voltage at a given frequency. Then a series of switches, typically an H-

bridge of four switches, with PWM chopping converts the DC wave into an AC wave 

which is fed into the grid. 

2.2.32.2.32.2.32.2.3 PPPPOWER OPTIMIZERSOWER OPTIMIZERSOWER OPTIMIZERSOWER OPTIMIZERS    

A schema of a PV system with power optimizers was shown in Figure 1.1. The system 

consists of a series of PV modules each connected to a power optimizer8, having the 

power optimizers then connected in series or parallel to a central inverter.  

In this system topology the central inverter works at a constant voltage and is only in 

charge of the DC/AC conversion. Some authors have also suggested [Alonso,Roman et 

al., 2012b; Vitelli, 2012] that to have a wider range of shadow mitigation, the inverter 

should work in a maximum power range tracking (MPRT) mode. This decision depends 

on the characteristics of the power optimizers used and more about this is discussed 

section 3.5. 

The power optimizers connected to each module incorporate an MPPT algorithm, in 

charge of finding the module's MPP, and a DC/DC converter in charge of fixing the 

                                                      

8 Depending on the power of each PV module, more than one module can be connected to each power 

optimizer. 
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module's MPP and converting the working values of each PV module to accepted values 

by the string of power optimizers. Due to the characteristics of the DC/DC converters 

used, not all working values will be satisfactory converted to acceptable values in the 

string. Understanding these limitations is not trivial and will be thoroughly discussed in 

the following sections. But first, the functioning of DC/DC converters will be briefly 

discussed 

2.2.3.12.2.3.12.2.3.12.2.3.1 DC/DC converDC/DC converDC/DC converDC/DC converters for power optimizersters for power optimizersters for power optimizersters for power optimizers    

The basic working principle of DC/DC converters is well known in the electronic 

industry [Erickson, 2001] and their function is to convert a certain input voltage to a 

certain output voltage losing the minimum possible power; that is decreasing or 

increasing the current in the same proportion as the voltage is increased or decreased. A 

short description is presented to fully understand how they work when used as power 

optimizers in PV arrays.   

There are three main types of DC/DC converters: the buck converter, which reduces 

the output voltage, the boost converter, which elevates the output voltage, and the buck-

boost converter which can reduce or elevate the output voltage. All of these converters 

are digitally controlled by commutation through a transistor, given at a constant 

frequency, fs, with a certain duty cycle, d, where V ∈ �0,1� and is defined in equation 
(2.14): 

 V = U�Z��  (2.14) 

where ton is the time for which the switch is closed and Ts is the commutation period, 

or fs
-1. Figure 2.14¡Error! No se encuentra el origen de la referencia. represents the 

commutation signal. 

 

 

 

Figure 2.14: Duty cycle image 
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The conversion ratio, M(d), is a function that depends on the duty cyle, d, and the 

type of converter, and that relates the input and output voltage of DC/DC converters as 

shown in equation (2.15). 

 [�V� = �X�\  (2.15) 

For buck, boost and buck-boost converters, M(d) is related to the duty cycle as in 

equations (2.16), (2.17) and (2.18) respectively. 

 [�V� = V (2.16) 

 [�V� = 11 − V (2.17) 

 [�V� = VV − 1 (2.18) 

Therefore, the output voltage and output current can be related to the input voltage 

and input current through equations (2.19) and (2.20). 

 �� = [�V� ∙ �\ 
(2.19) 

 

 �� = �\ [�V�]  
(2.20) 

In the case of buck converters, M(d), will always be lower than or equal to one. For 

boost converters, M(d) will never be lower than one. And for buck-boost converters 

M(d) can take any value.  

Because in PV systems with power optimizers the inverter’s voltage is normally fixed, 

normally at 330V (for 230V) grids to maximize the DC/AC efficiency, the DC/DC 

converters in the power optimizers will need to boost or reduce the voltage depending 

on the string length, needing to work as buck or boost converters. Also when a PV 

module’s IMPP is lower than the rest of the modules in the string, the power optimizer of 

that module will reduce its voltage and increase its current to match that of the rest of 

the modules, working as a buck converter. Because of these necessities it seems 

reasonable that the best DC/DC converters to use with power optimizers are buck-boost 
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converters. Although some authors are not in agreement with this [Vitelli, 2012], this 

has been the solution adopted by SolarEdge and the benefits and disadvantages are 

discussed in section 3.6. 

  



 

 

 

3333 TTTTHEORETICAL AHEORETICAL AHEORETICAL AHEORETICAL ANALYSIS OF NALYSIS OF NALYSIS OF NALYSIS OF PVPVPVPV    SYSTEMS WITH SYSTEMS WITH SYSTEMS WITH SYSTEMS WITH DMPPTDMPPTDMPPTDMPPT    

3.13.13.13.1 IIIINTRODUCTIONNTRODUCTIONNTRODUCTIONNTRODUCTION    

Ideally, DMPPT systems can extract the maximum power of each PV module, therefore 

potentially reporting higher energy yields than central MPPT systems in module 

mismatch situations. However, there are certain factors that can reduce the power 

produced by the DMPPT system, sometimes even below that produced by a central 

MPPT system. There are essentially three main factors to consider. The first is related 

with the power conversion efficiency: DMPPT systems will only be able to ensure a 

higher energy output if the efficiency of the power conversion stages is high enough. 

Secondly, it is important to also consider the efficiency of the MPPT algorithm, 

especially when local maxima are present. Finally, there are some limitations due to the 

series connection of DC/DC converters and their output characteristics that may not 

allow the working of each PV module in its MPP when the modules are working at 

different currents. All these issues have been analysed and the results and conclusions 

obtained are presented in the following sections. 
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3.23.23.23.2 IIII----VVVV    AND AND AND AND PPPP----VVVV    CHARACTERISTICS OF CHARACTERISTICS OF CHARACTERISTICS OF CHARACTERISTICS OF PVPVPVPV    ARRAYS WITH POWER ARRAYS WITH POWER ARRAYS WITH POWER ARRAYS WITH POWER 

OPTIMIZERSOPTIMIZERSOPTIMIZERSOPTIMIZERS    

This section presents a series of I-V and P-V curves of PV arrays with power optimizers, 

aiming to provide an understanding how these systems work. These curves are 

simulated by taking the MPP as the working point and considering this power to remain 

constant during the whole voltage range. Measured I-V curves of a boost optimizer are 

presented in section 4.2 to confirm these simulations. It is important to note that, as 

opposed to I-V curves from PV modules, the I-V curves of power optimizers are not the 

only possible working points. The output curve of a power optimizer is with respect to a 

certain working point, which is designed by the MPPT of the power optimizer and can 

be the MPP or not. For most of the curves here presented, the MPP is considered as the 

working point. However, other working points are also considered taking into account 

that the MPP might not be correctly tracked, as this can certainly be the case as is shown 

in section 4.4.2.      

In pages 152-185 of [Femia,Petrone et al., 2013] a similar study is conducted and can 

also serve as a good reference. The main drawback of that study is that the maximum 

voltage and current rating across the converter’s switch is used as a limitation, instead of 

the absolute output ratings, making it a better study for design of power optimizers 

instead of design of PV systems with power optimizers. Another option is to consider 

the maximum and minimum conversion ratio of the converters. However, this again is 

not very practical since the products’ data sheets do not give these values. In the study 

here presented the absolute output rating of the power optimizers are used, making it 

more realistic and easy to comprehend from a system designer’s point of view.  

For simplicity, lossless power optimizers have been considered and the same PV 

module has been used for all curves. The module has sixty cells in series and three by-

pass diodes, each covering twenty cells. Its main parameters at STC are: Voc*= 37.5V, 

Vm*=30V, Isc*=8.69A and Im*=8.04A. 

From Figure 3.1 to Figure 3.3 the ideal I-V and P-V curves of boost, buck and buck-

boost optimizers are shown. It is supposed that there are no output limits and that the 

input parameters of the optimizers are the MPP of the PV module, whose curve is also 
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shown in the figures. The I-V curves of the optimizers show a constant power hyperbola 

during the voltage range of each optimizer: above, below, and above and below the MPP 

for the boost, buck and buck-boost optimizers respectively. This constant power 

hyperbola of the I-V curve is translated into a maximum power region (MPR) in the P-V 

curve. 

 

Figure 3.1: I-V and P-V curves of a boost optimizer with limitless output parameters and conversion ratio. 

 

Figure 3.2: I-V and P-V curves of a buck optimizer with limitless output parameters and conversion ratio. 

 

Figure 3.3: I-V and P-V curves of a buck-boost optimizer with limitless output parameters and conversion ratio. 
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P-V curve of the PV module

P-V output curve of a boost power optimizer
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I-V curve of the PV module

I-V output curve of a buck power optimizer
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P-V output curve of a buck power optimizer
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I-V curve of the PV module

I-V output curve of a buck-boost power optimizer

0 20 40 60 80 100
0

50

100

150

200

250

300

Voltage(V)

P
o

w
e

r(
W

)

 

 

P-V curve of the PV module

P-V output curve of a buck-boost power optimizer



Chapter 3: Theoretical analysis of PV systems with DMPPT 

 

46 

 

In reality, due to various factors like the limited switching frequency of the DC/DC 

converters or the maximum voltage of the output capacitors, the output voltage will be 

limited. In this case, the constant power hyperbola does not extend across the whole 

voltage range, being limited by the output parameters. As an example, Figure 3.4 shows 

the I-V and P-V curves of the SolarEdge power optimizer with the following output 

limits: Vo_min = 5V, Vo_max = 60V and Io_max = 15A. It can now be seen how the MPR is 

limited by these output parameters. In this example, it is limited by Vo_max  and by Io_max. 

However, if the working current or voltage were to be lower, it could be that Vo_min is the 

limiting factor in the low voltage range, as occurs in the example presented in Figure 

3.5-right and also occurs in some real examples presented in section 4.1.2.  

 

Figure 3.4: I-V and P-V curves of the SolarEdge power optimizers (buck-boost) with output limits: Vo_min = 0V, 

Vo_max = 60V, and Io_max = 15A. 

Because the output curve of a power optimizer is directly related to its input, the 

optimizer’s curve will change depending on the working point. For example, Figure 3.5 

shows the output curves of a SolarEdge optimizer for two different working points, 

which correspond to the two local maxima of the module’s I-V curve. It can be seen how 

if the working point is that of higher voltage, the maximum output current is around 

6A, which could be a restriction when connected to other optimizers in series, as will be 

seen in the following sections. 
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Figure 3.5: Difference in the output I-V curve of the SolarEdge power optimizers for an I-V curve with local 

maxima depending on the working point fixed by the MPPT algorithm.  

3.33.33.33.3 DCDCDCDC    ANALYSIS OF ANALYSIS OF ANALYSIS OF ANALYSIS OF A A A A PVPVPVPV    ARRAYARRAYARRAYARRAY    WITH POWER OPTIMIZERWITH POWER OPTIMIZERWITH POWER OPTIMIZERWITH POWER OPTIMIZERSSSS    

Although the functioning of DC-DC converters is well known [Erickson, 2001], their 

use in PV arrays introduces some non-trivial constraints that must be taken into 

consideration when designing a system with power optimizers and when simulating the 

energy gain obtained. The purpose of this study, which only refers to power optimizers 

and not micro-inverters, is to present a set of expressions that can be used to model the 

working state of each power optimizer and to identify the limitations related to the finite 

output parameters of each power optimizer. In turn, what is here presented should serve 

as the basis to correctly design a PV system with power optimizers, determine the 

limitations of the system and to simulate the possible energy gains.   

Figure 3.6 shows the block diagram of a PV system with N power optimizers 

connected in series and its electrical parameters. The following equations can also be 

used for the case of PV systems with various strings of power optimizers connected in 

parallel. In this case the inverter’s voltage is equal for all strings but the output current of 

each string can be different. 
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Figure 3.6: Block diagram of a PV system 

with N power optimizers connected in series 

and its main electrical parameters. 

 

In addition, Table 3.1 presents all the parameters used in this section with a short 

description of each one. 

Table 3.1: Main parameters used to describe and analyse the DC operation of PV systems with power optimizers.  

Param

eter 

Description 

Vi,k Working voltage of each PV module and input voltage to each power optimizer 

Ii,k Working current of each PV module and input current to each power optimizer 

Vo,k Output voltage of each power optimizer 

Io Output current of all power optimizers and input current to the central inverter. 

Pi,k Working power of each PV module and input power to each power optimizer 

Po,k Output power of each power optimizer. 

ηk Efficiency of each power optimizer 

M(d)k Conversion ratio of each power optimizer. Equal to Vo,k/Vi,k. 
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3.3.13.3.13.3.13.3.1 EEEEQUATIONS USED TO DESQUATIONS USED TO DESQUATIONS USED TO DESQUATIONS USED TO DESCRIBE THE FUNCTIONINCRIBE THE FUNCTIONINCRIBE THE FUNCTIONINCRIBE THE FUNCTIONING OF POWER OPTIMIZERG OF POWER OPTIMIZERG OF POWER OPTIMIZERG OF POWER OPTIMIZERS S S S 

IN IN IN IN PVPVPVPV    ARRAYSARRAYSARRAYSARRAYS    

Using Figure 3.6 as a reference, some equations can be directly deduced. Considering 

lossless cables, it is straightforward that the input voltage of the inverter, Vinv, must be 

equal to the sum of the output voltages of all the power optimizers, represented in 

equation (3.1), where NT is the total number of power optimizers in series. 

 �\Zb = `��,c
dJ

ce 
 (3.1) 

Vinv is imposed in the system by the inverter as the operating voltage9 and, in 

consequence, each power optimizer is also influenced by this value. Vinv can be a 

constant value or it can change depending on the operating conditions of the system. In 

a first instance a DMPPT PV system with a constant inverter voltage is considered. If a 

system with ideal power optimizers (i.e. η = 100%) is considered, then we can affirm that 

the output power of each optimizer (represented with the sub-index k) is the same as the 

input power, and the following equations apply:  

 T\,c = T�,c 
(3.2) 

 `T\,c
dJ

ce 
= `T�,c

dJ

ce 
 (3.3) 

 �� = ∑ T�,cdJce �\Zb  (3.4) 

From equations (3.3) and (3.4), the output current, with respect to the inverter’s 

voltage and the input values of each power optimizer10, is obtained, as shown in 

equation (3.5), again considering an efficiency of 100%. 

 �� = ∑ ��\,c ∙ �\,c�dJce �\Zb  (3.5) 

                                                      

9 This can a constant voltage or the voltage chosen by the MPPT 
10 The input values of each power optimizer are the same as the working values of each PV module. 
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From equation (3.5) the conversion ratio of each power optimizer, M(d)k, is directly 

obtained with equation (3.6) as a function of the working values of each PV module and 

the fixed voltage of the inverter. 

 [�V�c = �\Zb ∙ �\,c∑ ��\,c ∙ �\,c�dJce 
 (3.6) 

The output voltage of each k power optimizer is easily obtained by applying the 

conversion ratio to the input voltage as in equation (3.7). 

 ��,c = [�V�c ∙ �\,c 
(3.7) 

For simplicity, during the analyses presented in further sections, the efficiency of 

each power optimizer is not considered. However, especially for low efficiency 

optimizers it should be considered as it can reduce the M(d) limits. For example, the 

boost optimizer developed by Tecnalia for the Integra project is limited by firmware to 

an M(d)max=2; by limiting the duty cycle to 0.5. Let’s consider that there are two modules 

in the system and that one one is mismatched 50%: say the working values are (30V, 4A) 

and (30V, 8A) and Vinv = 90V. For 100% efficiency converters, the non-mismatched 

module would boost its voltage by two, working at 60V and 4A and being within the 

system limits. However, if we consider a 90% efficiency (considered in a voltage loss) the 

converters will have to output 3.6A and 33.3 V and 66.6V respectively. For the first 

converter it will not be a problem, since its M(d) is equal to 1.11, but for the second its 

M(d) should be 2.22, which is out of the limits imposed by the duty cyle. This means 

that for solving the same mismatch problem, the M(d) limits should be less restrictive 

the lower the efficiency which leads us to define the real conversion ratio, MR(d), 

presented in equation (3.8). Because the non-ideal efficiency causes a voltage drop, if 

Vinv is kept constant the converters are forced to boost the input voltage slightly to keep 

the output voltage the same as in ideal conditions, forcing the current to be lower as 

expressed by equation (3.9). The output voltage will remain the same as equation (3.7).   

 [g�V�c = �\Zb ∙ �\,c∑ h�\,c ∙ �\,c ∙ η�T\,c�jdJce 
 (3.8) 

 �� = ∑ h�\,c ∙ �\,c ∙ η�T\,c�jdJce �\Zb  (3.9) 
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These expressions combined with the characteristics of each power optimizer system, 

like the M(d) limits, the maximum and minimum output voltages and currents, Vo_max, 

Vo_min, Io_max and Io_min, the inverter voltage, Vinv, and η(Pi), can be used to simulate a 

DMPPT PV system with power optimizers. 

3.3.23.3.23.3.23.3.2 FFFFUNCTIONING OF POWER UNCTIONING OF POWER UNCTIONING OF POWER UNCTIONING OF POWER OPTIMIZERS IN OPTIMIZERS IN OPTIMIZERS IN OPTIMIZERS IN PVPVPVPV    ARRAYSARRAYSARRAYSARRAYS    

Power optimizers can be divided into two main blocks: the MPPT and the DC/DC 

converter. The MPPT is in charge of deciding the working point of each PV module, Vi,k 

and Ii,k, which is also the input to each DC/DC converter. Ideally this point will be the 

MPP of the module. However, it could occur that it is not, due to an inefficient MPPT, 

or due to conversion limits of the DC/DC converter (more on this second point is 

discussed in section 3.5). This block is directly controlled by a microprocessor 

embedded into the power optimizer. 

On the other hand, the second block, the DC/DC converter, acts solely driven by the 

voltage imposed by the inverter and the working point of each optimizer. In other 

words, there is no logic or microprocessor controlling the DC/DC converter and telling 

it which voltage and current it should output. Considering, for simplicity, lossless 

optimizers, because the inverter’s voltage is fixed by the inverter and each optimizer’s 

input power is fixed by the optimizers’ MPPT, Io is also fixed in the system and can be 

obtained from equation (3.5). In series connections, this Io is the same for all optimizers, 

and they will work as a current source. Because each DC/DC has fixed input values 

(designated by the MPPT), the conversion ratio at which the optimizer works can be 

directly obtained knowing Io, and is independent from any logic. In addition, when the 

optimizers are connected in series, it is the input current of each optimizer, Ii,k, which 

will have the greatest effect over the conversion ratio of each optimizer. 

For a short explanation let’s consider a six module PV system with power optimizers 

where the inverter’s voltage is fixed at 200V. Table 3.2 shows the main parameters of all 

the power optimizers in the system when all the input vales are equal. In this case it is 

obvious that all conversion ratios and output voltages of each optimizer are also equal. 
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Table 3.2: Main parameters of a PV system with six power optimizers when all working values are equal and the 

inverter voltage is fixed at 200V 

Vw (V) Iw (A) M(d) Vo (V) Io (A) 

30 8 1.11 33.3  

 

7.2 

30 8 1.11 33.3 

30 8 1.11 33.3 

30 8 1.11 33.3 

30 8 1.11 33.3 

30 8 1.11 33.3 

 

Figure 3.7: (left) I-V and P-V curves of the output of the six optimizer system with the working parameters of Table 

3.2 and (right) output I-V curve of each individual optimizer. The working point of the system and each individual 

optimizer is also represented. 

Now, if one module has a current mismatch then the parameters of the system 

change and are no longer equal. From Table 3.3 we can see that the conversion ratio of 

the mismatched module is lower than the rest, since it is obliged to boost its current in 

order to match the output current imposed in the system. In turn its output voltage is 

also lower than the rest of the modules. In this situation, in order to fully solve the 

mismatch problem it is evident that a buck-boost converter is needed.  

It is important to note that also the non-mismatched modules have lowered their 

current to try to match that of the mismatched module but, since there are a greater 

number of non-mismatched modules, the drop in current of these modules is less than 

the rise in current of the mismatched module. This allows the mismatched module to 

not have such a drastic reduction of its output voltage, staying at 9.52V instead of the 
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required 8.3 if reaching a current of 7.2A is desired. In turn, this has an effect on the 

maximum mismatch that is possible to compensate, as seen in section 3.5.  

Table 3.3: Main parameters of a PV system with six power optimizers when there is current mismatch in one 

module and the inverter voltage is fixed at 200V 

Vw (V) Iw (A) M(d) Vo (V) Io (A) 

30 8 1.27 38.1  

 

 

6.3 

 

 

30 8 1.27 38.1 

30 8 1.27 38.1 

30 8 1.27 38.1 

30 8 1.27 38.1 

30 2 0.32 9.52 

 

Figure 3.8: (left) I-V and P-V curves of the output of the six optimizer system with the working parameters of Table 

3.3 and (right) output I-V curve of the non-mismatched optimizers and also of the mismatched optimizer. The 

working point of the system and each optimizer is also represented. 

Another case, presented in Table 3.4, where there is a larger number of mismatched 

modules shows that the current drop of the non-mismatched modules is now higher 

and the current boost of the mismatched modules is now lower, reducing even more the 

necessary output voltage drop. 
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Table 3.4: Main parameters of a PV system with six power optimizers when there is current mismatch in three 

modules and the inverter voltage is fixed at 200V 

Vw (V) Iw (A) M(d) Vo (V) Io (A) 

30 8 1.78 53.3  

 

 

4.5 

 

 

30 8 1.78 53.3 

30 8 1.78 53.3 

30 2 0.44 13.3 

30 2 0.44 13.3 

30 2 0.44 13.3 

 

Figure 3.9: (left) I-V and P-V curves of the output of the six optimizer system with the working parameters of Table 

3.4 and (right) output I-V curve of the non-mismatched optimizers and also of the mismatched optimizers. The 

working point of the system and each optimizer is also represented. 

When voltage mismatch is present, as could be the case for a module working with 

diodes in forward bias or modules of different characteristics and as shown in Table 3.5, 

the conversion ratio changes equally in all optimizers and, if there is no current 

mismatch, it is equal for all of them. If the voltage of the mismatched module is lower 

than the rest, then the average conversion ratio will rise (with respect to the case in 

Table 3.2) in order to match the voltage of the inverter. Notice that because the power 

mismatch is the same as in the example of Table 3.3, the output current is also the same, 

which emphasizes the relation between inverter voltage, power of all optimizers and 

output current. 
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Table 3.5: Main parameters of a PV system with six power optimizers when there is voltage mismatch in one 

module and the inverter voltage is fixed at 200V 

Vw (V) Iw (A) M(d) Vo (V) Io (A) 

30 8 1.27 38.1  

 

 

6.3 

 

 

30 8 1.27 38.1 

30 8 1.27 38.1 

30 8 1.27 38.1 

30 8 1.27 38.1 

7.5 8 1.27 9.53 

 

Figure 3.10: I-V and P-V curves of the output of the six optimizer system with the working parameters of Table 3.5 

and (right) output I-V curve of the non-mismatched optimizers and also of the mismatched optimizers. The 

working point of the system and each optimizer is also represented. 

Similar examples in real PV systems with power optimizers are presented in section 

4.1 with the idea of validating what has been here presented. 

3.43.43.43.4 PPPPOTENTIAL FOR COMPENSOTENTIAL FOR COMPENSOTENTIAL FOR COMPENSOTENTIAL FOR COMPENSATION OF MISMATCH LOATION OF MISMATCH LOATION OF MISMATCH LOATION OF MISMATCH LOSSES WITH SSES WITH SSES WITH SSES WITH 

DMPPTDMPPTDMPPTDMPPT    SYSTEMSSYSTEMSSYSTEMSSYSTEMS    

Mismatch losses in PV systems can occur mainly due to three reasons: shadows, soiling 

and dispersion of the modules’ electrical parameters. In the following, the potential for 

energy recovery with the use of DMPPT in these three situations is analysed. It should 

be noted that the analysis is performed supposing ideal power electronics; that is, 
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comparing the sum of all modules’ MPP and the MPP of the generator and considering 

an efficiency of 100%.  

3.4.13.4.13.4.13.4.1 SSSSHADOWSHADOWSHADOWSHADOWS    

3.4.1.13.4.1.13.4.1.13.4.1.1 TheoryTheoryTheoryTheory    

The mitigation of the negative effects produced by shading over a PV generator is the 

most publicized benefit of DMPPT technologies. All manufacturers of DMPPT products 

highlight this positive effect, going as far as claiming energy gains in shading situations 

up to 25%. Although these power gains have been observed in independent studies 

[Orduz and Egido, 2006; Orduz,Solórzano et al., 2011b; Solórzano,Egido et al., 2010] 

and in some experiments conducted during this Thesis and presented in section 4.3, 

critical voices suggest that much lower annual energy gains are expected [Rogalla,Burger 

et al., 2010]. This section only aims at a theoretic introduction and more on energy gains 

in seen in section 5.  

In section 2.1.4 a study of the effects of shading over a string of ten PV modules is 

presented. There it was shown how when little cells are shaded, the reverse 

characteristics of the shaded cells have an effect on the shape of the I-V curve. However, 

when more cells are shaded there is not a large difference in the shape of the I-V curve. 

During this section, for simplicity, we will consider cell of high shunt resistance and that 

various cells are shaded at the same time, thus eliminating the effects of the reverse 

characteristics of the shape of the I-V curve. The MPP of both the central system and the 

DMPPT system is considered as the working point. As shown in section 4.4.2, 

depending on the MPPT algorithm, this might not be the case and that is also 

considered in the modelled energy gains in section 5. 

As was already slightly introduced in section 2.1.4 with Figure 2.7, power 

optimisation due to shading is possible in situations where some sub-modules are by-

passed in central MPPT systems. In these situations, with DMPPT, these sub-modules 

could be active, providing some power and therefore having the complete system 

provide more power than before. In situations where no sub-modules would be by-

passed in central MPPT systems or in situations where the sub-modules are by-passed 
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in both the central MPPT system and the DMPPT system, no power optimisation is 

possible. 

For example, let’s consider a shadow that progressively enters the ten module string 

shading one sub-module at a time and let’s consider typical sixty cell modules with three 

by-pass diodes. In this situation, there exists an initial period in which there is no 

possible power gain, which depends on the module type, but is around 8-10% shade. 

This occurs for two reasons: there is a margin from Im to ISC in which the shaded cells 

can increase their current without working in reverse bias and, more importantly, there 

is a margin in the elbow of the I-V curve in which the power is almost constant and the 

non-shaded cells can reduce their current and the shaded cells increase it.  

In a central MPPT system working at the MPP, when a reduction in irradiance of 

around 8-12% occurs over one or various cells11 of one sub-module, the shaded cells 

start working in reverse bias; causing the diode to work in forward bias and to by-pass 

all the cells protected by the diode. On the other hand, the MPP of the shaded module in 

the DMPPT system is localized in a region of lower current, where the shaded cells are 

not by-passed. The higher limit of this region depends on the configuration of by-pass 

diodes of the module. For example, if there are three by-pass diodes in the module, 

losing one sub-module is losing 33% of the power, so it would seem that if the cells are 

shaded more than 33% the MPP will change to the region where the cells are by-passed. 

However, in practice, this percentage is higher: due to the by-pass diode’s negative 

voltage and, more importantly, that as the current is reduced the voltage increases; so 

the power loss is not directly proportional to the degree of shade. For modules with 

three by-pass diodes, this higher limit can be estimated at around a 45% irradiance 

reduction. It is in this region, from an 8-10% to a 45% irradiance drop, where there is a 

potential power gain.     

The third region is when the cells from both the central MPPT and the DMPPT 

system are by-passed. In this region there is no potential power gain. As the shadow 

progresses, the second set of ten cells starts to get shaded but since these belong to the 

                                                      

11 This depends on the breakdown voltage of the shaded cells. However, for cells with breakdown 

voltages < -15V, with only shaded cell it can be enough. 
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same sub-module as the first ten, these new ten cells are already by-passed and the 

situation does not change.    

We must wait until the third set of ten cells starts to get shaded to perceive new 

power gains. The difference between IM and ISC is now similar so no power gain is 

possible until a current drop of 8-12% occurs. However, because now the relative loss is 

higher when one sub-module is lost, ~50%, the region where a possible power gain is 

possible is also higher, up to 60% considering the voltage increase. 

Finally, when the third sub-module starts to get shaded (for modules with three by-

pass diodes), the region of possible power gains extends from the initial 8% region to 

fully shaded. Because now there are no other cells producing more current, all cells 

lower their current to that of the shaded cells. Now a constant power gain can be 

obtained. The module now only receives diffuse irradiance producing a fraction of the 

power of the non-shaded modules which depends on the D/G fraction, which as 

presented in section 2.1.4 depends on the location, the incidence angle and the cloud 

conditions.   

3.4.1.23.4.1.23.4.1.23.4.1.2 SimulationsSimulationsSimulationsSimulations    

In order to better understand the arguments exposed in the previous section, some 

simulations were performed and the results are exposed in this section. For the 

simulations, the shading program that has been presented is section 2.1.4.1 has been 

used.  

The progressive power gain that is attainable with DMPPT as a shadow progresses 

through a ten module string shading one sub-module at a time can be seen in Figure 

3.11-left. This figure shows the possible power gain as the shadow progresses past one 

module (left) and five modules (right). Although power gains of up to 3% are obtained, 

the energy gain after the shadow completely covers the first module is only of 0.93%. As 

the shadow affects more modules of the array, the power gains increase because the 

power gain of the previous shaded modules is always present. For this reason, the power 

gain increases considerably, up to 18%, and the final energy gain reaches almost 6%. 

This, however, is the energy gain only during the shading period and not during the 

whole day or year, being the final values considerably lower. 
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Figure 3.11: Attainably power gain with DMPPT in a ten module string and for a progressive shadow shading one 

sub-module at a time for one module (left) and five modules (right). The energy gain for those two periods is also 

presented.  

Another example is presented in Figure 3.12. This time the modules are considered 

to be placed horizontally so as the shadow enters the generator it is covering cells from 

three by-pass diodes. When the shadow is entering the first module, much higher power 

gains are attainable than for the case with vertically placed modules. The simple reason 

is that the proportion of shaded to non-shaded sub-modules is now bigger. The energy 

gain is also higher once the shadow has completely shaded the first module. The same 

occurs once the five modules are shaded. However, if we compare the energy gain after 

the same time has passed as in the previous example, the energy gains are quite similar. 

 

Figure 3.12: Attainably power gain with DMPPT in a ten module generator and for a progressive shadow shading 

three sub-modules at a time (modules placed horizontally) for one module (left) and five modules (right). The 

energy gain for those two periods is also presented. 

The previous examples show attainable power and energy gains for two specific 

shading situations. However, these examples do not consider many other factors that 

can modify the values. They don’t consider a changing irradiance, which as the shadow 
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progresses tends to be lower (as the sun is lower) and will therefore lower the final 

energy gain. In certain shading situations, it could also occur that the irradiance 

increases, yielding a higher energy gain, although this is less common. The non-shaded 

period during the day is also not considered and it should definitely be averaged out to 

calculate the final energy gain. Other factors like the limitation in mismatch 

compensation due to the output characteristics of DC/DC converters (section 3.5) or the 

malfunctioning of the MPPT algorithm in presence of local maxima (section 4.4.2) are 

also not considered. All these effects will influence the final energy gain being a negative 

influence most of the time. More detailed simulations are presented in chapter 5.  

3.4.23.4.23.4.23.4.2 MMMMISMATCHISMATCHISMATCHISMATCH    OF ELECTRICAL CHARACOF ELECTRICAL CHARACOF ELECTRICAL CHARACOF ELECTRICAL CHARACTERISTICSTERISTICSTERISTICSTERISTICS    

It is well known that there exists certain dispersion in the electrical characteristics of PV 

modules of a same model. This dispersion can be due to normal manufacturer’s 

tolerances, defects or even field degradation. In series connections, all modules that have 

a different Im than the resulting Im of the generator will show power losses because they 

are operating away from their MPP and with the use of DMPPT these losses are 

avoided. This section analyses the effects of this parameter dispersion in series 

connected PV arrays and the possible gains attainable with DMPPT. 

In the literature we can find the following interesting articles which have also 

addressed this topic [Damm,Heinemann et al., 1995; Herrmann, 2005; 

MacAlpine,Deline et al., 2012; Massi Pavan,Mellit et al., 2014; Podewils and Levitin, 

2011].  

[Damm,Heinemann et al., 1995] measured 36 modules of a PV array at irradiances 

between 600W/m2 and 1000W/m2 and combined these modules in different series and 

parallel configurations. Only one module had a power difference of -8.9% while the rest 

remained at ±3%. They concluded that losses in parallel configurations were negligible 

and that the losses increase with decreasing irradiance. They did they study for two 

locations of different irradiances obtaining losses between 0.8%-1.4% for different 

configurations without the worst case module and for the location with the lower 

irradiation. For the location with the higher irradiation, these losses are between 0%-

0.2%. When introducing the worst case module, the losses rise significantly up to 4.5% 
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annually for the location with lower irradiation and up to 2.9% for the location with 

higher irradiation.  

[Herrmann, 2005] used data from a measured poll of 416 modules (three different 

types) at STC, obtaining tolerances in Pm of up to ±8.7%. Then they simulated their 

serial connection with different string lengths and considering non-presorted modules 

and pre-sorted modules with respect to Im, Pm and Isc. Although the current tolerances 

obtained for each type of module were of ±6.37%, ±5.31% and ±4.29%, the maximum 

power mismatch obtained for non-sorted modules was only of 0.56%, which was 

reduced to 0.34% when sorting with respect to Im. For the group of thin-film modules, 

with lower FF, the maximum power mismatch for non-sorted modules in series was 

only 0.17%. By artificially increasing the tolerance in Pm up to ±20% they obtained a 

power mismatch of up to 4.6% in the non-sorted case, while if sorting with respect to Im 

the power mismatch remained below 0.5%. 

A newer study by [MacAlpine,Deline et al., 2012] measured 36 crystalline modules 

and 38 thin film modules from five arrays. For their worst array, with standard 

deviations in Im up to 5.5% they only obtained a power mismatch between 0.2%-0.5%, 

also concluding that at low irradiances a higher mismatch is present. For the different 

arrays they obtained an annual simulated energy loss due to mismatch between 0.1%-

0.35%, for the normal arrays. In one of the arrays were defective modules were 

discovered an annual energy loss due to mismatch of 0.70% was calculated. 

[Podewils and Levitin, 2011] measured the energy gain obtained with different 

DMPPT equipment under various situations. One of the situations was for un-shaded 

conditions and energy gains of 0.9% and 3.2% were obtained for the SolarEdge and Tigo 

optimizers, respectively. However, the experiments were performed with an artificial 

light source and the authors acknowledge an uncertainty of ±3% on the uniformity of 

the light, which could lead to artificial energy gains. 

A study a bit different than the rest is that of [Massi Pavan,Mellit et al., 2014] which 

compared the mismatch effect when using different module classes, i.e. using modules 

of different power rating of the same module model. Although this is not the best 

practice, the author claims that it is a common practice in large PV plants as many times 

there is not such a large number of modules available of the same power rating. The 
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authors consider 16 parallel strings of 20 modules in series with different combination 

of module power ratings in each string. Here, because of the series and parallel 

connection, both mismatch in voltage and current have an effect. The worst string, in 

which nine modules of 220W are combined with 11 modules of 235W, returns a power 

mismatch of 2.75%. 

From the first three references it is clear that even large differences in Im, up to ±6.4%, 

do not have a significant effect when connecting the modules in series. This seems 

evident if we take a look at the P-I curves of different measured modules, shown in 

Figure 3.13. The two figures correspond to two modules with different FF: Siliken SLK 

60 P6l (left) and Atersa APX90 (right), with FFs of 0.708 and 0.622 respectively. The red 

line represents a 1% drop in power and in parenthesis the current difference with 

respect to Im is shown. For the Siliken module, the current difference is 4.72% and 2.95% 

depending on if the current is lower or higher than Im and for the Atersa module these 

values are 5.76% and 4.54% respectively. In both modules there is a higher current 

mismatch tolerance from Im to Isc, although this difference is higher in the Siliken 

moduel, which has a higher FF. This is mainly due to the improvement in the series 

resistance, Rs, of the Siliken module causing a more abrupt fall in the I-V curve and, 

therefore, less current mismatch tolerance. In modules with ideal FFs, the current 

mismatch tolerance would be equal to the power loss: i.e. a 1% change in current would 

equal a 1% power loss. In conclusion, the better the FF the higher the losses due to 

mismatch of electrical characteristics.     

 

Figure 3.13: P-I curves of two different PV modules were the line for 1% power loss is marked. This line shows that 

the possible current variation for 1% power drop is up to 5.8% and that it depends on the type of module. 
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Although there are punctual cases, i.e. when there are modules with large power 

deviations or defects inside the array, it is not very probable that large or even 

appreciable energy gains will occur with the use of DMPPT produced by the elimination 

of the mismatch of the modules’ electrical characteristics.  

3.53.53.53.5 LLLLIMITATIONS IMITATIONS IMITATIONS IMITATIONS ININININ    THE COMPENSATION OFTHE COMPENSATION OFTHE COMPENSATION OFTHE COMPENSATION OF    MISMATCH MISMATCH MISMATCH MISMATCH LOSSES LOSSES LOSSES LOSSES IN IN IN IN 

PVPVPVPV    ARRAYS WITH POWER OPARRAYS WITH POWER OPARRAYS WITH POWER OPARRAYS WITH POWER OPTIMIZERSTIMIZERSTIMIZERSTIMIZERS    

Due to the finite voltage output or conversion ratio values of power optimizers and to 

the constant voltage or limited voltage range of the inverter, situations exist in which 

even with a DMPPT approach the working of each PV module at its MPP is not 

possible. This was already pointed out in [Orduz,Solórzano et al., 2011b], in which the 

author of this Thesis participated, and later on other authors [Alonso,Roman et al., 

2012b; Femia,Petrone et al., 2013; Vitelli, 2012] expanded the study about these 

limitations and came to the conclusion that for minimizing these losses it is necessary to 

eliminate the constant voltage at the inverter. [Vitelli, 2012] claims the necessity of both 

DMPPT and central MPPT as the solution, while [Alonso,Roman et al., 2012b] have 

come up with a  new term denoted maximum power range tracking (MPRT) which 

aims at finding a point in the MPR of the system, allowing for all modules to work at 

their MPP. However, despite the new MPRT term, the reality is that this algorithm can 

be implemented in exactly the same way as a normal MPPT algorithm and normal PV 

inverters can be used and in essence both proposals are the same. 

As is shown in sections 2.1.4 and 4.4.2, when there are shadows cast over PV arrays, 

local maxima can appear in the modules’ I-V curves and the MPP’s voltage and current 

changes. When the MPP lowers its current due to shading there is an increase in voltage 

due to having lower losses in Rs. It could also occur that the MPP of the shaded module 

has the same Im than that of the non-shaded modules but a lower Vm due to some by-

pass diodes being in forward bias.  

 Neither of these authors has considered these facts for their analysis and, for the sake 

of simplicity, it will also not be considered in the following explanation. It also makes 

sense to not consider it at this moment because, as shown in section 3.3.2, it is the 
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current mismatch that has a greater impact in the conversion parameters. In addition, 

the potential voltage mismatch that can occur is lower than the potential current 

mismatch. In modules with three by-pass diodes, the maximum voltage mismatch is 

approximately 1:3 (cells from only one diode working or from all three) while the 

current mismatch can be up to 1:10 (only diffuse irradiance or diffuse and direct). 

However, further on in this Thesis, in section 5, when annual losses due to these 

limitations are calculated the changes in both current and voltage of shaded I-V curves 

will be considered. For the following examples a hypothetical 240W PV module has 

been used, with MPP values of: Vm = 30V and Im = 8A. By considering only changes in 

current and assuming that the panel works at the MPP, we can define the working point 

of each panel as expressed in (3.11). Previously, in equation (3.10), a change of variable 

is introduced to facilitate the development and the following of the equations. While m 

represents the mismatch in current of each PV module (and mk the mismatch in the kth
 

module), x represents the percentage of Im generated by each module.   

 k = �1 − �� (3.10) 

 

  ��9, kc ∙ �9�, where 0 ≤ kc ≤ 1 (3.11) 

As has already been mentioned, the limitations of the mismatch losses compensation 

can be due to the limited conversion ratio or output values of each power optimizer as 

well as to the fixed or limited voltage range of the inverter. The output current of each 

power optimizer depends on the conversion ratio and the working current, and 

supposing Iw = Im it can be expressed by equation (3.12): 

 ��,c = kc ∙ �9[�V�c (3.12) 

Because all optimizers are connected in series their Io must be the same. By comparing the 

output current of each optimizer in the form of equation (3.12), equations (3.13) and  

(3.14) are obtained; for optimizers k and j. 

 kc ∙ �9[�V�c =
km ∙ �9[�V�m (3.13) 
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kc ∙ [�V�m = km ∙ [�V�c (3.14) 

And by considering the worst mismatch situation, which takes place for the most 

different xk and xj (that is when one panel is generating the maximum current, m=0 and 

x=1, and the other the minimum possible), equation (3.15), which denotes the 

maximum mismatch that can be compensated with power optimizers, is obtained.   

 �98n = 1 − [�V�9\Z[�V�98n (3.15) 

For example, it is evident that for a system with boost converters with an M(d)max = 2, 

a current mismatch higher than 50% cannot be compensated because the mismatched 

module cannot boost its current and the non-mismatched modules can only reduce 

their current. For the SolarEdge system, which has a Vo_max of 60V and a Vo_min of 5V, and 

for modules with a Vm of 30V, the maximum possible mismatch that can be 

compensated is of 91.7%. Because diffuse irradiance is usually never lower than 10% of 

the global irradiance, in shaded conditions it is very rare, almost impossible, to have a 

higher mismatch than 90%. So, from this analysis it would seem that the SolarEdge 

system can solve any mismatch problem. 

We can, however, go a step further and relate the maximum possible mismatch with 

the total number of modules in the system, NT, the number of mismatched modules, NM, 

and the inverter voltage, Vinv. As a first step the limits in number of optimizers in the 

system must be defined. These limits are imposed by the fact that Vinv must be reached 

without reaching the optimizers’ output limits at normal operation; arriving at equation 

(3.16) which is imposed as a restriction to the following equations. For example, for the 

SolarEdge system (Vinv =330V) with modules of Vm = 30V, these number of modules 

must be between six and sixty-six. The manufacturer has even more restrictive limits: 

from eight to twenty-five.   

 �\Zb�9 ∙ [�V�98n ≤ �R ≤ �\Zb�9 ∙ [�V�9\Z (3.16) 

Taking equation (3.6) and considering the same working voltage for all optimizers, 

that all mismatched modules have the same degree of mismatch and using xk, we arrive 

at equation (3.17). 
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 [�V�c = �\Zb ∙ kc ∙ �9�9 ∙ ���R − �P� ∙ �9 + �P ∙ kc ∙ �9� (3.17) 

And by solving for xk we arrive at equation (3.18). 

 kc = ��R − �P� ∙ [�V�c�\Zb �9] − �P ∙ [�V�c (3.18) 

Knowing that the most mismatched module will have the lowest M(d) equation 

(3.19) can be obtained, which represents the maximum possible mismatch in a system 

with NT total modules and NM mismatched modules, and having to meet the restriction 

imposed by equation (3.16). Now, considering the previous example of a SolarEdge 

system (Vinv = 330v), that there are ten modules and only one mismatched module, the 

maximum possible mismatch that can be solved is of 86.4%. If the number of modules is 

increased to 22 (could be a typical 5kW system) the maximum possible mismatch to be 

solved drops to 68.2%.    

 �98n/ = 1 − ��R − �P� ∙ [�V�9\Z�\Zb �9] − �P ∙ [�V�9\Z
 (3.19) 

From this equation we can deduce that for a fixed inverter voltage, as the number of 

modules in the system increases the maximum possible mismatch decreases and that as 

the number of mismatched modules increases, the maximum possible mismatch also 

increases. This is shown graphically in Figure 3.14. 

However, this only takes into account the limits of the power optimizer with the 

mismatched module or modules but it is also important to consider the limits of the 

optimizers with the highest producing modules. As the mismatching increases, the 

higher producing optimizers will tend towards M(d)max and it is possible that they arrive 

at this limit. For finding the maximum degree of mismatch that can occur while the 

maximum producing optimizers are within limits, we can again use equation (3.6) but 

now for the highest producing optimizers, arriving at equation (3.20). 

 [�V�c = �\Zb ∙ �9�9 ∙ ���R − �P� ∙ �9 + �P ∙ kc ∙ �9� (3.20) 
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Solving for xk and by knowing that the highest producing module will have the 

highest M(d) we arrive at equation (3.21), which must also meet the restrictions of 

equation (3.16). 

 �98n// = �R ∙ �9 ∙ [�V�98n − �\Zb�P ∙ �9 ∙ [�V�98n  (3.21) 

 

From this equation we obtain the opposite conclusion as from equation (3.19); as the 

number of modules in the system increases the maximum possible mismatch also 

increases and as the number of mismatched modules increases the maximum possible 

mismatch decreases.  

Because there can only be one absolute maximum mismatch in the system, that 

which keeps the least producing and the most producing optimizer inside its conversion 

limits, it must be chosen as the minimum of equations (3.19) and (3.21), as shown in 

equation (3.22). 

 �98n = �^�o�98n/ , �98n// p 
(3.22) 

If we use the SolarEdge system (Vinv = 330V, minimum and maximum number of 

optimizers equals 8 and 25) as an example and we set the maximum current mismatch 

to 90% (only diffuse irradiation) we obtain the four figures shown in Figure 3.14 which 

relate the number of optimizers in the system with the maximum possible mismatch for 

one, two, four and eight mismatched modules. The figures also show which optimizers 

are limiting the maximum mismatch: the least producing or the most producing. It can 

be seen how as the number of optimizers increases the least producing modules permit 

less mismatch opposite with the most producing modules and how as the number of 

mismatched modules increases the opposite occurs. 

The figures also reveal how there are not many situations in which it is not possible 

to solve a full mismatch problem. In the examples shown, the only situations when a full 

mismatch problem can be solved is when two modules are shaded for systems with eight 

optimizers or when three modules are shaded for systems with ten optimizers or when 

eight modules are shaded for systems with thirteen or fourteen optimizers. This is a 
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clear drawback for a system which claims the energy gains in mismatch situations as its 

main benefit. 

 

 

Figure 3.14: Maximum possible mismatch in a SolarEdge system as a function of the number of optimizers in the 

system and when one-(top-left), two-(top-right), four-(bottom-left) and eight-(bottom-right) modules are 

mismatched. The figure also shows which optimizers limit the maximum mismatch: the most producing or the 

least producing. 

In order to avoid losses due to conversion limits, two possibilities exist: one is to 

increase the range of conversion ratio and the other to change the inverter’s voltage. The 

first solution is related to the design of the DC/DC converters and increasing the range 

of the conversion ratio can be costly and DC/DC conversions with a very high or very 

low M(d) are less efficient. The second solution is more straightforward. For minimizing 

losses due to conversion limits of power optimizers by changing the inverter’s voltage, 

two options exist: changing the voltage of the inverter as a function of the number of 

optimizers connected in series and keeping this voltage constant or using an inverter 

with an MPPT algorithm.  

 It seems logical that as the number of optimizers in a string increases the fixed 

voltage at the inverter should also increase. This is represented in Figure 3.15-left, where 
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the maximum possible mismatch for one module is represented as a function of the 

inverter voltage and where it can be seen that the inverter voltage for having a 

maximum mismatch of 90% increases as the number of modules in the string increase. 

However, that only represents the case for one mismatched module in the string and as 

the number of mismatched modules increases, the inverter voltage necessary for solving 

all the mismatch decreases. As can be seen in Figure 3.15-right, which shows the case for 

a ten module SolarEdge system, the inverter’s optimum voltage varies from 

approximately 150-550V when eight modules or only module are mismatched, 

respectively. 

  

Figure 3.15: Maximum possible mismatch as a function of the inverter’s voltage in a SolarEdge system for (left) a 

different number of optimizers in series and one mismatched module, M = 1, and (right) a different number of 

mismatched modules in a ten optimizer system, N = 10. 

It is therefore clear that the best option is to not have a fixed inverter voltage but an 

inverter voltage range. As was already presented in [Orduz,Solórzano et al., 2011b] and 

later on by [Alonso,Roman et al., 2012b],the inverter voltage for which all optimizers are 

within conversion limits can be represented by equations (3.23) and (3.24). Specifically, 

equation (3.23) represents the minimum inverter voltage for which none of the least 

producing optimizers will reach conversion limits and equation (3.24) represents the 

maximum inverter voltage for which the most producing modules will not reach 

conversion limits. 

 �\Zb/ = �9 ∙ [�V�9\Z ∙ *�P + ��R − �P��1 − �98n�, (3.23) 

 �\Zb// = �9 ∙ [�V�98n ∙ ��R −�98n ∙ �P� 
(3.24) 
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However, these equations are only valid for one specific situation of mismatch, 

especially in relation to the ratio between mismatched modules and total number of 

modules, M:N. If the absolute inverter’s voltage range wants to be calculated it is 

necessary to consider all the possible ratios of mismatched modules vs total number of 

modules, being this from M = 1 to M = N-1. If we also consider the maximum possible 

mismatch to be 90% (mmax = 0.9) we arrive at equations (3.25), (3.26) and (3.27) which 

indicate the necessary inverter voltage range so that none of the optimizers reach 

conversion limits12. 

 �\Zb_9\Z = �9 ∙ [�V�98n ∙ r�R 10] + 0.9u (3.25) 

 �\Zb_98n = �9 ∙ [�V�9\Z ∙ �10 ∙ �R − 9� 
(3.26) 

 �\Zb_"8Zv# = h�\Zb_9\Z, �\Zb_98nj 
(3.27) 

3.63.63.63.6 CCCCHOOSING THE MOST CONHOOSING THE MOST CONHOOSING THE MOST CONHOOSING THE MOST CONVENIENT VENIENT VENIENT VENIENT DC/DCDC/DCDC/DCDC/DC    CONVERTER CONVERTER CONVERTER CONVERTER 

TOPOLOGY FOR POWER OTOPOLOGY FOR POWER OTOPOLOGY FOR POWER OTOPOLOGY FOR POWER OPTIMIZERSPTIMIZERSPTIMIZERSPTIMIZERS    

The two main factors to consider when deciding which DC/DC converter topology to 

use for designing power optimizers are: the electronics (cost, design and efficiency) for 

implementing the DC/DC converter and the possibilities of shadow mitigation 

considering the conversion limits explained in section 3.5. The various products that 

have been in the market include all of these topologies: SolarMagic (four switches buck-

boost), SolarEdge (buck-boost), Tigo Energy (buck) and STMicroelectronics (boost). 

[Erickson, 2001] states that buck-boost converters are characterized by lower 

efficiencies and higher costs because of enhanced component stresses and previous 

authors have always considered the boost topology to be the best suited 

                                                      

12 Note that for arriving at these equations, M = 1 is used in equation (3.24) and M = N-1 in equation 

(3.23) since the worst situation for the most producing modules is when there are N-1 mismatched 

modules and in this case the necessary Vinv for not reaching conversion limits is minimum and opposite 

for the other case. 
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[Orduz,Solórzano et al., 2011b; Roman,Alonso et al., 2006; Vitelli, 2012]. As already 

stated the buck-boost converter is the most expensive due to its topology. For example, 

for the same output voltage than buck and boost converters, the buck-boost converters 

must have switches that can handle double the voltage and current. In addition the 

frequency of the switches is also higher, causing lower efficiencies and higher stress 

(which could reduce the reliability). Buck and boost are very similar electronically and 

much simpler than buck-boost converters. Electronically wise it can be concluded that 

the buck-boost converter is the worst option, making the boost and buck converters 

equally acceptable. 

However, when considering the mismatch compensation possibilities the situation 

changes. For example, in a ten module PV generator with boost converters and 

considering Vm to be 30V, if one module is shaded at 1/3, this means that the rest of the 

modules must boost their output voltage by three, arriving at an output voltage of 840V 

for the system. If this same module is shaded by 90% then the output voltage must 

2730V which is not an acceptable voltage as the DC voltage of PV systems is limited; up 

to 1000V and down to 600V in some places like the US. For compensating mismatches 

of 90%, the maximum number of optimizers that can handle a system while staying 

below 1000V is only four. If we consider that the MPPT range of inverters is usually 

lower than 800V, then this number is even lower. Only considering this fact, it is clear 

that boost converters are not a good option for power optimizers. 

Buck converters are a good option if the number of modules in the system is not very 

low. For example, let’s we consider a PV array of 4.8 kW array of twenty 240W modules 

with Vm = 30V, with Tigo buck converters (Vo_min = 0V) and connected to an inverter 

with voltage range from 180-550V. With no shade the array will be working at 550V 

with a conversion ratio just below one. And the maximum possible mismatch that can 

be compensated is when fifteen modules are shaded, while the inverter works at 180V. 

This seems like a pretty fair situation. If there are less modules, say ten, the highest 

mismatch situation that can be compensated is four out of ten modules completely 

shaded. 

With buck-boost converters, the situation is more flexible if we have the same output 

limits. However, for the SolarEdge system, which has buck-boost converters with Vo_min 
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= 0V and Vo_max = 60V, with the same previous inverter we can compensate the losses for 

shading over 1-7 for the ten module generator but only from 11-18 modules for the 

twenty module generator. The reason is that the Vo_min = 5V is very limiting. If we had 

Vo_min = 0V like in the Tigo system, we could compensate any mismatch losses in both, 

the ten and twenty module arrays. 

In conclusion, we could say that if we sure that we will use arrays with a large number 

of modules buck converters are the best option. However, for arrays with less modules, 

buck-boost converters should be used, despite their higher cost or do not use power 

optimizers because the mismatch compensation will be limited. Despite what previous 

authors have mentioned, boost converters are probably the worst option. 

 

 



 

 

 

4444 EEEEXPERIMENTAL ANALYSISXPERIMENTAL ANALYSISXPERIMENTAL ANALYSISXPERIMENTAL ANALYSIS    OF OF OF OF PVPVPVPV    SYSTEMSSYSTEMSSYSTEMSSYSTEMS    WITHWITHWITHWITH    

DMPPTDMPPTDMPPTDMPPT        

The previous chapter presents the theoretical concepts of PV systems with DMPPT: 

how they function, their potential for shade and mismatch mitigation and, in the case of 

power optimizers, the limitations due to conversion limits and inverter voltage. There is 

a main focus on DMPPT systems with power optimizers as these are the ones that 

introduce new, non-trivial constraints into the design phase. These constraints are due 

to the use of serially connected DC/DC converters, their limited conversion ratio, or 

output parameters, and the fixed or limited voltage range of the inverter. A series of 

equations were presented which can be used to model the behaviour of power 

optimizers under any working situation. Then some examples are shown for different 

working conditions that show how the parameters of the power optimizers change with 

changing irradiance. An analysis of the possible power and energy gains attainable with 

DMPPT for shaded conditions and mismatch of electrical parameters is presented. 

Theoretical output curves of power optimizers for the different DC/DC converter 

topologies are graphically represented, showing the MPPR and how it is limited and 

changing with the working conditions. Finally the limitations of the mismatch 

compensation with power optimizers are exposed, concluding that the inverter should 

not work at a fixed voltage but should have a variable voltage range.  
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This present chapter presents a series of experiments that were conducted with the 

aim of verifying the theoretical concepts previously exposed and gaining a higher 

understanding of how DMPPT systems behave in PV arrays. Just like in the previous 

chapter, more focus is placed on power optimizers than in micro-inverters because of 

their higher complexity. In this chapter the results of the following measurements are 

presented: the behaviour of power optimizers in PV arrays under different working 

conditions (how the conversion ratio of each optimizer changes with the working 

conditions, what occurs when conversion limits are reached and the efficiency of the 

different components), measurements of the output curve of a boost power optimizer, 

the efficiency of the MPPT of different equipment (including central inverters) 

especially focused on finding the absolute MPP in presence of local maxima and, finally, 

results showing the power gain obtained with a prototype power optimizer for different 

shading situations. 

The obtained results agree very well with the theory presented in chapter 3. With all 

this theoretical understanding and with the experimental results that back up the theory, 

an advanced model for simulating energy gains with DMPPT systems is presented in 

chapter 5, accompanied of simulations for different shading profiles, as well as a 

verification of the simulations with a real PV system.  

4.14.14.14.1 MMMMAIN WORKING PARAMETEAIN WORKING PARAMETEAIN WORKING PARAMETEAIN WORKING PARAMETERS OF POWER OPTIMIZRS OF POWER OPTIMIZRS OF POWER OPTIMIZRS OF POWER OPTIMIZERS AT ERS AT ERS AT ERS AT 

DIFFERENT CONDITIONSDIFFERENT CONDITIONSDIFFERENT CONDITIONSDIFFERENT CONDITIONS    

This section presents the results obtained from testing the main working parameters of 

the SolarEdge system under different conditions: normal operation, shade over one 

module, shade over many modules, cloudy days and out of range conversion 

parameters. The experiments performed are aimed at verifying the equations that 

describe the functioning of power optimizers in PV arrays presented in section 3.3.1 and 

also the limitations due to the limited conversion parameters presented in section 3.5. 

The efficiency of the power optimizers is also measured with the idea of using it in the 

model for simulating energy gains presented in section 5. 
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The experiments have been performed with a SolarEdge system and a PV generator 

which forms part of MagicBox: a solar house presented in the Solar Decathlon 2005 and 

now installed at the Instituto de Energía Solar in Madrid for research purposes. The 

generator is made up of Isofoton I-110/12 PV modules, with a VM of 17.4V and IM of 

6.32A. In order to better match the voltage range of the power optimizers, the modules 

were grouped in serially connected pairs each connected to a power optimizer. All 

optimizers were connected in series to the SolarEdge inverter. Magic Box and the 

measurement setup can both be seen in Figure 4.1. At the set-up there are eleven PV 

module pairs (two Isofoton I-110 modules in series) available which can be all 

connected in series to a string inverter, or to the SolarEdge or Tigo optimizers. 

However, not in all experiments are the eleven modules used, sometimes only using ten. 

Because the Tigo system was only installed for ten optimizers, the experiments conduted 

with SolarEdge after the Tigo system arrived are with ten modules, while those previous 

to the Tigo system arriving are done with eleven optimizers. 

Although the SolarEdge monitoring portal provides data of the voltage and current 

values every 15 minutes, for the purpose of having more frequent and reliable data 

another measuring system has been built. All optimizers’ Vi, Ii and Vo as well as the 

system’s Io were measured with an Agilent 34970A data-logger; in total measuring 34 

different values. The voltage was measured directly by the datalogger and the current 

was measured by incorporating a shunt resistance in series at the input of each power 

optimizer and measuring the voltage drop at the shunt resistance. The datalogger has a 

0.004%dcV measuring accuracy and the shunt resistances are calibrated at less than 1%.  

 

Figure 4.1: A picture of Magic Box, an experimental PV home used in various experiments of this PhD Thesis, and 

the measurement for testing the SolarEdge and Tigo power optimizers. At the set-up there are eleven PV module 

pairs (two Isofoton I-110 modules in series) available which can be all connected in series to a string inverter, or to 

the SolarEdge or Tigo optimizers.   
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4.1.14.1.14.1.14.1.1 MMMMODULES AT NODULES AT NODULES AT NODULES AT NORMAL OPERORMAL OPERORMAL OPERORMAL OPERATIONATIONATIONATION    

Normal operation is considered when there are no shadows over the PV generator. This, 

however, does not mean that optimizers will have the same Ii as there can be some 

mismatch of the modules’ electrical parameters and also the MPPT algorithm is 

constantly moving around the MPP and might not be working at the same current at the 

same time. This can be seen in Figure 4.2, where all modules’ currents are within ±2% of 

the average current, which is within normal current mismatch limits, as seen in section 

3.4.2, and that the current varies rapidly, due to the MPPT. It can also be seen how there 

is a homogeneous current increase in all the modules; a total of 15% during the 

measurement which corresponds to an increase in irradiance. It is also clear how the 

M(d) is not related with this current increase; because all the modules are increasing 

their current in the same proportion the M(d) does not have to change. It is true that 

there is a slight increase in the M(d) of all the modules, about 2%, which corresponds to 

the slight decrease in Vm of the modules due to the increasing irradiance, and possibly 

ambiance temperature, which cause an increase in cell temperature. Because the 

inverter’s voltage remains constant and the input voltage of each optimizer decrease, the 

M(d) must increase. 

  

 

Figure 4.2: Working parameters of the SolarEdge system under unshaded conditions. 
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4.1.24.1.24.1.24.1.2 DDDDECREASING IRRADIANCEECREASING IRRADIANCEECREASING IRRADIANCEECREASING IRRADIANCE    OVER ONE MOOVER ONE MOOVER ONE MOOVER ONE MODULEDULEDULEDULE    (R(R(R(REACHING EACHING EACHING EACHING VVVVOOOO____MINMINMINMIN))))    

As the irradiance over a module decreases, its current decreases proportionally. As 

shown by the equations and examples presented in section 3.3 this causes the 

mismatched module to reduce its voltage and boost its current in order to try and match 

that of the non-mismatched modules. In turn, the non-mismatched modules reduce 

their current to try and match that of the mismatched modules. The non-mismatched 

modules, because they are more, will reduce their current less than the mismatched 

module will boost its current or reduce its voltage. 

Figure 4.3 shows the input current and output voltage of the ten optimizers in the 

system with respect to time and while one of the modules reduces its current 

progressively. It can be seen how there is a clear correlation between the output voltage 

and the input current of the shaded module. As the input current decreases the output 

voltage decreases proportionally until the minimum output voltage is reached, which in 

this case is 5V. Once the maximum output voltage is reached, and because the input 

current keeps on decreasing, it is not possible to meet the inverter’s fixed voltage and 

keep all modules working so the optimizer of the shaded module is bypassed, being its 

output voltage of -0.7V. At this state, the module is at Voc and the optimizer periodically 

conducts a search on the module’s I-V curve, as can be seen by the spikes after minute 

14, to see if there is enough current to turn it on again. 

With respect to the non-shaded modules it can be seen how their output voltage 

increases as the shaded module’s current decreases. It can also be seen how the increase 

in Vo of the non-shaded modules is not as large as the decrease in voltage of the shaded 

module and how the voltage of all the non-shaded modules increases by the same 

amount. This is in agreement with what was exposed in the theory of section 3.3.  

Another interesting example, similar to the one exposed, is when the reduction in 

current is due to a shadow over one sub-module. This means that in the I-V curve of the 

module there are still points were Iw could be the same as that of the non-affected 

modules13. If the MPPT does not find these points and Vo_min is reached, it could occur 

that the optimizer disconnects itself, although it is not necessary. However, the tests 

                                                      

13 Points were the by-pass diode of the shaded cells is in forward bias  
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exposed exposed in section 4.4.2.2.c show that for SolarEdge this is not the case, and 

once Vo_min is reached the MPPT searches the whoel I-V in order to find other working 

points with higher currents. 

 

Figure 4.3: Input current (left) and output voltage (right) of each power optimizer with respect to time, while one 

module has its input current diminished progressively.  

4.1.34.1.34.1.34.1.3 IIIINCREASINGNCREASINGNCREASINGNCREASING    IRRADIANCE OVER IRRADIANCE OVER IRRADIANCE OVER IRRADIANCE OVER ONEONEONEONE    MODULEMODULEMODULEMODULE    (R(R(R(REACHING EACHING EACHING EACHING VVVVOOOO____MAXMAXMAXMAX))))    

Although this situation can, at first glance, seem uncommon, there could be the case 

were one or more modules are facing east and one or more modules are facing west. In 

this case, as the sun’s relative position changes along the day, the irradiance that the 

western facing modules receive increases while the irradiance of the others decreases. 

Opposite to the example presented in the previous section, Vo of the optimizer with the 

module under test will now tend towards Vo_max.  

The situation that has been simulated for these experiments is a bit extreme. 

However, what is meant from this experiment is to see what happens when an optimizer 

reaches its Vo_max. Figure 4.4 shows Ii and Vo of the ten optimizers in the system as well as 

the MPP of the module with increasing current. It can be clearly seen how the relation 

between Ii and Vo also holds in this case; as Ii increases Vo increases. Again, like in the 

previous example the non-affected modules also change their Vo. Even though in this 

example Ii does vary slightly due to a decreasing irradiance during the measurement 

period, during the first 2.5 minutes Ii is constant and Vo decreases. 

But what is most interesting to see in this example is what occurs when Vo_max is 

reached. In the previous example, when Vo_min was reached, the optimizer disconnected 
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itself by turning on its by-pass diode. However, in this example in order to stay within 

the optimizer’s output limits, the MPPT of the optimizer limits the Iw of the module, as 

can be seen in Figure 4.4-left which shows the MPP of the module and Ii of the 

optimizer which is equal to Iw of the module. The moment when this limitation starts is 

the same as when Vo_max (= 60V) is reached. A slight reduction in the Iw is also 

appreciated, which is because the other modules are also slightly reducing their Iw due to 

decreasing irradiance.  

 

Figure 4.4: Ii and Vo of the optimizers in a ten module system in a situation where one the optimizer’s Vo  increases 

progressively until Vo_max is reached. The MPP of the module with increasing current is also shown and it can be 

seen how when Vo_max is reached the optimizer reduces the module’s Iw so as to respect its output limits. 

4.24.24.24.2 IIII----VVVV    AND AND AND AND PPPP----VVVV    CURVESCURVESCURVESCURVES,,,,    AND EFFICIENCY OF POAND EFFICIENCY OF POAND EFFICIENCY OF POAND EFFICIENCY OF POWER OPTIMIZERSWER OPTIMIZERSWER OPTIMIZERSWER OPTIMIZERS    

4.2.14.2.14.2.14.2.1 IIII----VVVV    AND AND AND AND PPPP----VVVV    CURVESCURVESCURVESCURVES    

To measure the I-V curve of a power optimizer a capacitive load developed at the IES-

UPM has been used, which works as a variable resistance, using the same method as to 

measure a normal I-V curve. However, the problem is that the time it takes to sweep a 

normal I-V curve is very low (milliseconds) and it is not enough for the MPPT 

algorithm of the optimizer to find the MPP. Therefore a higher capacitor, 300mF, has 

been added and the curve has been swept very slowly; taking various seconds. Previous 

work [Orduz and Egido, 2006] estimated the time for the optimizer to find the MPP at 

around 1000ms and that a capacitance of 300mF is enough to correctly trace the I-V 

curve of an MPPT module. It is important to take samples spaced out more than 100ms 
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to not get incorrect readings. The obtained I-V and P-V curves for a PV module with 

and without a power optimizer are shown in Figure 4.5. 

The used optimizer is a prototype developed by Tecnalia for the Integra-FV Spanish 

national project. It uses a boost DC/DC converter topology with a maximum M(d) = 2. 

In the figure it can be observed how the obtained curve has a similar form the 

theoretical curve of a boost optimizer presented in section 3.2. However, it is not exactly 

the same and it can be seen how in the MPP of the PV module is higher than the 

maximum power obtained with the power optimizer. This is due to the efficiency of the 

optimizer, which is not ideal and in this case is 95% for an M(d) = 1 and 89.4% for M(d) 

= 2. There is quite a high efficiency drop with increasing M(d) and although other 

authors [Roman, 2006] have also found a decreasing efficiency with M(d) it has not 

been so high as the one here presented. The reason for such a high drop can also be due 

to the MPPT algorithm moving slightly from the MPP during the measurement which is 

totally possible. In order to precisely measure the efficiency with respect to M(d) these 

tests should be conducted in a more controlled manner, like those exposed in section 

4.2.2. 

  

Figure 4.5: Measured I-V and P-V curves of a boost power optimizer. 
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4.2.2.14.2.2.14.2.2.14.2.2.1 Efficiency of a prototype optimizer at different voltagesEfficiency of a prototype optimizer at different voltagesEfficiency of a prototype optimizer at different voltagesEfficiency of a prototype optimizer at different voltages    

Measuring the conversion efficiency of a power conditioning device is as easy as 

measuring the input power and the output power. For equipment like inverters, this can 

be done throughout the day as the power will change with the irradiance and a large 

0 5 10 15 20 25 30 35 40
0.0

0.5

1.0

1.5

2.0

2.5

3.0

C
u
rr

e
n

t 
(A

)

Voltage (V)

Boost power optimizer

Normal PV module

-5 0 5 10 15 20 25 30 35 40
-5

0

5

10

15

20

25

30

35

P
o

w
e
r 

(W
)

Voltage (V)

 Boost power optimizer

 Normal PV module



Chapter 4: Experimental analysis of PV systems with DMPPT 

 

81 

 

range of powers will be obtained. However, this method is very time consuming and has 

the drawback of a changing input voltage. A faster approach is to connect a variable DC 

source at the input and vary the input power throughout the power range of the 

inverter. It is important to only vary the current, as the efficiency is voltage dependent. 

An efficiency curve should be taken for a constant voltage, which is another reason for 

not measuring the inverter’s efficiency while the PV system is working, as the input 

voltage will vary along the day. 

For the case of power optimizers it is also important to keep the conversion ratio 

constant, as previous studies [Roman, 2006] have already shown that the efficiency of a 

power optimizer depends on the input voltage and the conversion ratio, M(d). Because 

the optimizer is not connected to the grid, a load must be connected to its output to 

drain the power. The load, which should be a variable resistor, as a function of the input 

voltage and conversion ratio can be obtained from solving equation (4.1) and knowing 

that M(d) = Vo/Vi, arriving at equation (4.2). 

 T� ≡ ��� x] = �\ ∙ �\ ≡ T\  (4.1) 

 x = [�y�� ∙ �\�\  (4.2) 

Where Z is the load connected at the optimizer’s output port.  

For the prototype converter, measurements have been performed for three different 

input voltages: 15V, 25V y 35V, with an M(d) = 1.2. During each measurement Vi and 

M(d) are kept constant while varying Ii in order to vary the input power. At the same 

time, Z, should be varied according to equation (4.2) so M(d) and Vi are kept constant. 

At the same time, the input and output power are measured and the efficiency is directly 

obtained by their division. 

Figure 4.6 shows a maximum efficiency of 95.9% between 140 y 160W. The European 

efficiency calculated with equation (4.3) is 93.2%. 

 O)z = 0,2 ∙ O X% + 0,6 ∙ O}X% + 0,2 ∙ O XX% 
(4.3) 
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Figure 4.6: Prototype converter’s efficiency 

at 35V and M(D) = 1.2 

Figure 4.7 shows a maximum efficiency of 95.6% at 120 W and is above 95% between 

100W and 130W. The european efficiency is of 93.1%. 

 

 

 

 

 

Figure 4.7: Prototype converter’s efficiency 

at 25V and M(D) = 1.2 

Figure 4.8 shows a maximum efficiency of 93.5% at 140 W and a European efficiency 

of 91.6%. 

 

 

 

 

 

Figure 4.8: Prototype converter’s efficiency 

at 15V and M(D) = 1.2 
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For the measurements at 15V, the highest value that was measured is at 75W due to 

the DC source which limits the input current to 5.1A. The rest of the values are 

interpolated following the same shape as the curves for 25V and 35V.  

From the measurements it can be clearly seen how the efficiency drops as the voltage 

drops. This is because for working at lower voltages higher currents must be used for the 

same power, increasing the resistive losses in the converter.  

4.2.2.24.2.2.24.2.2.24.2.2.2 Efficiency of the SolarEdge optimizerEfficiency of the SolarEdge optimizerEfficiency of the SolarEdge optimizerEfficiency of the SolarEdge optimizer    

Because the SolarEdge optimizer has a security function which sets its output voltage 

at 1V if it is not connected to the SolarEdge inverter, it is not possible to apply the 

method presented in the previous section for measuring the conversion efficiency. For 

measuring the efficiency of the SolarEdge optimizer the only possibility is to do it under 

normal operation. The setup used for the measurements is the same as that of Figure 

4.12, where Vi, Ii, Vo and Io are measured with an Agilent 34970A datalogger. This time, 

however, only the values of one optimizer are recorded. It is important to only record 

the values of one optimizer or to record all four values in adjacent channels. Otherwise, 

because there is a time lapse between each recorded channel, it could occur that, because 

the input values and output current are constantly changing, the output values recorded 

do not coincide with the real input values, giving erroneous efficiency measurements.  

Figure 4.9 shows the efficiency curve obtained during normal operation of the 

SolarEdge power optimizer. 

Figure 4.9: Efficiency measurements of the SolarEdge power optimizer. 

4.34.34.34.3 PPPPOWER GAINS OWER GAINS OWER GAINS OWER GAINS UNDERUNDERUNDERUNDER    SHADSHADSHADSHADED CONDITIONSED CONDITIONSED CONDITIONSED CONDITIONS    

In the literature, there exist various measurements of power gains with the use of 

DMPPT in real PV systems: we can find the following [Deline,Meydbray et al., 2012; 

Neuenstein and Podewils, 2009; 2011; Orduz,Solórzano et al., 2011b; Podewils and 

Levitin, 2011; Sanz,Vidaurrazaga et al., 2011; Solórzano,Egido et al., 2010]. Although the 

methods used for the experiments vary considerably, all of these references have 
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concluded that depending on the shadows applied the power gain observed varies 

greatly. In the following paragraphs a brief review of the methods used and the results 

obtained are presented. 

Probably the laboratory that has conducted the most experiments of power gains 

with DMPPT is the Photon Lab, from the Photon International magazine and presented 

in [Neuenstein and Podewils, 2009; 2011; Podewils and Levitin, 2011]. They have mainly 

tested the SolarEdge, SolarMagic and Tigo optimizers, but also tested the Xandex 

Sunmizer and the EHW Smart power box and obtained real power gains in AC. Except 

for in [Neuenstein and Podewils, 2009], in which the SolarMagic optimizer was tested 

outdoors, the experiments conducted were indoors with a solar simulator. For all the 

experiments different conditions were reproduced (unshaded, horizontal shading, 

dormer windows and poles) on two generators: one with DMPPT and the other with 

central MPPT. Both generators were calibrated and the power difference eliminated. In 

the first experiments [Neuenstein and Podewils, 2009] the authors obtained the highest 

power gains, up to 300%, for dormer windows14. They do, however, claim low 

measurement accuracy and in the following set of experiments, [Neuenstein and 

Podewils, 2011; Podewils and Levitin, 2011], the highest power gains were observed for 

horizontal shading (~32%) in a one string configuration and in poles (~14%) in a two 

string configuration. For the one string configuration the gains observed with poles 

were also high (~18.5%). In these experiments, dormer windows did not return large 

power gains (~1.5%). For unshaded conditions up to 3.2% power gain is obtained with 

the Tigo power box and 0.9 with SolarEdge. The authors do however claim an 

uncertainty of ±3% on the uniformity of light, which could be the cause for this power 

gain. In the outdoor experiments losses of ~5% were obtained for unshaded conditions. 

Apart from the uncertainty on the uniformity of light, another drawback from the 

indoor experiments performed is the lack of diffuse irradiance. Because the obstacles are 

placed so close to the modules, as can be seen in Figure 4.10, the shaded cells do not 

receive any diffuse radiation. From this we learn that if possible it is better to conduct 

the experiments under real sun. 

                                                      

14 This could possibly be a measurement error or problems with the inverter MPPT. 
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Figure 4.10: Picture taken from [Podewils and Levitin, 2011] which shows the dormer window and horizontal 

shadows applied to measure power gains. Such close proximity of the obstacle to the modules eliminates any 

diffuse radiation from the shaded cells, altering the results and obtaining lower energy gains than what is really 

possible.  

[Deline,Meydbray et al., 2012] and [Sanz,Vidaurrazaga et al., 2011] conducted 

outdoor measurements were two generators, one with DMPPT and one with central 

MPPT, were shaded and the power gain observed. Both of them also took into account 

the power difference between both strings, but not the possible module mismatch, 

although as we have seen in section 3.4.2 this is normally below 0.5%. [Deline,Meydbray 

et al., 2012] reproduces the shadows by using a black, 50% open vinyl/polyester fabric, 

with an average transmittance of 37% and the Enphase microinverters for the DMPPT 

system, taking all measurement in AC. They claim that the diffuse vs global radiation 

fraction increases with the incidence angle. However, from the figure they present, a 

37% diffuse/global fraction means an incidence angle of 80º, which occurs during very 

few times of the day. Using a fabric with such a high transmittance can return artificially 

high power gains since the shaded modules will have quite a lot of irradiance in 

comparison with real shaded systems. With this method they obtained power gains of 

up to 30% with heavy shading and 0.5% for non-shaded conditions. However, with 

respect to the non-shaded conditions, they claim that the central inverter has a 0.5% 

worst efficiency than the Enphase microinverter, elimating any real power gain.  
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[Sanz,Vidaurrazaga et al., 2011] conducted power gain measurements with a power 

optimizer prototype and observing power gains up to 204%, which are strangely high. 

The paper is not very elaborated so it is hard to understand why such high power gains 

are obtained. They also point out that they observed higher power gains in days with 

passing clouds. 

The measurements by [Orduz, 2009] and the ones here presented differ from the rest 

in that they do not use two generators but the same exact generator and quickly (in less 

than a minute) change from central MPPT to DMPPT. Being this change so fast and 

done in clear days, the change in shading and irradiance can be considered negligible. 

The advantage is that any possible mismatch or power difference between generators is 

out of the equation. [Orduz, 2009] concluded that the highest power gains, over 10%, 

are obtained when there is shading over one or various sub-modules between 25% to 

60%. This goes in the line with what was exposed in the theory of section 3.4.1 and is 

also validated in [Solórzano,Egido et al., 2010] and in the following experiments. It is 

also somewhat validated by the experiments of the Photon Lab with the high power 

gains obtained with pole shading. 

In what follows a description of the experiments and the results obtained are 

presented. 

4.3.14.3.14.3.14.3.1 DDDDESCRIPTION OF THE SYESCRIPTION OF THE SYESCRIPTION OF THE SYESCRIPTION OF THE SYSTEM UNDER TESTSTEM UNDER TESTSTEM UNDER TESTSTEM UNDER TEST    

The PV generator used for these experiments is located at the rooftop of the IES-UPM 

in Madrid. It is made up of a total of 13 modules, twelve Isofoton I-47 and one I-94. 

Because the I-94 model is the same as the I-47 but with two strings of cells in parallel, 

the twelve I-47 modules are connected in parallel in order to match the characteristics of 

the last module. In the end there are seven modules with the following characteristics: 

• Voc
*= 19,8V 

• Vm
* = 16V 

• Isc
* = 6.54A 

• Im
* = 5,88A 

• NC_s = 33 

• NC_p = 2 
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 Figure 4.11 shows a picture of the PV generator used for the power gain 

experiments, with the modules numbered from 1-7. 

 

 

 

Figure 4.11: The 

generator used for the 

power gain experiments. 

 

Prior to the experiments all modules’ I-V curves were measured and extrapolated to 

STC, obtained the values presented in Table 4.1. With the obtained mismatch in Im and 

what was exposed in section 3.4.2, no power gain in unshaded conditions is expected. 

Table 4.1:  

Module VOC 

(V) 

ISC 

(A) 

VM 

(V) 

IM 

(A) 

PM 

(W) 

Δ(PM/PM_max) 

(%) 

Δ(IM/IM_max) 

(%) 

1 16.1 6,28 11,7 5,36 62,6 -5,58 -2,01 

2 16,3 6,37 11,9 5,22 61,6 -7,09 -4,57 

3 16,2 6,50 11,8 5,44 64,1 -3,32 -0,55 

4 16,2 6,20 11,9 5,28 62,7 -5,43 -3,47 

5 16,2 6,42 11,8 5,31 62,9 -5,13 -2,93 

6 16,2 6,32 11,9 5,39 63,9 -3,62 -1,46 

7 16,7 6,52 12,1 5,47 66,3 0 0 

For the experiments, a prototype power optimizer developed by Tecnalia-Robotiker 

for the Spanish national I+D INTEGRA-FV project was used. Each module was 

connected to one optimizer in the DMPPT system and to an SMA SB-700 inverter at 

fixed voltage. For the central MPPT system no optimizers were used and the inverter 

was set to MPPT. Because of the low efficiency of the prototype and in order to evaluate 

the possible gains with DMPPT, the production was measured in DC and in the case of 

the DMPPT system, before the optimizers. For the measurements an Agilent 34970A 

datalogger was used which records Vi and Ii of all optimizers, Io and Vinv. 
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Figure 4.12: Schema of the system used for power 

gain measurements with the shunt resistances and 

showing all values that were measured. 

4.3.24.3.24.3.24.3.2 PPPPERFORMED EXPERIMENTSERFORMED EXPERIMENTSERFORMED EXPERIMENTSERFORMED EXPERIMENTS    WITH APPLIED SHADWITH APPLIED SHADWITH APPLIED SHADWITH APPLIED SHADOWSOWSOWSOWS    

The first experiments were conducted while shading only module seven. Figure 4.13 

shows the four shadows applied. The three shadows from the pole correspond to the real 

shadow at different times of the day, simulating the progression of the shadow across 

the module.   

Figure 4.14 shows the I-V curves of the generator and the four shadows shown in 

Figure 4.13 and extrapolated to G = 1000W/m2. With the I-V curves and the working 

voltage of the system it is possible to see whether the inverter is working at the MPP or 

not, which, as can be seen in Table 4.2, does not always happen. 

 

a) 

 

b) 



Chapter 4: Experimental analysis of PV systems with DMPPT 

 

89 

 

 

c) 

 

d) 

Figure 4.13: Shadows applied to one module of the seven module generator used for measuring power gains with 

DMPPT. 

Figure 4.14: a)-d) I-V curves at G = 1000W/m2 of the generator for the four shadow patterns presented in Figure 

4.13.  

From the results it is clear that the biggest improvement is obtained for the shadows 

cast by the pole. This agrees with the theory presented in section 3.4.1 which predicts 

that the most improvement is obtained for shadows which cover less than entire cells. It 

can be seen that the highest improvement is obtained from shadow b), gaining over 20% 

with DMPPT. However, this high power gain is in large part due to the fact that the 
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inverter in the MPPT system is not finding the absolute MPP and is working at a local 

MPP. This by itself is already a loss of 9%, and if the absolute MPP was found the gain 

would be similar to that of shadow a), as is logical since the same number of sub-

modules are shaded and with the most shaded cell being shaded by the same percentage. 

If this was the case then the shadow of Figure 4.13c), which covers cells from all sub-

modules, would be the one that returns the highest power gains with the use of DMPPT.    

Table 4.2: Power gains and working values obtained with DMPPT in presence of the shadows presented in Figure 

4.13. 

Shadow G 
(W/m2) 

Working voltage (V) Po_real
* 

(W) 
η(%) Pgain_real 

(%) 
Pgain_ideal 

(%) 

a) MPPT 1027 89,4 437  -2,52 8,43 

a) DMPPT 1032  426 89,9 

b) MPPT 1034 95,3 380  8,68 20,9 

b) DMPPT 1032  413 89,9 

c) MPPT 1037 77,9 404  0,99 12,3 

c) DMPPT 1040  408 89,9 

d) MPPT 1032 78,6 413    

d) DMPPT 1031  383 90,2 -7,26 2,81 

4.3.34.3.34.3.34.3.3 CCCCONCLUSIONS ON POWER ONCLUSIONS ON POWER ONCLUSIONS ON POWER ONCLUSIONS ON POWER GAINSGAINSGAINSGAINS    

The performed experiments have shown that higher power improvements are obtained 

as a larger number of sub-modules are shaded. They also show that larger 

improvements can be obtained from shadows that do not cover entire cells, as in this 

case, with DMPPT, the shaded module can provide more power than if entire cells are 

shaded. We could therefore think that DMPPT has more potential in presence of 

shadows from thin objects like poles or antennas. However, these objects will probably 

cause shade over less sub-modules so this assertion is not entirely clear. More on this 

will be seen in chapter 5. 

Another important point that is found from these experiments is the importance of 

the MPPT in the final power yield and power gains. It has been seen that in the case 

where the MPPT of the central inverter does not find the absolute MPP, important 

power gains are obtained. Also if the MPP is out of the inverter’s MPPT range, larger 

power gains are obtained. The following section presents the experiments performed on 

the MPPT of various inverters, micro-inverters and power optimizers, especially focused 
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in situations where local maxima exist and in the capability of the MPPT algorithm in 

finding the absolute MPP. 

4.44.44.44.4 MPPTMPPTMPPTMPPT    EFFICIENCYEFFICIENCYEFFICIENCYEFFICIENCY            

The MPPT efficiency represents the amount of energy extracted from a PV module or 

generator in relation to the maximum possible energy, that at the MPP. It is given as a 

percentage and is usually calculated for a prolonged period of time where the I-V curve 

of the system is changing. At the time of writing this Thesis only the European Standard 

EN 50530:2010 of title: Overall efficiency of grid connected photovoltaic inverters 

[CENELEC, 2010] contains a test protocol for testing the MPPT efficiency of inverters, 

which is described in section 2.1.5.1.  

This Standard, however, presents some drawbacks. The first and main drawback is 

that neither of the two methods for testing MPPT efficiency (static and dynamic) 

considers local maxima appearing in the I-V curve; situation which is common when 

irregular irradiance, due to shadows, clouds or localized dirt, is present in the PV array. 

Secondly, the Standard is only thought for PV inverters, not considering MPPT charge 

regulators, power optimizers or micro-inverters. Although this is a minor point when 

testing static and dynamic MPPT efficiency, it can be important when testing MPPT 

efficiency in presence of local maxima. 

During this section, the static and dynamic efficiency of micro-inverters and power 

optimizers are tested, an addition to the CENELEC standard is proposed for measuring 

MPPT efficiency in I-V curves with local maxima and the same equipment, as well as 

central inverters, is measured considering this new standard. Although this PhD Thesis 

is mainly focused on PV systems with DMPPT, the results of measuring central 

inverters’ MPPT efficiency in presence of local maxima are presented as the results are 

important for modelling energy gains with DMPPT, the focus of section 5. 
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4.4.14.4.14.4.14.4.1 MPPTMPPTMPPTMPPT    STATIC AND DYNAMIC ESTATIC AND DYNAMIC ESTATIC AND DYNAMIC ESTATIC AND DYNAMIC EFFICIENCY FFICIENCY FFICIENCY FFICIENCY OF OF OF OF MLPEMLPEMLPEMLPE    

These tests were performed with the irradiance sequence proposed in [Ropp,Cale et al., 

2011], which can be seen in Figure 2.10. The main reason for using this sequence instead 

of the one proposed by the CENELEC standard [CENELEC, 2010] is that the lowest 

irradiance used is of 200W/m2 while in the CENELEC standard it is of 100/m2. In the 

case of the SolarEdge optimizers at 100W/m2 the optimizer under test reaches Vo_min 

causing it to disconnect from the system and, therefore, to not follow the MPP. 

Although this should be considered as an inefficiency of the system, it should not be 

considered for the dynamic efficiency of the MPPT algorithm. Especially since when 

there are fast irradiance changes these will affect a large part of the generator, causing a 

current drop in many modules, being it less likely that they reach Vo_min; as is shown in 

section 3.3.2. Another reason for using this sequence is the short duration, 10 minutes, 

in comparison with the duration of the CENELEC procedure, 6.5 hours. 

The response of the MPPT algorithm of the three main brands of MLPE (SolarEdge, 

Enphase and Tigo) to the measurement protocol proposed in [Ropp,Cale et al., 2011] is 

shown in Figure 4.15. It can be seen how both the SolarEdge optimizer and Enphase 

microinverter follow the pattern almost perfectly with a total efficiency of 98.3% and 

99.1% respectively. However, the Tigo optimizer does not follow the irradiance changes 

fast enough, remaining at a lower current point. The speculative reason for this 

occurring is that the Tigo MPPT is controlled by a central unit, the MMU, which 

decides the IM of each panel with a “complex algorithm” as stated by Tigo, instead of 

using a P&O or variant method. Tigo also claims that their algorithm must undergo a 

learning process. From the measurements here presented and also those presented in 

section 4.4.2 it seems that this MPPT method presented by Tigo is still not fully 

functional. 
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a) b) 

c) 

 

d) 

Figure 4.15: Response of the SolarEdge (a), Enphase (b) and Tigo MPPT (c) algorithms to the test protocol 

proposed in [Ropp,Cale et al., 2011] and the working current with respect to IM of the Tigo optimizer (d). 

4.4.24.4.24.4.24.4.2 MPPTMPPTMPPTMPPT    EFFICIENCY IN PRESENEFFICIENCY IN PRESENEFFICIENCY IN PRESENEFFICIENCY IN PRESENCE OF LOCAL MAXIMACE OF LOCAL MAXIMACE OF LOCAL MAXIMACE OF LOCAL MAXIMA    

It is well known that standard P&O MPPT algorithms are not capable of finding local 

maxima and although there are many published algorithms that claim that they can find 

the absolute MPP in presence of local maxima [Alonso,Ibaez et al., 2009; Patel and 

Agarwal, 2008; Taheri,Salam et al., 2010; Young-Hyok,Doo-Yong et al., 2011] most 

modern PV inverters do not include them, as it is shown in this section. This negative 

effect can be responsible for a large, and easily prevented, energy loss. A year round 

estimation of these losses for different shadow profiles is presented in section 5.  

Local maxima appear in I-V curves when irregular irradiance is present over the PV 

generator. Causes of this could be due to shadows of nearby objects, clouds or irregular 
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or localized dirt patches. Occasionally, local maxima can also appear due to defects in 

certain cells inside a module or due to severe hot-spots. In order to perform a series of 

measurements the most realistic possible, it is important to first understand the effect of 

each of these “defects” over the PV generator’s I-V curve. 

Although section 2.1.4 already presents the effects of shadows and irregular 

irradiance over I-V curves, what is presented hereafter is more specific of the effects that 

these changes over the I-V curve have on MPPT testing in presence of local maxima. We 

can identify four points that are of special importance to consider when simulating the 

I-V curves to be used in these tests: 

� The reverse characteristics of the shaded cells 

� The number of cells and sub-modules shaded simultaneously 

� The number of modules connected in series and in parallel 

� The speed of the passing shadow 

All of these points are important in determining whether or not the MPPT algorithm 

will find the absolute MPP or not and many situations can occur where the absolute 

MPP is found even when the MPPT algorithm is normally not capable of finding it. In 

the following paragraphs each of these effects is analysed accompanied by figures. If 

nothing is said the I-V and P-V curves are presented at an irradiance 1000W/m2. 

Depending on the reverse characteristics of the shaded cells, it can occur that, for the 

same shadow, local maxima are present or not. Figure 4.16 shows two I-V and P-V 

curves of the module15 each with a cell shaded 90%16 but with the shaded cell having 

different breakdown voltages in each case (Vb = -5V and Vb = -25V for the left and right 

curve respectively). It is clear that the left curve presents no local maxima, as the power 

is always increasing from VOC until VM, while the right curve does have a local maximum 

point. This occurs because the negative operating voltage of the cell in the left case is not 

negative enough to forward bias the by-pass diode.  

                                                      

15 PV module with 60 cells in series and three by-pass diodes 
16 90% shade or 10% radiation is a typical in a clear day at midday for a PV module shaded by a nearby 

object; that is, only receiving diffuse radiation.  
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In the left case the MPPT would have no problem in operating at the MPP, while in 

the right case it is probable that the operating point of the curve is the local maximum at 

only 19.9% of maximum power (46.5W vs 156.7W). 

  

Figure 4.16: I-V and P-V curves of a PV module with 90% shade over one cell of one by-pass diode for Vb = -5V 

(left) and Vb = -25V (right). 

This effect of not having local maxima for cells with low breakdown voltages does not 

occur when many cells under the same by-pass diode are shaded. For example, Figure 

4.17 shows the same example as that of Figure 4.16 but now the twenty cells under the 

same by-pass diode are shaded. As can be seen, the shape of the curve and the position 

of the two maxima are almost exactly17 the same in both cases; for Vb=-5V and Vb=-25V. 

This was already shown in section 2.1.4 and it reaffirms the fact that as the number of 

shaded cells increases the reverse characteristics of the shaded cells play a less important 

role. 

In this case, if absolute maxima are not found by the MPPT algorithm, both 

operating points will be at the local maximum, at only 18.2% of maximum power. 

                                                      

17 There is a tiny difference due to the difference in reverse characteristics of the shaded cells. 

0 10 20 30 40
0

2

4

6

8

10

C
u
rr

e
n
t 

(A
)

P = 199W

0 10 20 30 40
0

50

100

150

200

Voltage (V)
P

o
w

e
r 

(W
)

0 10 20 30 40
0

2

4

6

8

10

C
u
rr

e
n
t 
(A

)

P = 153W

P = 31.1W

0 10 20 30 40
0

50

100

150

200

Voltage (V)

P
o
w

e
r 

(W
)

P = 28W



Chapter 6: Automatic fault diagnosis in PV systems with DMPPT 

 

96 

 

  

Figure 4.17: I-V and P-V curves of a PV module with 90% shade over the 20 cells of one by-pass diode for Vb = -5V 

(left) and Vb = -25V (right). 

Again, this situation changes as the number of modules connected in series increases. 

During the following examples, unless specified, all twenty cells of each sub-module are 

shaded. For example, Figure 4.18 shows the I-V and P-V curves of a PV generator with 

ten modules of the previous examples in series having the twenty cells of one by-pass 

diode shaded at 90% and the zoomed in region where a local maximum could appear. It 

can be seen that even though the shaded module has a distinct local maximum, when it 

is connected in series with ten other modules this local maximum disappears.  

 

Figure 4.18: I-V and P-V curves of a PV generator with 10 modules in series with 90% shade over the 20 cells of one 

by-pass diode (left) and the zoom of the region enclosed by the circle (right). 

The explanation of this effect has to do with the percentage difference of voltage and 

current between the possible local maximum (where the right-most arrows points at) 

and the point at which the diode starts to conduct (where the left-most arrows points at) 

or what has chosen to be called the “transition region”. In this case the relative voltage 

loss (2.85%) is lower than the relative current gain (8.2%) being there a power gain as 
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the working point moves left. In this case, there is no distinct local MPP and a P&O 

MPPT algorithm would pass through this region towards the absolute MPP. 

By zooming-in into the transition region ( 

 

Figure 4.19) of the case with only one module (Figure 4.17), we can see that the shape 

of the I-V curve in this region is very similar and that the current values at the possible 

local maximum and the point at which the diode starts to conduct are the same as the 

case for the ten module generator. However, now the relative voltage loss is higher 

(29.4%) and there is a power loss as the working point moves left. In this case a P&O 

MPPT algorithm will stay at the local MPP. 

 

 

Figure 4.19: Zoom into the transition region of the I-V 

curve of one module (Figure 4.17). The shape of this 

curve is very similar to that of the transition region of 

the ten module system in Figure 4.18. The current 

values are practically identical and only the voltage 

values change. 

Following this logic, we could think that if more sub-modules were shaded at the 

same time then a higher voltage drop (and relative drop) would occur in the transition 

region, thus creating a local maximum. For example, Figure 4.20 shows the same 

example as Figure 4.18 but now shading all the cells from 2 modules, or six sub-

modules. It can be easily seen how in this case a local maximum does appear. 
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Figure 4.20: I-V and P-V curves of a 10 module PV generator with all cells from two modules (six sub-modules) 

shaded at 90% and a zoom of the transition region. In this case it can be seen how a distinct local maximum 

appears. 

Again, following a similar logic, if the shading percentage was less (higher currents) 

the relative current gain would be lower and if it is lower than the relative voltage loss, 

then a local maximum would appear. In addition, the voltages of the transition region 

are lower (higher relative voltage loss), since it is further away from VOC, amplifying the 

possibility for a local maximum to appear. Figure 4.21 shows the same example as in 

Figure 4.18 but with only 40% shade. Although the absolute voltage loss and current 

gain is exactly the same as in the previous example (10V and 0.067A), relatively, this 

difference changes (2.94% voltage loss and 1.28% current gain); having in this case a 

local maximum in the curve.  

 

Figure 4.21: I-V and P-V curves of a 10 module PV generator with all cells from one sub-module shaded at 40% 

and a zoom of the transition region. In this case it can be seen how a distinct local maximum appears which differs 

from the example in Figure 4.18 in which the same cells were shaded at 90% and no local maximum appeared. 

This effect is however lost if less cells from the same sub-module are shaded. Figure 

4.22 shows the I-V and P-V curves of the same ten module generator of Figure 4.21 but 

now only one cell is shaded at 40%, both for a cell with Vb = -5V (left) and for a cell with 

Vb = -25V (right). It can be seen how this amount of shade has basically no effect over 

the generator’s curve if the breakdown voltage is low, while having slightly more effect if 

it is high.  
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Figure 4.22: I-V and P-V curves of a 10 module PV generator with only one cell from one sub-module shaded at 

40% for a Vb=-5V (left) and a Vb=-25V (right). In this case, due to having less cells shaded, no local maxima appear. 

In the case for the cell with Vb=-5V (left), no changes are appreciated in the I-V curve.  

If the number of shaded cells is increased to ten, local maxima now appear, as is 

shown in the zoomed in P-V curves of Figure 4.23. However, there is a substantial 

difference between both curves; corresponding to shaded cells with Vb = -5V and Vb = -

25V for the left and right curves respectively. The right curve is very similar to that of 

Figure 4.21 with the same voltage difference (10V) in the transition region and very 

similar power values (remember that the shaded cells of Figure 4.21 are of Vb = -5V). 

The left curve, however, has only a 3V voltage difference in the transition with a very 

small power difference. Although the power difference is not very important, the small 

voltage difference will pose no problem for the MPPT algorithm since its searching 

range is usually over this value (seen in section 4.4.2.2).  

  

Figure 4.23: Zoom of the transition region of the I-V and P-V curves of a 10 module PV generator with ten cells 

from one sub-module shaded at 40% for a Vb=-5V (left) and a Vb=-25V (right). In this case, local maxima appear in 

both cases. However, in the case for the cell with Vb=-5V (left), the voltage difference between the local maximum 

and the transition point is of only 2V, lower than the voltage step of an MPPT algorithm, meaning that at some 

point the MPPT algorithm will pass the transition region towards the absolute MPP. 
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It would then seem logical that for lower irradiances because the current is lower (for 

example during the morning and afternoon when there are more possibilities for 

shading to appear) it is less possible for local maxima to appear. However, this is not the 

case as can be seen in Figure 4.24, where the same example as Figure 4.21 (10 module 

generator with all cells from one sub-module under shade) is presented but with an 

irradiance of only 160W/m2 instead of 1000W/m2. With this irradiance, the current of 

the local maximum at 40% shade is the same as the current of the local maximum at 

90% shade and 1000W/m2 (the case of Figure 4.18). It can be seen that in this case, as 

opposed to the case of Figure 4.18 a local maximum does appear. The reason is that the 

current increase in the transition region is affected by the irradiance change. If in Figure 

4.18 the current increase in the transition region is of 68mA in Figure 4.24 it is of 11mA, 

being it reduced by a factor of 6.25 just like the irradiance. This shows that the reasons 

that cause local maxima to appear are independent from the irradiance level. 

  

Figure 4.24: I-V and P-V curves of a 10 module PV generator at G=160W/m2 with all cells from one sub-module 

shaded at 40% and a zoom of the transition region. The current at the local maximum is the same as the current at 

the local maximum from the example in Figure 4.18, however, now a local maximum appear and before it didn’t. 

This shows that the reasons that cause local maxima to appear are independent from the irradiance level. 

In the case of PV generators with parallel strings, although the power loss at the MPP 

due to the shadow is greater, the probability of local maxima appearing is less. If, for 

example, we change the example of Figure 4.21 to a generator with two parallel strings, 

that is, five modules in series in each string, and keeping the same shading (all cells from 

one sub-module shaded 40%) we obtain the curves shown in Figure 4.25. It can be seen 

how now there is only one MPP and that the power of this MPP is lower than the power 

of the absolute MPP of Figure 4.21. 
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Figure 4.25: I-V and P-V curves of the same example of 

Figure 4.21, but now instead of having the 10 modules 

in series, there are two parallel strings of five modules 

each. It can be seen how now there is only one MPP 

and that the power of this MPP is lower than the 

power of the absolute MPP of Figure 4.21. 

Probably the most important shading pattern to consider when thinking about the 

effects over the MPPT is when cells under the same by-pass diode are shaded by 

different percentages. As is seen in section 4.4.2.1, this is how shadows due to nearby 

objects affect the PV generator as they are coming in, which in turn is the crucial 

moment for the MPPT to track the absolute MPP. If, again, we take the example from 

Figure 4.21 and modify it so that now the 20 cells under the same by-pass diode are 

shaded by different percentages (groups of 5 cells each at 10%, 20%, 30% and 40%) the 

curves of Figure 4.26 are obtained. Now, contrary to the example were all 20 cells were 

shaded by 40%, no local maxima appear and the P&O MPPT algorithm would have no 

problem in tracking the absolute MPP. As the shadow progresses, it is less probable for 

local maxima to appear, as we have seen in the previous examples, so normally the P&O 

MPPT algorithm will find the absolute MPP in strings with many modules. More on 

irregular shading of cells under the same by-pass diode is seen in section 4.4.2.1.  

  

Figure 4.26: I-V and P-V curves of a 10 module PV generator with all 20 cells from one sub-module shaded in 

groups of five at 10%, 20%, 30% and 40% and a zoom of the transition region. Now, contrary to the example were 

all 20 cells were shaded by 40% (Figure 4.21), no local maxima appear. 
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This same amount of shading will however cause local maxima to appear in the 

individual shaded module as can be seen in Figure 4.27. Although in this case the 

maximum on the right side is the MPP, as the shadow progresses through the module 

this local maximum becomes smaller than the absolute maximum and the P&O 

algorithm starts tracking a non-optimum point. This, as was already pointed out earlier, 

again shows that the I-V curves of individual modules are more likely to have local 

maxima than the I-V curves of whole generators. It is important to realize this, 

especially when working with DMPPT systems.   

 

 

Figure 4.27: I-V and P-V curves of one module with all 

20 cells from one sub-module shaded in groups of five 

at 10%, 20%, 30% and 40%. Now, contrary to the 

example of the ten module generator (Figure 4.26), a 

local maximum appears very clearly. 

4.4.2.14.4.2.14.4.2.14.4.2.1 Nature of incoming shadows dueNature of incoming shadows dueNature of incoming shadows dueNature of incoming shadows due    to nearby objectsto nearby objectsto nearby objectsto nearby objects    

In order to fully understand the negative effects of shading on MPPT algorithms, it is 

first necessary to understand how shadows from nearby objects affect a PV generator. 

This focuses on the progressive shading of a PV generator and how its I-V curve, and 

the I-V curve of each module, change with time. For each example presented, the time 

frame of analysis is chosen so that in each time step only a small change occurs in the I-

V curve. In turn, this depends directly on the speed of the passing shadow, which in turn 

mainly depends on the distance that the object is from the generator. 

All the calculations of the shadow over the generator and of the shaded I-V curve 

have been performed with a simulation program developed for this Thesis, which is 

presented and validated in section 5. In addition, for the sake of visualisation of the 

shadows, the examples presented have been modelled with Google SketchUp.  It must 

be noted that the shaded percentage given by the simulation program developed and the 

shadow presented with Google SketchUp are in very good accordance, as shown in 

Figure 4.28 for the example of a chimney located west of the PV generator. 
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1.0 0.76 0.00 0.00 0.00 0.00 

1.0 0.93 0.00 0.00 0.00 0.00 

1.0 0.82 0.00 0.00 0.00 0.00 

1.0 0.64 0.00 0.00 0.00 0.00 

1.0 0.50 0.00 0.00 0.00 0.00 

1.0 0.34 0.00 0.00 0.00 0.00 

1.0 0.17 0.00 0.00 0.00 0.00 

0.98 0.03 0.00 0.00 0.00 0.00 

0.85 0.00 0.00 0.00 0.00 0.00 

0.70 0.00 0.00 0.00 0.00 0.00 

0.52 0.00 0.00 0.00 0.00 0.00 

0.37 0.00 0.00 0.00 0.00 0.00 

0.21 0.00 0.00 0.00 0.00 0.00 

0.06 0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 
 

Figure 4.28: Google SketchUp picture of the shadow cast by a chimney on a PV generator compared with the 

shading matrix obtained with the developed simulation program for the same generator. The matrix shows the 

shading percentage obtained for each cell of the two modules affected by the shadow. It can be seen how there is 

very good agreement between the two. 

The example presented, which is a real PV system on a rooftop in Germany (Figure 

5.8) and is also used to model energy gains in section 5, consists of 15 PV modules in 

series which are affected by the shadow of a nearby chimney at the east side of the 

generator. In these first examples the chimney has been changed to the west side to see 

the effects over the I-V curve of an incoming shadow on a non-shaded array. Later in 

this same section, the chimney is placed on the east side to see the effects of a shadow at 

inverter start-up. This installation has been chosen as it can be considered as a typical 

rooftop installation affected by shadows and it has been slightly modified to include 

other possible examples. An Vb=-25V has been used for these simulations with this 

value it is more likely to by-pass shaded sub-modules, i.e. if no local maxima are present 

with Vb = -25V, no local maxima will be present with a lower Vb. On the other hand, if 

local maxima are present with Vb=-5V they will also be present with a higher Vb.  

¡Error! No se encuentra el origen de la referencia. shows the progression of the 

shadow cast by a chimney over the previously described PV system, for minutes 2, 3, 6, 
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20, 40 and 90 after the shadow touches for the first the generator and for the 20th of 

January. At the same time, the corresponding I-V curve for each instant is also 

presented; while at non-shaded conditions the MPP is at 448V. At minute 2 there are 

two MPPs in the I-V curve, being the absolute MPP the one of higher voltage and both 

points separated by 27V. The next minute, because the shaded percentage is now higher, 

the MPP is now the point of lower voltage (where the shaded sub-module is by-passed). 

However, because the MPPT algorithm was previously tracking the point of higher 

voltage, the working point of the generator (supposing a P&O algorithm), will be the 

lower power point. By the next time instant, minute six, this situation will change 

because now there are no local maxima in the I-V curve, due to the irregular shading 

pattern and other effects thoroughly explained in the previous section, and the working 

point will shift to the MPP at 437V. As another sub-module is shaded, a similar 

situation occurs due to this irregular shading and the large number of modules that 

make up the generator and there will be a moment, minute 20, where no local maxima 

are present and the MPPT algorithm will shift the working point towards the MPP, now 

at 427V. The same occurs when a third sub-module starts to get shaded, minute 40, and 

finally at minute 90 although there are three local maxima in the I-V curve, because the 

working point has been progressively shifted towards a lower voltage, the working point 

will be at the absolute MPP.     
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Figure 4.29: Pictures of the progression of a shadow from a nearby chimney over a PV generator and the 

corresponding I-V and P-V curve for each instant. The moments correspond to minutes 2, 3, 6, 20, 40, 90 of 

January 20th; considering minute 1 as the first minute in which shaded affects the generator.   

This example is a clear case of a shadow that should have no negative effect over the 

MPPT of a central PV inverter; i.e. it will not get stuck in a local maximum. However, 

the situation changes completely when considering the effect over the MPPT of a power 

optimizer or micro-inverter. As has been previously seen, individual PV modules are 

more likely than generators to have local maxima in their I-V curve. Now considering 

only the shaded module in the example of Figure 4.29, it can be seen in Figure 4.30 how 

distinct local maxima are present in the module’s I-V curve throughout the whole 

shading sequence. This example is a case where a simple P&O MPPT algorithm can 

cause DMPPT systems to produce less energy than central MPPT systems during 

certain time periods (more on this is seen in section 4.4.2.3 and section 5).  
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Figure 4.30: I-V and P-V curves of the shaded module for minutes 3, 6, 20 and 40. It can be seen how in this case 

these are distinct local maxima at all time periods, causing a simple P&O algorithm of a DMPPT system to not 

work at the absolute MPP; while with the CMPPT it would not occur. 

However, this situation changes if the chimney were to be situated east of the PV 

generator. In this case, shown in Figure 4.31, because the PV generator “wakes up” 

under very shaded conditions, there is a distinct local maximum which could confuse 

the string inverter’s MPPT algorithm into not finding the absolute MPP (this is actually 

what occurs in the tests performed which results are shown in 4.4.2.2.b), continuing this 

situation until the shadow is small enough that it does not create distinct local maxima. 

In this specific situation, for the equinox, this occurs during approximately five hours; 

from half an hour after sunrise until 11:15 solar time. In this case the CMPPT system 

would underperform in comparison with the DMPPT system.     
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Figure 4.31: Pictures of the shadow 30 minutes after sunrise, 1:30, 2:30 and 5 hours. 

Other specific shading situations in which very distinct local maxima can appear is 

the case of solar trackers. Because two axis trackers and azimuthal trackers are always 

pointing at the same azimuth angle (the sun’s position), the nature of the incoming 

shadow is totally rectangular, shading many cells from different by-pass diodes at the 

same time and shading them by an equivalent amount and progressing through the 

generator from left to right in the afternoon and from right to left in the morning. This 

causes the I-V curves to have very distinct local maxima possibly causing the MPPT 

algorithm to track a local maximum instead of the MPP.  This specific effect on PV 

trackers has been documented in [García,Maruri et al., 2008] and an example of the 

rectangular shadow affecting PV trackers is shown in Figure 4.32, obtained from 

[Martinez, 2012]. 
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Figure 4.32: Examples of the rectangular shadows cast by PV trackers. Such rectangular shadows cause very 

distinct local maxima causing P&O MPPT algorithms to not find the absolute MPP as has been shown in 

[García,Maruri et al., 2008].  

4.4.2.24.4.2.24.4.2.24.4.2.2 Measurements with a solar Measurements with a solar Measurements with a solar Measurements with a solar array simulatorarray simulatorarray simulatorarray simulator    

This section presents the results obtained from the measurements performed on 

inverters, power optimizers and micro-inverters and related with the capability of the 

MPPT algorithm of finding local maxima. All of the measurements were performed on 

modern equipment, all purchased after 2011. The different equipment used for the 

measurements are: SMA Sunny Boy 2000HF, Ingeteam Suncon Lite5, Fronius XXX, 

SolarEdge power optimizer, Tigo power optimizer and the Enphase micro-inverter. 

Table 4.3 lists the power conditioning equipment used during these tests and their 

MPPT voltage range.  

Table 4.3: MPPT range of the different equipment that whose MPPT algorithm was put under test. 

Equipment Type MPPT range (V) 

Sunny Boy 2000HF Inverter 175-560 

Ingecon Sunlite 5 Inverter 160-450 

Fronius XXX Inverter  

SolarEdge Power optimizer 5-60 

Tigo Power optimizer 16-48 

Enphase Micro inverter 22(16)-36 
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As is shown in this section, most of the modern equipment tested is not able to find the 

absolute MPP once it gets stuck in a local maximum.  

4.4.2.2.a The Solar Array Simulator: SAS E4360 

The Solar Array Simulator (SAS) used for these measurements is the model SAS 

E4360 from Agilent Technologies. The E4360 is a DC current source with very low 

output capacitance that simulates the output characteristics of a solar array. It is capable 

of simulating the I-V curve of a solar array under different conditions such as 

temperature, irradiation, degradation, or shading and it has three operating modes: 

• Fixed mode: the output has the rectangular characteristics of a standard power 

supply and is of no use for simulating I-V curves. 

• SAS mode: the output has an I-V characteristic that follows an exponential 

model of a solar array. The model is specified using the four main parameters of 

an I-V curve: VOC, ISC, VM and IM. This mode can be used for a single curve, where 

the user defines these four parameters and the curve is simulated by the SAS, or 

in list mode, where the user defines a list of these four parameters and a time 

step and the SAS changes the I-V as a function of the time step and the new 

parameters. This mode can be used for simulating a pattern of I-V curves at 

different irradiance or temperature. However, it cannot be used for simulating I-

V curves with local maxima. 

• Table mode: the output is defined by a table of I-V points specified by the user. 

The tables are stored in non-volatile memory, which may contain up to 30 tables 

with a maximum of 4,000 I-V points per table. This mode allows I-V curves with 

local maxima to be simulated and is the mode that has been used for performing 

the measurements presented in this section. The only restriction in the I-V 

curves is that it should not have a 
∆L
∆=  smaller than 1 Ohm at any time. 

The E4360 allows choosing the I-V curve resolution from 256 or 4000 points 

depending on the curve generation time desired, being it 30ms or 250ms respectively. In 

addition, the SAS can record the voltage and current operating points every 100ms. The 
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SAS is composed of two output modules, each of 600W, 5.1A and 120V. These outputs 

can be connected in parallel to double the current or in series to double the voltage.  

Perhaps the main drawback of the SAS for testing the MPPT of PV inverters is its low 

voltage output, which even with both output modules connected in series only reaches 

240V while the MPPT range of inverters is usually between 180-600V. An I-V curve 

with a VOC of 240V will typically have a VM of 200V or less and each diode that is in 

forward bias (one shaded sub-module) reduces the VM by about 10V, thus giving very 

little range of measurement.  

The SAS allows controlling it locally or remotely. The local control is only useful for 

setting individual curves and the remote control provided by Agilent is not very 

intuitive and does not allow fully using the SAS, especially in Table Mode. For this 

reason, a control software has been developed in LabView. This software allows using all 

the functions of the SAS, recording the working values for further analysis and viewing 

the working point on top of the I-V and P-V curves. In Table Mode, the software allows 

inserting two different I-V curves and adding them together in series to simulate two 

modules in series or increasing the voltage. Another interesting addition of this 

developed software is that, in List Mode, it allows inserting a list of irradiance and 

temperature values (instead of VOC, ISC, VM and IM) and it calculates the corresponding I-

V curve for each condition, using equations (2.6) and (2.7). A screenshot of the 

developed software can be seen in Figure 4.33. 

Figure 4.33: Screenshot of the developed LabView software for controlling the SAS E4360 and recording the 

results.  

4.4.2.2.b Local Maxima at start-up 

SMA SB 2000-HF, Ingeteam Ingecon Sunlite 5.0 and Fronius 

As has already been discussed in section 4.4.2.1, shadows at start-up are likely to have 

the worst effect over the MPPT algorithm. This section presents the results of 

introducing I-V curves with different local maxima into different PV inverters at start-

up and observing the operation of the MPPT algorithm.  

For the tests with inverters, due to their high MPPT range in comparison to the SAS’s 

voltage range, the maximum number of biased diodes is limited to two. If more diodes 
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are by-passed then the MPP will lie outside the MPPT range. Therefore, the first I-V 

curve used corresponds to a PV generator with two biased diodes where both maxima 

are in the MPPT region of the inverters as shown in Figure 4.34-top-left. This curve is 

used for testing the SMA and Fronius inverters. For the Ingeteam inverter a very similar 

curve is used but with a lower voltage MPP (@169V). 

  

 

Figure 4.34: (left) I-V curve with a local maximum used as an input to the SB-2000HF inverter at start-up and 

(right) working voltage of the inverter, and local MPP voltage, the transition point’s voltage and absolute MPP 

voltage of the I-V curve. It can be seen how in this case the local MPP has no negative effect over the MPPT 

algorithm.  

From the figure it can be seen how there is an initial start-up time and once the 

inverter is started the MPP is found very quickly, having the local maximum absolutely 

no effect over the MPPT algorithm. This occurs because, normally, MPPT algorithms at 

start-up go directly to a region close to 0.8 of VOC (191V and 196V for the SMA and 

Ingeteam inverters respectively), where the MPP is approximately located in a typical I-

V curve, and then starts performing the P&O. In this case the point at which the power 

starts to increase after the first local maximum (we call this the transition point from 

now on) is at a higher voltage (211V), so at start-up the working point is located at a 
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lower voltage than the transition point and once the algorithm starts the P&O search it 

is led towards the absolute MPP.   

If an I-V curve with four shaded sub-modules is used for the simulations, then this 

situation changes. Now the point at which the power starts to increase after the first 

local maximum is at 189V and the working point never reaches this voltage in neither 

inverter as shown in Figure 4.35, so the working point remains at the local MPP. It 

should also be noted that the absolute MPP is outside the MPPT region (@146V), 

however, there are still higher power points up to the lower value of the MPPT range, at 

175V, being them not found.  

 

 

Figure 4.35: SMA (left) Ingeteam (Right).  

 

ENPHASE, SolarEdge and Tigo 
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resemble the situations presented in that section as close as possible. In that section, it is 

shown that it is uncommon for local maxima to appear in PV generators with a medium 

to large number of modules in series and that it takes a large amount of shade over 

many different cells from different sub-modules for distinct local maxima to appear, 

which occurs a long time after the shadow starts entering the generator.  

However, it was also shown that there are certain situations where abrupt local 

maxima do appear and can cause the MPPT algorithm to not find the absolute MPP; 

like at inverter start-up or in the case of PV trackers. In addition, in PV systems with 

DMPPT it is a lot more probable for local maxima to appear and, therefore, for the 

MPPT algorithm to not work at the absolute MPP. For these reasons, two examples are 

simulated: one in which the incoming shadow creates small and non-abrupt local 

maxima and another in which the created local maxima are abrupt.  

The first experiment here presented show how the MPPT algorithms of the different 

equipment respond to a set of curves which simulate a progressive shadow entering the 

generator. Because the idea is to the test the algorithm’s capability of finding the 

absolute MPP in presence of local maxima, it is supposed that these shadows create 

distinct local maxima in both the generator’s I-V curve and the modules’ I-V curves.  

The test procedure used is as follows: 

1. Start up the specimen18 with a normal I-V curve and wait until the working 

point stabilizes at the MPP. This time depends on each unit. 

2. Progressively change the I-V curve for a new curve with a small shading 

percentage over all the cells of one or various sub-modules. This change should 

be small enough so that the new point of the I-V curve where the power starts 

to rise towards the absolute MPP does not enter the MPPT region of the 

previous curve. Otherwise this could cause the MPPT to artificially find the 

absolute MPP. This is also realistic, since in normal operation this change is 

infinitely small. 

                                                      

18 Specimen refers to inverter, power optimizer or micro-inverter. 
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3. Continue introducing I-V curves with more shading until reaching 90%. Keep 

this last curve as the active curve for at least five minutes. 

The first set of experiments was performed on three inverters: SMA, Ingeteam and 

Fronius. The SMA inverter was tested with and without the OptiTrac Global Peak, 

which must be activated, and is an additional function of the standard MPPT OptiTrac. 

It has been developed in order to find the absolute MPP in presence of local maxima. 

Because this new algorithm must search the whole I-V curve periodically, in unshaded 

condition it is less efficient than a standard P&O algorithm: SMA claims a 0.2% 

maximum loss in unshaded conditions [SMA, 2010]. In order to minimize these losses, 

SMA recommends varying the search period (which goes from 6 to 30min) in case of 

slowly incoming shadows. 

In total 36 different I-V curves were used, each being left on the SAS for 25 seconds 

and where progressive shading was simulated over two sub-modules: each step 

increments the shade on 2.5%. The curves used present very distinct local maxima, 

having the absolute MPP shift to the lower voltage region after the eighth curve; that is 

at 22.5% shade.  

Figure 4.36 shows the results obtained for the three inverters with the set of curves 

previously described. In the figure, the working voltage, the MPP voltage and the voltage 

of the local maximum are represented. It can be seen how the MPPT correctly tracks the 

MPP until the MPP shifts to the lower voltage region. Once this occurs, the working 

point remains at the local maximum until the end of the experiment. During the 

experiment the working point has remained at a local maximum, different from the 

absolute MPP, for 12 minutes, accounting for an energy loss of x kWh.  
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Figure 4.36: Ingeteam (left) SMA (right).  

The second set of experiments was performed on DMPPT equipment: the Enphase 

microinverter and the SolarEdge and Tigo power optimizers. In this case the curves 

used to test the three products were the same with a total of 46 curves. The initial curve 

corresponds to a PV module with sixty cells in series (Vm = 30V) and three by-pass 

diodes (three sub-modules). The other 45 curves can be divided in three groups: shaded 

over the first, second and third sub-modules. Each of these fifteen curves increment the 

shaded percentage by 6%, from 0% to 90% over each sub-module.  

 

 

Figure 4.37 shows the working voltage, the voltage of the MPP and the voltage of the 

local maximum. It can be clearly seen that once the MPP shifts to a lower voltage the 

Enphase micro-inverter remains at the local maximum point, therefore not maximizing 

the energy output of the PV module. From the figure it can also be seen how once the 
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feature that have the Enphase micro-inverters called “Burst Mode” [Enphase, 2012]. 

Because at low powers the DC/AC conversion efficiency drops, the “Burst Mode” holds 

the available energy during one or more AC cycles (50Hz or 60Hz) and adds it to the 

next cycle’s energy, and then does the DC/AC conversion when it is more efficient. This 

way the conversion is done at a higher power, optimizing the conversion efficiency.  

 

 

 

Figure 4.37: Response of the 

Enphase micro-inverter’s 

MPPT algorithm to I-V curves 

with local maxima. Around 

minute seven the MPP shifts 

to a lower voltage (sub-module 

is by-passed) but it can be seen 

how the working point 

remains at the local maximum. 

In Figure 4.38 the results of the test applied to the SolarEdge optimizer are presented, 

which are a curious case to discuss. Just like in the case with the Enphase micro-inverter, 

when the MPP shifts to a lower voltage, at around minute four, the MPPT algorithm of 

the SolarEdge optimizer keeps following the local MPP. However, at a certain moment, 

close to minute six, the MPPT quickly jumps to the absolute MPP, at a lower voltage 

(equivalent to the loss of one sub-module since now one by-pass diode is in forward 

bias). The working point remains at the absolute MPP for some time but when the MPP 

again shifts to an even lower voltage (two sub-modules by-passed) around minute 9.5 

the MPPT algorithm stays at the second local MPP. Again, after some time the working 

point jumps to the absolute MPP. A few minutes pass at the MPP of lowest voltage (two 

by-passed sub-modules) and the module is set at Voc, around minute 15. From then on 

the module remains at Voc with brief voltage scans on the I-V curve.  

From a first glance at the behavior of the SolarEdge MPPT algorithm it could be 

concluded that it is capable of finding the absolute MPP in presence of local maxima but 

that it needs some time. However, this is far from reality. If we take a look at the output 
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-2 0 2 4 6 8 10 12 14
18

20

22

24

26

28

30

32

34

36

V
o

lt
a
g

e
 (

V
)

Time (min)

 Vmp (V)

 Vwp (V)

 Vlocal (V)



Chapter 6: Automatic fault diagnosis in PV systems with DMPPT 

 

118 

 

absolute MPP Vo reaches 5V; which is Vo_min for the SolarEdge optimizer. As has already 

been presented in section 3.3.2 and 4.1.2 and also shown in these results, a drop in Vo is 

caused by a drop in Ii. This causes that when Vo_min is reached the MPPT algorithm of 

the optimizers searches the I-V curve to see if a working point at a higher current is 

available. This occurs again the second time Vo_min is reached, at around minute 11, and 

the third time Vo_min is reached it does not occur because there are no points with higher 

currents since now all three sub-modules are shaded. From the results it can also be seen 

how everytime Vo_min is reached at a higher current. This is because each time the 

working voltage is lower which, because M(d) is the same19, causes a lower Vo for the 

same Ii. It should be noted that depending on the number of modules of the system and 

the working voltage of the modules, Vo_min might not be reached and thus the absolute 

MPP not found. Curiously, the limited output values of the optimizers, which is a 

limitation towards shadow mitigation, fixes another limitation, the non-possibility of 

the MPPT algorithm of finding the absolute MPP in presence of local maxima.  

 

Figure 4.38: Response of the SolarEdge power optimizer’s MPPT algorithm to I-V curves with local maxima. 

Around minute four the MPP shifts to a lower voltage (sub-module is by-passed) and the working point remains at 

the local maximum. However, at minute six, because Vo_min of the optimizer is reached, the working point shifts to 

the MPP, at a higher current. The same occurs when the second sub-module is shaded, and finally when the third 

sub-module is shaded, because there are no longer higher currents to shift to, the optimizer is by-passed, 

remaining the module at VOC. 

                                                      

19 Remember M(d) only depends on the current mismatch 
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4.4.2.34.4.2.34.4.2.34.4.2.3 Measurements in real PV systemsMeasurements in real PV systemsMeasurements in real PV systemsMeasurements in real PV systems    

To further validate the results obtained with the SAS, experiments have been performed 

in two real PV systems. The first system is one of the generators of Magic Box, the solar 

home used a test bank at the IES’s central facilities, and the second is a rooftop generator 

of the IES facilities in Vallecas, Madrid. Both generators are shown in Figure 4.39. 

        

Figure 4.39: The PV generators used for the MPPT experiments. Left- the generator at IES-Vallecas and right- the 

MagicBox. 

The two generators are composed of different types of modules, being the main 

difference the reverse  characteristics of the cells of each module. While the generator of 

Magic Box has modules with cells of low breakdown voltages, the generator at Vallecas 

is composed of modules with cells of high breakdown voltages. This causes the I-V 

curves of the generator at Vallecas to have much more abrupt local maxima than those 

of the generator at Magic Box, which in many cases will not even have local maxima, as 

is the case of Figure 4.40 where one cell of a module of each generator is shaded at 50%. 

This effect will influence the MPPT efficiency under shaded conditions as we will see in 

the results here presented.  

        

Figure 4.40: Measured I-V and P-V curves of a PV module with one cell shaded at 50% for the generators of Magic 

Box (left) and Vallecas (right).  
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The generator at Vallecas is made up of two parallel strings of twelve Siliken SLK 60 

P6L PV modules of 245W, connected to an Ingeteam Ingecon SunLite 5 inverter (one of 

the models used in the experiments with the SAS). However, for simplicity, during these 

experiments only one string was used. In addition, in order to see the effects of shading 

when having more or less modules in series, the string was modified from twelve to 

eight modules in series.  

4.4.2.3.d Measurements at Magic Box 

The measurements performed at Magic Box are aimed at showing the different 

effects that shading has over DMPPT systems and CMPPT systems. As has been 

predicted in section 4.4.2.1, the use of DMPPT systems can be worse than CMPPT 

systems if simple P&O algorithms are used at the MPPT. The reason behind this is that 

certain shades cause very distinct local maxima at module level but these local maxima 

disappear when the shaded module or modules are connected in series with other non-

shaded modules. For this reason, the CMPPT system will work at the absolute MPP 

while the DMPPT system’s working point can get “stuck” at a local maximum.  

The experiment conducted consists on applying a progressive shade (from 0% shade 

to 100% shade) to various cells of one sub-module and measuring the working voltage 

of the power optimizer to which this module is connected. Immediately after, the power 

optimizers are disconnected and the modules are connected in series to a central 

inverter. The same shade is applied to the same module and now the working voltage of 

the whole system is measured. 

The generator used is made up of twenty Isofoton I-110 PV modules connected in 

series to a SB 2000HF, one of the models used in the measurements with the SAS. When 

connected in the DMPPT system the modules are grouped in pairs, having two modules 

per power optimizer and totalling ten power optimizers. In this case it is the Solar Edge 

system that is used. 

Before starting each system and measuring the working voltage, I-V curves at 

different degrees of shade of the progressive shade applied were measured. These 

measurements allow comparing the working voltage to the MPP voltage and seeing if 

the inverter or power optimizer is working at the correct point. Figure 4.41 shows four 
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I-V curves at 25%, 50%, 75% and 100% of the progressive shade applied and the working 

voltage or input voltage to the power optimizer (Vi) during the experiment as well as the 

output voltage of the power optimizer (Vo).  

 

  

 

Figure 4.41: I-V and P-V curves at 25%, 50%, 75% and 100% of the progressive shade applied to one module and 

the input and output voltages of the power optimizer of the shaded module. 
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approximately 50% shade and from then on the absolute MPP is that of lower voltage 

(the by-pass diode is in forward bias). The curves also show how the MPP of higher 

voltage increases its voltage as the shade increases while the MPP of lower voltage keeps 

its voltage constant. The measured working voltage (Vi), which goes from 29V at no 

shade up to 34V, shows that the power optimizer is following the MPP of higher voltage 

up until almost the end of the measurement. This means that the MPPT is tracking the 

absolute MPP until approximately 50% shade (at 350 seconds) but from then on it fails 

to track the absolute MPP, remaining at the local MPP. Then, towards the end of the 

measurement, the working point drops in voltage to the absolute MPP. The point when 

this occurs coincides in time when the output voltage (Vo) of the power optimizer 

reaches its limit at approximately 5V. At this point, the power optimizer cannot keep on 

working and it automatically displaces the working point towards Isc, luckily finding the 

absolute MPP. It is important to emphasize that it is not the MPPT algorithm that finds 

the absolute MPP but this occurs due to a limitation in Vo of the optimizers and the 

working current and voltage relations between all optimizers. If, for example, there are 

less optimizers in the system or there are more shaded modules it could occur that the 

Vo limit is never reached and the absolute MPP never found. This same effect has also 

been found in the experiments with the SAS presented in section 4.4.2.2.c.  

Figure 4.42 shows the I-V and P-V curves of the twenty module generator for 12.5%, 

25%, 50% and 100% of the progressive shadow applied over one sub-module and the 

working voltage of the inverter during the progressive shading. It can be seen how none 

of the curves present distinct local maxima that could obstruct the MPPT algorithm 

from finding the absolute MPP. The working voltage shows that there is a short period 

when the voltage is increasing, up to approximately 305V, but that it quickly descends to 

the absolute MPP at 280V. This short time when the voltage is increasing is from 0% 

shading up to around 10-15% shading where it is still more power beneficial to reduce 

the current of the non-shaded cells than to lose a whole sub-module. 
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Figure 4.42: I-V and P-V curves at 12.5%, 25%, 50% and 100% of the progressive shade applied to one module and 

the working voltage of the inverter. 

From these measurements, where the same shade is applied to a module in a central 

MPPT and a DMPPT system, show how the difference between finding and not finding 

the absolute MPPT can be due only to the shape of the I-V curve that the MPPT 

algorithm is seeing and that DMPPT systems are more prone to MPPT problems in 

presence of shading.  
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MPPT BEHAVIOR AT INVERTER START-UP UNDER SHADED CONDITIONS 

As has been predicted in section 4.4.2.1 and measured with an SAS in section 

4.4.2.2.b, large shadows over PV generators at invert start-up can cause a simple P&O 

MPPT algorithm to not work at the absolute MPP. In order to verify this, the same 

generator from MagixBox has been used during the morning hours were it is heavily 

affected by a nearby tree, as can be seen in Figure 4.39. During two consecutive days, 

with nearly identical irradiance, the power output has been measured with the generator 

connected to an SMA SB2000HF inverter, with and without the opti-track option, being 

the results shown in Figure 4.43.  

  

Figure 4.43: Production curves (left) of one of the MagicBox generators affected by morning shaded with an 

SB2000HF with and without the optiTrac option enabled and (right) working voltage in each of the two cases. 

It can be clearly seen how the system with the opti-track option starts producing 

earlier than the system without opti-track. It can also be seen how the system without 

opti-track outputs an almost constant power until around 12:20 when it quickly rises 

from 200W to 1000W. This moments coincides with the quick voltage change that can 

be seen in Figure 4.43-right. The measurement also shows how the system without 

optiTrack, during the time when its power is lower, is working at a higher voltage. This 

means that there are local maxima present and the system without optiTrack is stuck at 

a lower producing maximum point while the system with optiTrack is working at the 

absolute MPP. When the shadows are no longer cast over the generator, or only in a 

small amount, both systems start to work at the same voltage and output the same 

power. The energy gain obtained in this shading situation with the optiTrack option is 

of 430Wh, which accounts for an extra 5.1% of the total daily energy generation without 

optiTrack.   
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4.4.2.3.e Measurements at IES-Vallecas 

The measurements performed at Vallecas aim at verifying what the theory that the 

reverse characteristics of the shaded cells and the number of modules connected in 

series determine the shape of the I-V curve and therefore influence the operation of the 

MPPT to the point of determining whether the absolute MPP is found or not found. As 

was already shown in Figure 4.40, the reverse characteristics of the modules at Vallecas 

cause more distinct local maxima to appear. For these experiments two different strings 

were used: one with eight and one with twelve Siliken SLK 60 P6L modules and different 

progressive shading was applied to a different number of cells from different sub-

modules. The inverter used is the Ingeteam Ingecon SunLite 5, one of the models tested 

with the SAS in section 4.4.2.2. 

 

 

Figure 4.44: I-V and P-V curves of the eight module string with all ten cells from one sub-module shaded at 50% 

and 100% and the working voltage during the progressive shade applied (from 0% to 100%) to these ten cells,  
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Figure 4.44 shows the I-V and P-V curves of the eight module generator when ten 

cells of the same sub-module are shaded at 50% and 100% as well as the working voltage 

of the system during the progressive shade applied from 0% to 100%. This example is 

comparable to the experiment at Magic Box shown in Figure 4.42. The difference from 

both examples is that in this case the inverter’s MPPT does not find the absolute MPP 

while with the modules of Magic Box the inverter does find the absolute MPP. This is 

basically due to the reverse characteristics of the cells of each module type, which in this 

case create more distinct local maxima in the I-V curve.  

In the next experiment, the two lower cells of two modules (six sub-modules) were 

progressively shaded from 0% to 100%, simulating an incoming shadow from below, 

similar to the one produced from inter-row shading or from shading due to a tracker 

directly in front. Figure 4.45 shows the I-V and P-V curves at 0%, 25%, 50% and 100% 

shading over these two cells and the working voltage of the inverter during the 

progressive shading. From the results it is clear that in this case the inverter also fails to 

track the absolute MPP. 
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Figure 4.45: I-V and P-V curves at 0%, 25%, 50% and 100% shading over six sub-modules in an eight module 

generator and the working voltage of the inverter during the progressive shading. It can be seen how the inverter 

fails to track the absolute MPP remaining at a local maximum. 

In order to analyse the influence of having more modules in series, the same shade as 

in the example of Figure 4.45 was applied to a generator of twelve modules connected in 

series. As was already presented in 4.4.2.1, systems with more modules in series are less 

prone to develop distinct local maxima for the same degree of shading. This is verified 

with these measurements and presented in Figure 4.46, where it can be clearly seen that 

in this case, for the same cell as in the previous example but with more modules 

connected in series, the inverter does finally track the MPP. Although it is true that this 

does not occur until almost the end of the measurement, it is very important that it does 

occur because once the MPPT is stuck at a local MPP it will not leave this point until the 

shadow exits the generator. 
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Figure 4.46: I-V and P-V curves at 0%, 25%, 50% and 100% shading over six sub-modules in a twelve module 

generator and the working voltage of the inverter during the progressive shading. It can be seen how in this case 

the inverter does find the absolute MPP. 

Finally, one last example where shading is applied to three modules (nine sub-

modules) of the twelve module generator shows that in this case (larger percentage of 

shaded sub-modules) the MPPT again fails to track the absolute MPP. 
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Figure 4.47: I-V and P-V curves at 50% and 100% shading over nine sub-modules in a twelve module generator and 

the working voltage of the inverter during the progressive shading. In this case, again the inverter fails to track the 

absolute MPP. 
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algorithm to shift to a lower voltage during the incoming process and when 

distinct local maxima are present (at the end of the incoming process) the 

working voltage is at the absolute MPP. Again, this is more probable to occur in 

PV generators than in individual modules. 

• Shadows affecting the PV generator at start-up are probable to cause very 

distinct local maxima to appear on the I-V curve as, due to the low elevation of 

the sun, these shadows tend to cover a large part of the generator. In this case, 

inverters tend to not find the absolute MPP, remaining at a low power local 

maxima until the shadow exists the generator.  

• Most of the MPPT algorithms that have been tested fail in finding the absolute 

MPP. What is even more disturbing is that all MLPE MPPT algorithms fail at 

finding the absolute MPP in presence of local maxima. One of the main aims of 

this technology is the mitigation of the power losses caused by shading and the 

fact that they fail in finding the absolute MPP in presence of local maxima is very 

contradictory. 

4.4.34.4.34.4.34.4.3 MMMMEASUREMENT PROTOCOL EASUREMENT PROTOCOL EASUREMENT PROTOCOL EASUREMENT PROTOCOL PROPOSAL FOR TESTINGPROPOSAL FOR TESTINGPROPOSAL FOR TESTINGPROPOSAL FOR TESTING    MPPTMPPTMPPTMPPT    ALGORITHALGORITHALGORITHALGORITHMSMSMSMS’’’’    
CAPABILITY OF FINDINCAPABILITY OF FINDINCAPABILITY OF FINDINCAPABILITY OF FINDING G G G ABSOLUTE ABSOLUTE ABSOLUTE ABSOLUTE MPPMPPMPPMPPS IN PRESENCE OF LOCS IN PRESENCE OF LOCS IN PRESENCE OF LOCS IN PRESENCE OF LOCAL AL AL AL 

MAXIMAMAXIMAMAXIMAMAXIMA    

At present, the only international standard that focuses on measuring the MPPT 

efficiency of PV inverters is the European Standard EN 50530:2010 of title: Overall 

efficiency of grid connected photovoltaic inverters [CENELEC, 2010]. This standard 

proposes the measurement of the static and dynamic MPPT efficiency of PV inverters. 

However, nothing related with I-V curves with local maxima is proposed anywhere. 

Previous measurements of different MPPT algorithms of commercial products have 

returned poor results (none so far can find the absolute MPP in presence of local 

maxima), which can cause large power losses in presence of shadows; added these to the 

losses due to lower irradiance causes by the shadow. For this reason, from the Instituto 

de Energía Solar we propose a testing protocol for testing the MPPT’s capabilities of 

inverter’s, micro-inverters and power optimizers to find the absolute MPP in I-V curves 
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with local maxima. We are also studying the possibility of including this protocol, or a 

similar one, in the future IEC standard for testing the efficiency of PV inverters. 

This protocol proposes two different experiments: at inverter start-up and during 

normal operation. Normally, during start-up, MPPT algorithms tend to either search 

the whole MPPT range or start directly at 80% of VOC, sometimes allowing for the 

absolute MPP to be found in this case. During operation, if local maxima appear a P&O 

algorithm will normally not find the absolute MPP. 

4.4.3.14.4.3.14.4.3.14.4.3.1 Testing at inverter startTesting at inverter startTesting at inverter startTesting at inverter start----upupupup    

The experiment at inverter start-up aims at reproducing a situation in which the PV 

array is shaded in the morning and when the inverter starts the I-V curve of the PV 

generator contains local maxima. The test should use at least two curves in which one of 

them the transition point from the local maximum region to the absolute MPP is at a 

point higher than 80%, like that of Figure 4.48-left, and another at which this point is 

below 80%, like that of Figure 4.48-right. If the absolute MPP is found in the case of 

Figure 4.48-right, then the transition point should be lowered by the same amount of a 

voltage drop due to a diode being in forward bias (~ 10V) until the absolute MPP is not 

found or until the end of the MPPT range of the inverter under test. For this 

experiment, there should always be a higher power point than the local maximum inside 

the MPPT range, but the absolute MPP can be outside of the MPPT range of the 

inverter. 

 

Figure 4.48: Examples of I-V and P-V curves for testing the inverter at start-up.  
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The curve should be left active until the working point stabilizes at a local maximum 

or at one of the MPPT range limits. And from this moment the curve should be kept 

active for at least another 10 minutes. 

4.4.3.24.4.3.24.4.3.24.4.3.2     TestinTestinTestinTesting during normal operationg during normal operationg during normal operationg during normal operation    

The experiments during normal operation aim at simulating the effect of a shadow 

entering the PV array at a time after start-up, i.e. at midday or during the afternoon. The 

input to the SAS should be a set of curves in which the first curve is a normal I-V curve, 

i.e. with no local maxima, and the following curves present gradual shading over at least 

two sub-modules. The gradual shading of each curve should be kept small enough (in 

reality this is infinitesimally small) so that the increase of voltage of the transition region 

does not enter the MPPT voltage step of the working point, giving thus the possibility of 

passing the transition point in a non-realistic manner. This depends on the number of 

shaded sub-modules. An example of a set of curves used for this experiment is shown in 

Annex A. 

The first curve should be left active long enough so that the inverter find the MPP 

and is stable. The time that the rest of the curves should be left on depends on the 

shadow that is simulated. The time that passes between the first curve and the last curve 

depends on the distance that the object is from the PV generator. As an example we can 

think that the time between the first curve and the last curve is in a range from 5-15 

minutes in a wide range of obstacles. This said, the time each of the following curves 

should be left active is in the range of 15-45 seconds; this considering this twenty curve 

example. It is important to note that because of the diffuse radiation, at the last curve 

there is always a local maximum which corresponds to 85-90% shading.  

4.54.54.54.5     HHHHOTOTOTOT----SPOT MITIGATION IN SPOT MITIGATION IN SPOT MITIGATION IN SPOT MITIGATION IN PVPVPVPV    ARRAYS WITH ARRAYS WITH ARRAYS WITH ARRAYS WITH DMPPTDMPPTDMPPTDMPPT    

4.5.14.5.14.5.14.5.1 TTTTHEORETICAL ANALYSISHEORETICAL ANALYSISHEORETICAL ANALYSISHEORETICAL ANALYSIS    

This analysis supposes that the MPPT algorithm of the inverter, micro-inverter or 

power optimizer always finds the absolute MPP. As we have seen in the previous section 
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this is not always true. However, we could say that it occurs most of the time in central 

MPPT systems, especially when only one or few cells are shaded, as would be the case 

here, and as the number of modules in series increases. In the case of DMPPT it is more 

probable that the absolute MPP is not found and this, despite the power loss, would 

actually benefit the hot-spot mitigation with DMPPT. So, in conclusion, we could say 

that what is presented here is a worst case benefit of hot-spot mitigation with DMPPT 

and the shading percentages for which DMPPT is hot-spot free could actually be higher, 

while those of central MPPT should not change in most situations. 

4.5.1.14.5.1.14.5.1.14.5.1.1 TheoryTheoryTheoryTheory    

When a solar cell is partially shaded, generally, two situations can occur: 

a) the shaded cell works in reverse bias and matches the current of the non-

shaded cells 

b) the non-shaded cells reduce their current to match that of the shaded cell's. 

Each of these possibilities creates a local MPP and the MPPT algorithm polarizes the 

array or module at the global MPP. In turn, this depends on the number of sub-modules 

for which the MPPT algorithm is applied and the amount of shade applied to the cell.  

As an example we can consider a ten module PV generator with three by-pass diodes 

per module. If a cell is shaded by 20%, and the rest of the cells lower their current, a 20% 

power loss occurs in both a DMPPT system and a classic MPPT system. On the other 

hand, if the shaded cell is in reverse bias, and its negative voltage is enough to polarize 

the diode in forward bias, the power from a whole sub-module is lost. In a central 

MPPT system, the MPPT algorithm will detect a loss of approximately 1/30 (one sub-

module out of 30) of the power and with DMPPT the algorithm detects a power loss of 

approximately 1/320, since it is now at module level and there are three by-pass diodes. 

With DMPPT the algorithm will "choose" to reduce the current of the non-shaded cells 

while with central MPPT, the algorithm will "choose" to lose the power from a sub-

                                                      

20 Note that in the global system the power loss in the same in both systems. 1/3 in one module out of 

ten is the same as 1/30. 
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module, meaning that the shaded cell will work in reverse bias with little shading in 

CMPPT but a larger shade is needed for this with DMPPT.  

However, further considerations should be taken: 

1) the shaded cell has some margin until it works in reverse bias: from IM to ISC, 

related to the shunt or parallel resistance, RP.  

2)  If the non-shaded cells reduce their current they are also increasing their 

voltage, so the power lost is not exactly equal to the current reduction and it 

depends on the slope of the I-V curve from VM to VOC, which is related to the 

series resistance, RS, of the cells.  

3) The reverse characteristics of the shaded cell(s) will affect the power lost by 

the sub-module when the shaded cell(s) work(s) in reverse bias and, therefore, the 

decision of the MPPT algorithm. 

In order to analyze all these effects a series of simulations have been performed with 

different PV modules and with cells of different reverse characteristics. 

4.5.1.24.5.1.24.5.1.24.5.1.2 SimulationsSimulationsSimulationsSimulations    

These simulations have been performed with the real I-V curves of two different PV 

modules. Module-1 is made up of 60 mono-crystalline solar cells in series and three by-

pass diodes and Module-2 of 72 poly-crystalline solar cells in series and four by-pass 

diodes. For each module type, ten modules are connected in series for the central MPPT 

simulations. 

Both modules’ I-V curves and their characteristic values are presented in Figure 4.49. 

Module-2 is the module that is used in the “in-field analysis” in section 4.5.2. From the 

curves it can be seen that Module-2 has a lower fill factor (FF), having both a lower Rp 

and a higher Rs. These factors will influence the results of the simulations as seen further 

on in this same section.  
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Figure 4.49: Real I-V curves of the modules used for the simulations and their main characteristics. Module-1 (left) 

and Module-2 (right).  

The cell's reverse I-V curve has been modeled with equation 1, proposed in [Alonso-

García and Ruíz, 2006]. 
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[1] 

Where Be is a non-dimensional cuasi-constant parameter with value ≈ 3, Vb is the 

breakdown voltage, φT is the built-in junction voltage (not to be used as an adjustable 

parameter, using a typical value of φT =0.85 for silicon cells of unknown 

junction structure.), and Gp is the shunt conductance. The addition of the parabolic 

term c (c < 0) is used in cases where the linear fitting is not sufficient. This equation is 

valid for different types of cells and it can be adapted to each cell by changing Vb and c. 

Large differences have been found in the reverse characteristics of solar cells in the 

same module [Alonso-García,Ruiz et al., 2006a]. These differences will affect the 

negative voltage at which each cell is biased and, therefore, the power lost by the system 

as well as whether the MPP is located at a point where the shaded cell is in reverse bias 

or not. For the two previous modules, the reverse characteristics of two cells have been 

obtained by shading these cells in different percentages, measuring the I-V curve of the 

module and then matching the simulated I-V curve with the measured one. This 

method was already presented and validated in [Solórzano-Moral,Masa-Bote et al., 

2013], using the same module as Module-1. The values obtained are: VB = -27V and c =-

0.0055 for “Module 1” and VB = -6.5V and c =-0.005 for “Module 2”. Both modules 

present clear differences in their I-V curves and in the reverse characteristics of their 
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cells. Simulations have been carried out considering these differences and quite different 

results are obtained for each case. 

The procedure for the simulations is to consider all cells from both modules to be 

equal, obtaining its I-V curve by simply dividing the voltage of the module’s I-V curve 

by the number of cells in series. To the I-V curve of each cell, its I-V curve in reverse 

bias, obtained with equation 1, is added. Then, the shaded cell’s current is decreased by 

the same percentage as the amount of shading applied and all the cells are added in 

series considering the diodes in the modules and the I-V curve of the shaded module is 

obtained. By adding in series the I-V curves of ten modules, the I-V curve of the 

generator is obtained. 

For finding the shaded cell’s working point, Vm_c and Im_c, first the MPP of the module 

or generator (for DMPPT and central MPPT respectively) is obtained. We then consider 

that the current of the generator’s MPP is the same as that of the shaded cell and we find 

the working voltage of the shaded cell. If this voltage is not negatively large enough to 

forward bias the diode (as is the case with Module-2), this remains as the shaded cell’s 

working point. If it is negatively large enough (Module-1), then the sub-module is 

isolated and considered to have a working voltage of -0.6V. Then, considering that the 

current through the shaded cell and the non-shaded cells under the same diode must be 

the same and that their voltages must add -0.6V, the working point of the shaded cell is 

obtained. 

Figure 4.50 and Figure 4.51 show the working voltage of the shaded cell and its 

dissipated power as a function of the amount of shading for Module-1 and Module-2 

respectively. It can be observed how there is an initial region where the shaded cell 

works in forward bias in both systems, region which depends on the difference between 

ISC and IM of each module; being it close to 12% for Module-1 and 17% for Module-2. In 

both cases, the MPP is found at a point where IM is slightly reduced, expanding the range 

until the shaded cell works in reverse bias (note that the ratio between ISC and IM is ∼8% 

and 14% respectively).   

In both modules, after the initial region, 12% and 17% shade respectively, the cells in 

the central MPPT system start working in reverse bias and start to dissipate power. In 

the case of Module-1, the cell starts working in reverse-bias increasing its negative 
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voltage and the dissipated power until it reaches a high enough negative voltage that 

places the diode in forward bias, at approximately -10.5V. At this point the diode limits 

the power dissipated by the shaded cell, accomplishing its function. Since the negative 

voltage at which the shaded cell is biased remains almost constant, due to the -0.6V 

imposed by the diode, as the shade increases its working current decreases21 and 

therefore the dissipated power also decreases, reaching a value of 0W at 100% shade. In 

the case of Module-2, since the maximum negative voltage of the shaded cell is not high 

enough to forward bias the diode, the dissipated power is always increasing and the 

working voltage always negatively increases until almost its maximum -6.5V (Figure 

4.51). 

In Module-1, from 12% to 48% the cell in the DMPPT system keeps on working in 

forward bias and does not dissipate any power, being, therefore, hot-spot risk free 

(Figure 4.50-right).  

It should be noted that this range of shade is for which the cell in the CMPPT system 

dissipates the most power (see Figure 4.50), because the by-pass diode works 

progressively in reducing the dissipated power. So, in this case, not only does the system 

with DMPPT eliminate a shade range of possible hot-spots but it eliminates the worst 

range. This occurs in modules with cells that have large breakdown voltages or high 

shunt resistances 

From 48% onwards there is no difference in using central MPPT or DMPPT.  

In Module-2, due to the difference in reverse characteristics of the shaded cell and to 

the larger number of by-pass diodes the range for which the shaded cell in the DMPPT 

system keeps on working in forward bias is much lower, from 17% to 28%. In addition, 

because the shaded cell’s breakdown voltage is not high enough to polarize the by-pass 

diode in forward-bias, it never works in reducing the dissipated power, being it always 

                                                      

21 The lower current causes the non-shaded cells to slightly increase their voltage 

which in turn slightly increases the negative voltage of the shaded cell, from -10.5V to -

12V approximately.   
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incremental, as opposed to the previous case. Also, because the Vb of the shaded cell is 

lower, the maximum dissipated power is lower than the case for Module-1, although 

this isn’t always synonymous to dissipating less heat as shown in [Alonso-

García,Herrmann et al., 2003] and further experiments should be undertaken in this 

area. 

   

Figure 4.50: Comparison of the working voltage (solid line) and the power dissipated (dashed line) of the shaded 

cell in Module-1 in a ten module system for central MPPT (left) and DMPPT (right). With central MPPT the 

switch from forward to reverse bias is at 12% shade while with DMPPT it is at 48% shade. 

  

Figure 4.51: Comparison of the working voltage (solid line) and power dissipated (dashed line) of the shaded cell in 

Module-2 in a ten module system for central MPPT (left) and DMPPT (right). With central MPPT the switch from 

forward to reverse bias is at 17% shade while with DMPPT it is at 28% shade.   

Further simulations were conducted mixing the characteristics of both modules and 

adding new supposals, showing the results in Table 4.4. The table shows the percentage 

that a cell can be shaded before working in reverse bias for central MPPT and DMPPT 

systems. After these percentages of shade, the cell will work in reverse bias in both 

systems. It can be seen that in all cases the maximum shading that a cell can handle 

before working in reverse bias is higher in DMPPT systems. Having an shadow range 
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where the shaded cell or cells do not work in reverse bias could solve hot-spot problems 

like those identified in [Lorenzo,Moretón et al., 2013].  

Table 4.4: Maximum possible shade over one cell while it continues to work in forward bias.  

 Maximum Shade 

 MPPT DMPPT 

Mod-1, Vb = -6.5V, diodes = 3 8% 19% 

Mod-1, Vb = -27V, diodes = 2 12% 62% 

Mod-1, Vb = -27V, diodes = 4 12% 40% 

Mod-2, Vb = -27V, diodes = 4 20% 47% 

Mod-2, Vb = -27V, diodes = 3 20% 55% 

Mod-2, Vb = -6.5V, diodes = 3 17% 27% 

Mod-2, Vb = -27V, diodes = 2 20% 66% 

From the previous results and those shown in Table 4.4, it can be concluded that 

DMPPT is more beneficial against hot-spot problems in modules with a lower number 

of by-pass diodes and with a lower RS as is the case with Module-1 (see Mod-1, Vb = -

6.5V, diodes = 3 vs Mod-2, Vb = -6.5V, diodes = 3), as well as in cells with higher 

breakdown voltages. A lower RP means that more shade is needed for the cell to work in 

reverse bias, in both central MPPT and DMPPT. 

This, however, does not necessarily mean that fewer diodes should be used in PV 

modules or that cells should be manufactured with lower FFs. The first point could be 

valid but it should be further investigated and the second point will cause a loss in 

efficiency which generally is worse than having a hot-spot. The second point could be 

valid when a very robust system is preferred over an efficient one. 

4.5.24.5.24.5.24.5.2 IIIIN FIELD ANALYSISN FIELD ANALYSISN FIELD ANALYSISN FIELD ANALYSIS    

The experimental verification has been conducted at the rooftop of the Institut 

National de l'Energie Solaire (INES) in Chambery, France, at midday and in the month 

of February 2013. The string used for the tests consists of ten PV modules of the same 

model as Module-2 used in the simulations. Two different experiments were carried out: 

a) The string was connected to an inverter with a centralized MPPT and a solar cell 

in one of the ten modules shaded at different percentages. At each shading step, 

module voltage measurements and thermo-graphic images were recorded.  
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b) The string was connected in a DMPPT system (each module to a power 

optimizer) and the same solar cell was shaded with the same pattern as before. 

Again, module voltage measurements and thermo-graphic images were 

recorded. 

During the experiment the shaded cell was monitored until it reached a stable 

temperature value, considered as the maximum value and I-V curves were recorded. 

During each shade step the cell was given enough time to cool down to the temperature 

of the non-shaded cell and the I-V curves were compared to those of the simulations 

with good agreement.  

Table 4.5 shows the working voltage (corrected in temperature) of the shaded 

module with central MPPT and DMPPT and the temperature difference between the 

shaded cell and the non-shaded cells. The results agree with what was exposed in the 

theory, showing that the shaded cell does not heat up more than the non-shaded cell 

until over 25% shading, that the non-shaded cells increase their voltage when shading is 

applied (the current is, therefore, reduced) and also shows an approximate 5-5.5V drop 

in the module at 90% shade.  

Table 4.5: Corrected working voltage of the shaded module and temperature difference between the shaded cell 

and the non-shaded cells, with central MPPT and DMPPT 

 MPPT DMPPT 

Shading (%) Vmod ∆T (ºC) Vmod ∆T 

0 32.5 0 32.5 0 

10 33 2 33 0 

20 31 18 33.5 1 

25 30 18 35 1.9 

40 29.4 19 29.7 2 

50 28.3 20 28.5 19 

75 28.1 20 28.2 20 

90 27.1 19 27.5 20 

 

For the DMPPT system there are shades where a temperature difference is noticed 

although the shaded cell is not in reverse bias. However, it is a small difference, 1-2ºC, 

which can be considered negligible. It could however be because the same amount of 

current is passing through a smaller area of cell than in the non-shaded cells. Although 

the dissipated power by the shaded cell increases as the shade increases, no significant 

increase in temperature difference was observed. For all shading percentages the 
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temperature difference was practically the same. This could possibly be because of the 

low breakdown voltage of this cell in particular. 

Figure 4.52 and Figure 4.53 show thermo-graphic images for 25% and 50% shade 

with and without DMPPT. It can be seen that for 25% shade the cell in the DMPPT 

system is not hotter than the other cells. However, with 50% shade, the cells in both 

systems are heated by practically the same amount. Although the temperatures are not 

very high, it should be noted that the measurements were taken in February in the 

French Alps and that these temperatures will be much higher in PV systems in southern 

Europe during the summer or other warm locations. 

                       

Figure 4.52: Thermographic images of shading over 25% of one cell for DMPPT (left) and central MPPT (right) 

                         

Figure 4.53: Thermographic images of shading over 50% of one cell for DMPPT (left) and central MPPT (right) 

4.5.34.5.34.5.34.5.3 CCCCONCLUSIONSONCLUSIONSONCLUSIONSONCLUSIONS    

The effect of partial shading over one cell of a PV generator with central MPPT and 

DMPPT has been analyzed theoretically for modules with different characteristics and 

validated experimentally with one of the module types used for the simulations. The 

results show three different shading areas.  
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There is an initial area in which the shaded cell is not affected by hot-spots in either 

system. This depends on the difference between ISC and IM and, in turn, on the RP.  

A second area exists where central MPPT systems are affected by hot-spots and 

DMPPT systems are not. This area depends on the reverse characteristics of the shaded 

cell (mainly the breakdown voltage), the number of by-pass diodes and the RS. This area 

is larger for modules with a lower number of by-pass diodes and with a lower RS, as well 

as in cells with higher breakdown voltages. In one of the examples presented with real 

modules it ranges from 12% to 48%, meaning that cells of this module can handle up to 

48% shade before working in reverse bias. And, in one of the simulations with supposed 

modules it goes up to 66%. In addition, for shaded cells with high breakdown voltages, it 

is in this area of shade where the power that must be dissipated by the shaded cell in a 

central MPPT system is the highest, being it avoided in DMPPT systems.  

Finally there is a third area where both systems are equally exposed to being affected 

by hot-spots and where the effect over the shaded cell is the same in both systems. In 

this area DMPPT has no benefit over central MPPT. 

It has been shown that, in general, DMPPT systems are less prone to hot-spots, 

increasing the system’s reliability and avoiding possible hot-spots in real PV systems like 

those pointed out by [Lorenzo,Moretón et al., 2013]. This is especially interesting for PV 

systems with little or difficult maintenance, like small rooftop PV systems (DMPPT's 

natural market).  

 

        



 

 

 

5555 EEEENERGY GAINS IN NERGY GAINS IN NERGY GAINS IN NERGY GAINS IN PVPVPVPV    SYSTEMS WITH SYSTEMS WITH SYSTEMS WITH SYSTEMS WITH DMPPTDMPPTDMPPTDMPPT    

5.15.15.15.1 INTROINTROINTROINTRODUCTIONDUCTIONDUCTIONDUCTION    

Photovoltaic systems in the urban environment are known to be more affected by 

shadows and dirt than ground mounted systems. These effects will cause losses due to 

less received radiation and will also cause losses due to mismatch between modules and 

an ineffective CMPPT. The use of DMPPT at module level, whether power optimizers 

or micro-inverters, allow the independent MPPT of each module, solving part of the 

problems related to partial shadows, dirtiness or mismatching and making it possible to 

connect PV modules with different characteristics and tilt or orientation angles. 

The common denominator in the claims made by these companies is the extra 

electricity produced by the use of their products, some claiming “extra power yields up 

to 30%” and others even claiming “up to 25% extra energy harvests”.  

In different works [Orduz,Solórzano et al., 2011a; Podewils and Levitin, 2011; 

Solórzano,Egido et al., 2010], various experimental tests have been performed that verify 

punctual power improvements due to different shading profiles. Various power 

improvement factors, normally around 10-15% but also up to 34%, can be observed as a 

function of the shade applied, the proportion of affected and non-affected modules, and 

also the interconnection of the modules; series connected strings are more vulnerable 

than parallel connected ones. 
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To conclude whether the system is profitable or not further energetic and economic 

analysis must be carried out. The claim of up to 25% additional energy harvest is 

difficult to believe considering converter efficiency, non-static shading, shading at non-

peak irradiance hours, etc, and more critical views [Rogalla,Burger et al., 2010] claim 

that with a 21% power increase, which is similar to the ones observed, only a 1% annual 

energy gain will be obtained. 

All of these improvement factors depend greatly on the effect of shading on PV cells 

and the mismatch between them, which at the same time depend on their reverse 

characteristics. In other works, simulation models and experimental studies of the 

effects of shading on the I-V curve of a module have been conducted [Alonso-

García,Ruiz et al., 2006a; Silvestre and Chouder, 2008], and these, combined with the 

analytical models and field results previously presented [Orduz,Solórzano et al., 2011a], 

have served as the base for a simulation model of the behaviour of PV generators with 

DMPPT converters. 

This chapter presents a very detailed and precise simulation model for the estimation 

of possible energy improvements with the use of DMPPT techniques, as well as its 

verification, and simulation results of different PV generators with different shading 

patterns and module characteristics. At first, ideal energy gains are calculated, in which 

no differentiation is made between power optimizers and micro-inverters and which 

resulted in the following publication [Solórzano,Masa et al., 2011].  

In a second part, the efficiency of the MLPE and inverters was introduced as well as 

the restriction due to limited conversion limits (section 3.5) of power optimizers and the 

inefficiency of MPPT algorithms in presence of local maxima (section 4.4.2). With the 

introductions of these parameters, new and more realistic energy gains were calculated 

as well as the losses due to each of these factors.  

A third part presents the results obtained from experiments with a real PV system,  
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5.25.25.25.2 DDDDESCRIPTION OF THE MOESCRIPTION OF THE MOESCRIPTION OF THE MOESCRIPTION OF THE MODDDDELELELEL    

The different tests that have been performed on DMPPT techniques in 

[Orduz,Solórzano et al., 2011a; Podewils and Levitin, 2011; Solórzano,Egido et al., 2010] 

have all been performed with real products and under real conditions. In 

[Orduz,Solórzano et al., 2011a] and [Solórzano,Egido et al., 2010] the devices were 

tested under real sun conditions and the whole generator, while under the same shade 

and practically at the same irradiance and temperature, was quickly switched from 

DMPPT to MPPT and the power improvement was recorded. In [Podewils and Levitin, 

2011], thanks to the use of a large sun simulator, the tests were conducted in the 

laboratory and two generators were used, one with power optimizers and one without. 

However, these techniques are only suitable for measuring punctual power 

improvements and not for energy improvements over an extended period of time with 

varying irradiation and sun position. 

In order to perform energy improvement tests under real conditions, two exact 

generators (two sets of identical I-V curves) under the exact same shading pattern and 

exposed to the same irradiance and temperature have to be under test for at least one 

year to consider all of the sun’s positions and different irradiance and temperature 

conditions. Even if the exposed requirements are met, needing one year for each 

shading pattern makes this process not practical. In addition, these tests will be limited 

to weather patterns of only one location. 

With the above exposed, it seems reasonable that a suitable model for simulating 

energy gains with DMPPT should be developed. For a detailed and precise analysis this 

model should consider, at least, the following points: 

• The sun’s relative position for a whole year with respect to the location (mainly 

latitude) of the generator 

• Direct and diffuse components of the solar radiation every time period 

• The shading profile on each module down to the cell level. 

• The distinct I-V curve of each module of the generator. 
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• The reverse characteristics of the I-V curve: these, when a cell is shaded, 

influence the I-V curve of the whole module and, therefore, that of the whole 

generator. 

5.2.15.2.15.2.15.2.1 SSSSOLAR RADIATION MODELOLAR RADIATION MODELOLAR RADIATION MODELOLAR RADIATION MODEL    

The radiation data for Madrid used for this model comes from a weather station 

installed on the roof of the Instituto de Energía Solar (IES) building at Madrid, Spain: 

exactly at 40.5ºN and 3.7ºW. For this model, one minute interval values of direct 

horizontal radiation, B(0), diffuse horizontal radiation, D(0), and air temperature, Ta, are 

used. These values are averaged according to the time interval of the simulation.  

The radiation data used for the Stuttgart location was obtained from Meteonorm. 

Hourly values of B(0), D(0) and Ta were obtained from the program. 

These data are then converted to the tilt and orientation angles of the generator, with 

basic trigonometry for the beam radiation [Muneer, 2004] through equation (5.1). 

 G(�, �) = G(0) ∙ max	(0, Ba���)Ba����  (5.1) 

Where cosθS is the incidence angle of the sun’s rays over the surface and cosθZS is the 

zenith angle. 

The calculation of  the diffuse component over the PV generator is calculated  using 

the Perez model for the diffuse radiation [Perez,Seals et al., 1987]. The governing 

expression in Perez’s model is given in equation (5.2). The terms in brackets represent 

radiation, in the following order: from the background, from the circumsolar region, 

and from the horizon. k3 and k4 represent the contributions of the circumsolar and 

horizon regions to diffuse irradiation. a and c are, respectively, the values of the solid 

angle of the circumsolar region as seen from a surface with slope β and from a 

horizontal surface. 

 y�(∝, �) = y�(0) �(1 � ��) (1 � Ba��)2 � �� +B � ���^��� (5.2) 
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With the exception of snowy grounds or vertically placed modules, the contribution 

of the reflected component is very small. For this model, the reflected component has 

not been considered. 

The global radiation over the PV generator’s surface is obtained with the sum of the 

two components as is equation (5.3). 

 �(∝, �) = G(∝, �) � y(∝, �) (5.3) 

Shadows will affect each of these components in a different way, which is explained 

in the following section. 

5.2.25.2.25.2.25.2.2 SSSSHADING PROFILE MODELHADING PROFILE MODELHADING PROFILE MODELHADING PROFILE MODEL    

The shading profile module aims to characterize the shadows that affect each 

individual cell of the PV generator.  

First of all, the obstacles surrounding the PV generator must be characterized. For 

every obstacle, the position of its relevant points relative to one point of the surface of 

the PV generator is used. The obstacle profile, defined in equation (5.4) , can be 

obtained from this collection of points.  

 4T(�, �) = F1; (�, �) ∋ a��U+B��0; aUℎ���^�� ; � = ��180,180�, � = �0,90� (5.4) 

The obstacle profile is a two dimensional function which describes the location of 

obstacles in the sky dome; a point in the sky dome is assigned the value of 1 if an 

obstacle is present or a value of 0 if the point is free of obstacles. The sky dome is 

defined in terms of azimuth, ranging from -180º to 180º, and elevation, from 0 to 90º. 

The obstacle profile contains all the information necessary to evaluate shadows and, 

therefore, estimate effective irradiation for the location at which it has been defined. 

In ¡Error! No se encuentra el origen de la referencia. a representation of how the 

shadow profile is calculated for a whole PV generator and the shadow profiles obtained 

for two different point of the generator, G1 and G2, is shown. The generator is the same 

as the one that is simulated in section XXX. From the comparison of both shadow 
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profiles, the necessity of obtaining a shadow profile for various points of the generator is 

evident.  

 

 

 

 

 

Figure 5.1: Representation of how the shadow profile 

is obtained and the two shadow profiles obtained for 

each point G1 and G2. From the comparison of both 

shadow profiles, the necessity of obtaining a shadow 

profile for various points of the generator is evident.  

First, the location of the top points of the obstacle with respect to the south-eastern 

most corner of the generator is measured. The obstacle is always considered to be 

touching the ground so the bottom points are not necessary.  

Since an obstacle profile is only valid for one point in the generator, it is necessary to 

obtain obstacle profiles for various points on the PV generator surface. As explained in 

section 0, we define a rectangular grid over the generator’s surface and a shadow profile 

for each point in the grid is calculated by translating the points in Table 5.1. 

Table 5.1: The values obtained from the characterisation of the obstacles in Figure 5.1. 

A(x,y,z) B(x,y,z) C(x,y,z) D(x,y,z) 

-0.1, -0.82, 2.76 -0.1, -0.32, 2.76 -0.6, -0.32, 2.76 -0.6, -0.82, 2.76 

In this case, the chimney never affects G1 while it does affect G2 during certain time 

periods of the year. It can also be seen how the relative size of the obstacle decreases very 

quickly in a short distance. This indicates the importance of simulating the shadow 

profile down to the cell level, because in just a few cells the amount of shade can vary in 

a large amount. 

Once the obstacle profile is calculated for every point of the PV generator, it is 

possible to calculate the radiation that reaches each point. 
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We consider that points on the generator that are blocked by the obstacle do not 

receive any direct radiation (beam + circumsolar). This is directly given by the obstacle 

profile calculated at each point of the PV generator. 

For the diffuse radiation, its associated loss factor is the fraction of the sky dome 

“seen” by the generator which is blocked by the obstacle. For example, a PV façade with 

an infinitely high and long wall on one of its sides loses 50% of the diffuse radiation that 

it “sees” (note that being a façade, it already loses 50% of the sky dome).  

5.2.35.2.35.2.35.2.3 IIII----VVVV    CURVE MODELLINGCURVE MODELLINGCURVE MODELLINGCURVE MODELLING    

It is well known that shadows over PV modules affect their I-V curves and that this 

effect is conditioned by the reverse characteristics of the shaded solar cells [Alonso-

García,Ruiz et al., 2006b; Bishop, 1988; Silvestre and Chouder, 2008]. Despite this, most 

simulation software does not take the analysis of shadows to the level of the solar cell 

[Woyte,Nijs et al., 2003], as opposed to this model.  

With the aim of having the most realistic simulation, real I-V curves of different 

modules have been used and their reverse characteristics have been simulated. First of 

all, the I-V curves of 15 modules were measured with a capacitive load and extrapolated 

to STC. From these curves, and assuming that all cells in the module have the same I-V 

curve22, the I-V curve of each cell and their equivalent shunt resistance, Rsh, are 

calculated. The capacitive load used for the measurements permits negatively pre-

charging it, which ensures the characterization of the curve in a few negative values and 

in Isc, permitting a more precise calculation of Rsh.  

Rsh is calculated as the slope of the curve from -0.2*Ns*VOC to 0.2*Ns*VOC, or the most 

negative value obtained in the curve, where Ns is the number of cells in series of the 

module. And the curve of each cell is simply calculated by dividing each of the current 

values of the module’s I-V curve by Ns and the voltage values by the number of parallel 

cells, Np, thus considering all cells equal. 

                                                      

22 This is a limitation of the model. However, as we will see further on, the effect is not very important. 
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With this done, the next step is calculating the reverse characteristics of the solar 

cells; also considered equal for all cells. This simplification could also be considered a 

limitation, especially if there is such a high variability in the reverse characteristics as 

shown in [Alonso-García,Ruiz et al., 2006a]. However, we will see in section 5.3.2 that 

this is not the case for the measured modules. 

In [Alonso-García and Ruíz, 2006] different models for representing the behaviour of 

PV cells in reverse bias are reviewed and a new model is proposed and validated, which, 

in turn, is used in this paper with a slight modification; the introduction of a linear term, 

b. The model used responds to equation (5.5):  

 � = ��� � � ∙ �A ∙ � � B ∙ ��
1 � exp	FG# �1 � H∅JKLM

∅JKL �N
 (5.5) 

Where Be is a non-dimensional cuasi-constant parameter with value ≈ 3, Vb is the 

breakdown voltage, T is the built-in junction voltage (not to be used as an adjustable 

parameter, using a typical value of =0.85 for silicon cells of unknown 

junction structure.), and Gsh is the shunt conductance; simply 1/Rsh. The addition of the 

parabolic term c (c < 0) is used in cases where the linear fitting is not sufficient and the 

linear term b is added to compensate for differences in Gsh in the second quadrant. 

Now comes the problem is adjusting the unknown parameters, Vb, Be and c, without 

measuring the module’s I-V curve in the second quadrant. However, it is possible to 

attain this by partially shading cells from a module and fitting the part of the I-V curve 

from Pm to where the diode goes into forward bias (highlighted area of Figure 5.2) which 

is directly related with the shape of the I-V curves in reverse bias of the shaded cells. 

Doing this, we can estimate the reverse characteristics of the shaded cell. 
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Figure 5.2: I-V curve of one of the modules used for 

the simulations affected by shading over one cell. The 

highlighted region is the part directly related to the 

reverse characteristics of the shaded cell. 

 

Having information about the reverse characteristics of the solar cells it is now 

possible to adjust the unknown parameters of equation (5.5). Being Be a cuasi-constant 

parameter, its adjustable range is very small, i.e. from 2.5-3.5, so the main adjustable 

parameters will be c and Vb. The effect of varying these two parameters can be seen in 

Figure 5.3. 

  

Figure 5.3: Effect of varying c (left) and Vb (right) in the reverse characteristics of a solar cell.  

Ideally, these parameters would be adjusted for each cell of all the modules used in 

the simulations. However, for this work, the parameters represent the average values of 

the cells in each module and in section 5.3.2 it is shown that this works well enough.  

Once the reverse characteristics are modeled, it is now possible to simulate a shaded 

module, obtaining the shaded I-V curves. This is done for every time period of the 

simulations and the process is as follows: 

1. Extrapolate to the conditions of each time period [IEC, 2009].  
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2. Calculate the I-V curve of one cell and assume that all the cells in the module 

have the same I-V curve. 

3. Simply divide the current by the number of cells in parallel and the voltage by 

the number of cells in series. 

4. Calculate the cell’s I-V curve in the second quadrant. 

5. Use equation (5.5) with the adjusted parameters. 

 

6. For each cell, multiply the current of each point of the I-V curve by its shading 

factor. 

7. Add all the cells together to form the module. 

• For the cells in series: add the voltage of each cell for a given current. 

• For the cells in parallel: add the current of each cell for a given voltage. 

5.2.45.2.45.2.45.2.4 SSSSHADING LOSSES AND ENHADING LOSSES AND ENHADING LOSSES AND ENHADING LOSSES AND ENERGY GAIN ESTIMATIONERGY GAIN ESTIMATIONERGY GAIN ESTIMATIONERGY GAIN ESTIMATION    

Combining the three models described above, an I-V curve for each module and for 

each time period in the simulations is obtained.  

First of all, the extrapolated I-V curves and the shaded I-V curves are used to 

simulate the extrapolated generator and the shaded generator by simply adding together 

the I-V curves in the same way as the cell’s I-V curves were added. 

The comparison of the MPP of the shaded generator’s I-V curve and the MPP of the 

extrapolated generator’s I-V curve results in the shading losses. 

The energy gain by the use of DMPPT techniques is obtained by adding the MPP of 

each module’s shaded I-V curves. Comparing this sum with the MPP of the shaded 

generator, results in the energy gain with the use of DMPPT. It must be noted that this 

energy gain also takes into account any mismatch in the original I-V curves, so even if 

there is no shading present some energy gain could be obtained. 
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5.35.35.35.3 VVVVALIDATION OF THE MODALIDATION OF THE MODALIDATION OF THE MODALIDATION OF THE MODELELELEL    

This section presents a series of tests that have been conducted in order to validate 

the model and to show its precision. It is focused on validating the shading profile 

model and the I-V curve simulation model. 

All the experimental tests were done at the roof of the Instituto de Energía Solar in 

Madrid in days close to the winter solstice and between 10:00 and 14:00 solar time. The 

equipment used was: a PV module, a photographic camera, a computer, an oscilloscope 

and an I-V curve tracer. 

The PV module used consists of 60 cells in series, in 6 columns, and three by-pass 

diodes. Every two columns are protected by one by-pass diode. Pictures are shown in 

Figure 5.4. 

5.3.15.3.15.3.15.3.1 SSSSHADING PROFILE MODELHADING PROFILE MODELHADING PROFILE MODELHADING PROFILE MODEL    

The procedure used for validating the shading profile model consists in projecting 

shadows over a module from different obstacles, taking a photograph of the shade at a 

certain time of the day and comparing this photograph with the shading profile 

obtained from the model.  

All the shadows applied to the PV modules were casted by nearby rectangular 

objects. The exact dimensions and the distance to the modules of the obstacles were 

measured and a shading profile for each minute of the day was obtained. For all the 

shadows measured, the simulated shading profile was in very good agreement with the 

real shadow casted by the object.  

Two differences were observed between the simulation and the real shadow. These 

were: a small displacement in time and an error due to the discrete nature of the 

simulated shading profile.  

The small displacement in time has no worse effect than not matching the irradiance 

and temperature of the exact moment with the exact shading profile. Being the 

difference less than five minutes, this effect can be considered negligible. 
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Due to the finite number of points defined in the shading profile (equation (5.4)(5.1)) 

an error, analogous to the quantification error of any digital machine, is inevitable. For 

the simulations presented in this paper different resolutions have been used. In this 

section shading profiles with a 4x4 resolution23 per cell are presented and the borders of 

the shadow are smoothed, as explained in section 5.2.2, in order to minimize the error. 

Therefore, in these simulations, the maximum error is ±12.5% of shade in each cell. 

This, at first glance, can seem like an enormous error to consider the simulations as 

valid. However, we must understand that this is an instantaneous error and it is far from 

the overall error; and various simulations back it up. There are mainly two reasons for 

this.  

The first one is that the error in a cell is mainly only traduced to an error in the I-V 

curve when it occurs in the most shaded cell in a diode zone; since it is this cell that 

limits the current through the series. Once a cell is shaded 100% in one diode zone, the 

error committed in the shading of the other cells has no influence on the I-V curve.  

And, secondly, since the shadows casted by static objects sweep the whole generator 

from left to right, there will be times when the error is positive and others when it is 

negative, compensating itself and reducing the final error.  

Figure 5.4 shows two pictures of two shaded modules, their shadow profile (in red) 

and the percentage of shaded cell estimated with border smoothing. Looking at the 

picture on the right, we can see that we are underestimating the maximum shade on the 

fifth column and overestimating the maximum shade on the fourth column. On the 

picture of the left, there is an underestimation of the maximum shaded cell on the third 

column. The effects of this are presented in the following section. 

                                                      

23 In total for a module of 6x10 cells and a 4x4 resolution per cell, 960 points are modeled.  
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Figure 5.4: Shows two pictures of shaded modules with different shading patterns (one resulting from a medium or 

large sized object, i.e. chimney or building and the other from a small sized object, i.e. pole or antenna), their 

shadow profile obtained (in red), and the shading percentage obtained for each cell with the described procedure.  

5.3.25.3.25.3.25.3.2 IIII----VVVV    CURVE MODELLINGCURVE MODELLINGCURVE MODELLINGCURVE MODELLING    

In order to validate the model for simulating shaded I-V curves, various PV modules 

under different shading profiles have been measured with a capacitive charge. To avoid 

errors from the extrapolation of the I-V curve to the specific meteorological conditions, 

a non-shaded I-V curve of the same module was measured instantly prior to the shaded 

I-V curve and it was used to simulate the shaded curves with the same method used in 

the simulations but avoiding the extrapolation.  

Firstly, the parameters Vb, b, and c were adjusted to match as close as possible 

shading over different cells. For this, various cells of the same module were shaded and 

the parameters adjusted until a closest match was obtained, showing two examples in 

Figure 5.5. The obtained parameters are: 

• Vb  = -27V 

• c = -0.0055 

• b = 0.009   
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Figure 5.5: Shows the measured and simulated I-V curves with shading on different cells. The two graphs are: 

shade over 50% of one cell and 12% over another on different by-pass diodes and 50%, 25% and 12% over three 

different by-pass diodes. 

These experiments show that curves when only one cell under the same by-pass 

diode is shaded are the most difficult to adjust. When only one cell on a module is 

shaded, for the by-pass diode to go into forward bias the cell must be working at a very 

negative voltage and here a slight difference of these parameters means a large difference 

on the curve’s shape. However, when many cells are shaded, the negative voltage at 

which each of them works is much lower and a small difference of these parameters is 

also a small difference on the curve’s shape; see Figure 5.3. 

In conclusion, the precision of simulating increases as the number of shaded cells 

increases. Therefore, the procedure should be to try and match as well as possible the 

simulated and real curves of modules with only one shaded cell per by-pass diode 

knowing that if this is done well any type of shade can be simulated with very little error. 

Figure 5.6 shows the measured and simulated I-V curves of the shading profiles in of 

Figure 5.4. In these curves the errors from the I-V curve simulation and the shading 

profile simulation are both present, being the most important error due to the shading 

profile quantification. Each figure compares the measured I-V curve with two simulated 

curves: one with a 4x4 resolution in each cell and one with an 8x8 resolution in each cell. 

It can be seen how in both cases the 8x8 resolution results in a better simulation, being it 

especially important in the case of the shadow from the pole were the shadow does not 

cover entire cells.  
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Figure 5.6: Shows the measured and simulated I-V curves from Figure 5.4 for a 4x4 and 8x8 resolution per cell. 

It must be understood that the punctual shade presented of the solid object of Figure 

5.4(a) is very rare. The tiny bit of shade on the third column, and second by-pass diode 

area is what makes it very difficult to simulate correctly. On the other hand, the thin 

object will always cast shadows which are difficult to simulate without a high resolution. 

More on this will be presented in section 5. 

Finally, the validation of a shaded generator is performed. For this purpose, six un-

shaded PV modules were measured independently. Afterwards, they were connected 

together, different shading profiles were applied to the full generator and the I-V curves 

of the shaded generator were measured. In this case an extrapolation was performed in 

irradiance, however, the difference between maximum and minimum irradiance during 

all the measurements was only 1.3%. Cell temperature was assumed constant.  

Figure 5.7 shows the measured and simulated I-V curves of a whole generator when 

partial shading is present. The graph on the left represents an 85% shade on five cells of 

one module and one by-pass diode and 27% on two cells of another module also in only 

one by-pass diode. The graph on the right corresponds to 4 fully shaded cells in one 

module and two by-pass diodes, another 2 cells shaded only 60% in the third by-pass 

diode and the shadow casted by a large pole in two by-pass diode zones of another 

module, at different percentages.  

In this case module mismatch is also present and is taken into consideration. From 

the comparison of both curves, it can be observed that the simulation of shaded 

generators also complies very well with reality.  
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Figure 5.7: Comparison of two measured and simulated I-V curves of a whole generator with different shading on 

different modules. The graph on the left represents an 85% shade on five cells of one module and one by-pass diode 

and 27% on two cells of another module also in only one by-pass diode. The graph on the right corresponds to 4 

fully shaded cells in one module and two by-pass diodes, another 2 cells shaded only 60% in the third by-pass diode 

and the shadow casted by a large pole in two by-pass diode zones of another module, at different percentages. 

5.45.45.45.4 PPPPERFORMED SIMULATIONSERFORMED SIMULATIONSERFORMED SIMULATIONSERFORMED SIMULATIONS    

Now that the model is validated, it can be used to simulate the energy gain obtained 

with the use of DMPPT in different situations. All of the following simulations are 

yearly, considering the sun’s relative position and the different irradiance and ambient 

temperature at every time period. 

It is important to note that all the energy gains presented do not take into account the 

efficiency of the DMPPT equipment. This is due to the large amount of products with 

different efficiencies and the difficulty to consider them all. In addition, some power 

optimizers already offer a 98.5% european efficiency [Neuenstein and Podewils, 2011] 

and considering that their inverter could have a higher efficiency than normal inverters, 

since it works at a constant optimum voltage, it is possible that DMMPT can have 

efficiencies as high as central MPPT techniques. This must be taken into account and 

know that the results presented here are the maximum possible, being the real ones 

possibly lower due to the efficiency of the power optimizers and micro-inverters. 

In this model it has been assumed that the efficiency of the MPPT of both the central 

inverter and the distributed techniques are equal. All the simulations presented only 

consider irradiance values over 200W/m2 and no mismatch electrical characteristics was 

considered as potential energy gains have been estimated to be very small, as it has 
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already been presented in section 3.4.2. However, the situation were a larger module 

mismatch is present would be even more beneficial in the case of DMPPT. 

When considering energy gains, two different concepts are usually taken into 

consideration: one is the percentage of recovered energy, ER. That is, of all the energy 

lost how much is recovered. And the other is the improvement in energy, EI, with 

respect to the centralized MPPT system; how much better is the DMPPT system than 

the MPPT system. They are both presented in equations (5.6) and (5.7). 

 �= = ��PPQR � �PQQR�PQQR  (5.6) 

 �g = ��PQQR � �PQQR�P�� � �PQQR  (5.7) 

Where EDMPPT represents the generated energy with DMPPT, EMPPT represents the 

energy generated with a centralized MPPT and EMAX represents the maximum possible 

extracted energy; that is the sum of the energy generated by each individual module 

considering there are no shadows. 

It can be observed that ER has a maximum value of 100%; all the lost energy is 

recovered and EDMPPT = EMAX. This would happen, for example, in the case of mismatch 

between modules when no shading is present. 

On the other hand, EI does not have a maximum limit; it can have values over 100%, 

although it is not normally the case.  

The recovered energy tends to have a much higher value and commercial firms tend 

to use both values, sometimes focusing more on ER; probably for marketing purposes. 

However, it must be understood that the real important value is EI, and if this value is 

low there will be no interest in using DMPPT even if ER is 100%. 

5.4.15.4.15.4.15.4.1 SSSSINGLEINGLEINGLEINGLE----FAMILY HOUSEHOLDFAMILY HOUSEHOLDFAMILY HOUSEHOLDFAMILY HOUSEHOLD    

The first system that has been simulated is shown in Figure 5.8. It corresponds to a 

34º tilted and south facing house roof with a chimney which shades part of the modules. 
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This system already incorporates power optimizers to mitigate the losses. The house is 

located in Stuttgart, Germany.  

The generator is composed of two series connected strings of 15 modules, each 

connected to a 3.3kW inverter. For the simulation only one string has been simulated, 

which corresponds to the series connection of the five bottom rows of the modules to 

the left of the chimney; the other one is practically free of shadows. 

 

 

 

Figure 5.8: Image of the PV system used for the 

simulations of the single-family household. The real 

installation is divided in two strings with two different 

inverters. For the simulations only the string 

composed of the 15 modules in the three most-left 

columns and five lower rows were considered. 

The chimney has been modelled as a rectangular cube with a 50x50cm base and a 2 

meter height on its shorter side. It is separated 10 cm from the string and its top left 

corner coincides with the top right corner of the bottom row of modules. 

Various annual simulations with different parameters have been performed: the 

resolution of the shadow profile has been varied, radiation data from Madrid and 

Stuttgart has been used, and different shading profiles (and shading losses) for each 

location have been calculated; taking into account the relative position of the sun in 

both regions.  

Table 5.2 shows the results obtained in each simulation for different resolutions with 

a 15 minute time step. In addition the same simulations were performed but the obstacle 

was changed to model an antenna. Everything was kept the same except for the size of 

the base which was changed to 5x5cm. The results obtained are shown in Table 5.3. In 

this case an even higher resolution, of 16x16, was used; having Matlab running for over 

48 hours. 
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Table 5.2: Annual simulation results with different parameters for the system of Figure 5.8, the single-family 

household. 

Resolution Max possible 
Energy 

Energy lost without 
DMPPT 

Max Gain ER EI 

1x1 6.7 MWh 673 kWh (10.1%) 26.3% 38.4% 4.29% 

2x2 6.7 MWh 643 kWh (9.6%) 27.4% 31.8% 3.38% 

4x4 6.7 MWh 662 kWh (9.9%) 28.2% 32.3% 3.55% 

8x8 6.7 MWh 667 kWh (10%) 28.7% 32.1% 3.55% 

 

Table 5.3: Simulation results changing the chimney for an antenna for the system of Figure 5.8, the single-family 

household. 

Resolution Max possible 
Energy 

Energy lost without 
DMPPT 

Max Gain ER EI 

1x1 6.7 MWh 281 kWh (4.2%) 14.8% 77.7% 3.4% 

2x2 6.7 MWh 362 kWh (5.4%) 22.5% 78.6% 4.49% 

4x4 6.7 MWh 431 kWh (6.4%) 31.5% 73.3% 5.04% 

8x8 6.7 MWh 449 kWh (6.7%) 29.5% 67.1% 4.82% 

16x16 6.7 MWh 452 kWh (6,8%) 30% 65.9% 4.76% 

From the previous two tables we can observe the importance of considering the 

amount of shade on individual cells for simulating energy gains with DMPPT. When 

simulating large objects, a 2x2 resolution is probably more than enough. However, in 

objects like antennas at least a 4x4 resolution should be used.  

Curiously, for large objects, the difference between the energy lost with a 1x1 

resolution and an 8x8 resolution is less than 1%. However, the difference in energy gain 

is around 20%. This brings to our attention that although a model that does not 

consider the amount of shade on individual cells, like in [Martínez-Moreno,Muñoz et 

al., 2010],  can be accurate in determining shading losses it is not enough for estimating 

energy gains with DMPPT. 

We can also see that although the antenna is responsible for less energy losses, due to 

the high energy recovered, ER, the final energy improvement, EI, is higher and, therefore, 

also the interest in using DMPPT. This coincides with the results obtained in 
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[Solórzano,Egido et al., 2010] and [Orduz,Solórzano et al., 2011a] which show that 

higher energy gains are obtained for shadows that do not cover entire cells.   

The large difference between the maximum instantaneous gain and the total yearly 

gain should also be observed. This corroborates the hypothesis formulated in 

[Orduz,Solórzano et al., 2011a] and [Rogalla,Burger et al., 2010]  which stated that 

although large instantaneous power gains are possible the overall yearly gain would be 

much lower, due to various factors like the stationary nature of the objects (shade 

during only one part of the day) and the different position of the sun throughout the 

year (higher means less shade). Both maximum gains occur close to the winter solstice, 

21st of October and 13th of December for the chimney and antenna respectively, and in 

the first period of the day as is expected due to the lower elevation of the sun and longer 

shadows. However, due to the low energy of that period, it does not contribute in a large 

manner to the total annual gain.  

Another of the hypothesis formulated in previous work is that DMPPT will have less 

effect in locations or periods of a higher percentage of diffuse radiation. In order to 

verify this, the two previous systems were simulated (4x4 resolution) with radiation data 

and a shadow profile from Stuttgart (higher percentage of diffuse radiation and different 

sun position throughout the year). The yearly radiation data used for Madrid summed 

up to 1720kWh with a 29% of diffuse radiation on a horizontal plane, while that of 

Stuttgart summed up to 1250kWh with a 45% of diffuse radiation. The results are shown 

in Table 5.4. 

Table 5.4: Simulation results for radiation data of Stuttgart, Germany. 

Obstacle Shadow 
Profile 

Max possible 

Energy 

Energy lost 
without DMPPT 

Max 
Gain 

ER EI 

Antenna Stuttgart 4.71MWh 184 kWh (3.91%) 25.4% 74.7% 3.04% 

Antenna Madrid 4.71MWh 250 kWh(5.31%) 30% 71.5% 4.01% 

Chimney Stuttgart 4.71 MWh 361 kWh (7.67%) 22% 40.4% 3.36% 

Chimney Madrid 4.71MWh 450 kWh (9.54%) 20.7% 37.1% 3.91% 

From this last simulation we can observe that in the case of large objects close to the 

PV generator, like the chimney, the diffuse fraction is also very important, obtaining a 
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little more energy gain when the percentage of diffuse radiation has increased (compare 

the last result of Table 5.4 with the 4x4 resolution result of Table 5.2) . This is due to the 

fact that the modules close to the chimney are losing a large part of their diffuse 

radiation during all hours, which creates a constant mismatch in the PV generator and, 

therefore, a constant energy gain.  

This is, however, not true for thin objects, like the antenna. For the case of the 

antenna, 66% less energy gain is obtained in Stuttgart as compared to Madrid, because 

the antenna has very little effect over the diffuse radiation available over the generator. 

5.4.25.4.25.4.25.4.2 BBBBUILDING IN AN URBAN UILDING IN AN URBAN UILDING IN AN URBAN UILDING IN AN URBAN ENVIRONMENTENVIRONMENTENVIRONMENTENVIRONMENT    

In addition to the previous system, a PV installation in a more complex and more 

urban environment has been simulated. It is a 5kW PV system right in the centre of 

Madrid, Spain, belonging to the Institute for Research in Technology (IIT-ICAI). The 

installation faces 18º west and the modules are tilted on a 29º angle. The 40 modules are 

grouped into five strings, of eight modules each, connected in parallel.  The electrical 

diagram and a picture of the installation with the four obstacles that cast shade over the 

modules can be seen in Figure 5.9. The five strings are modules 1-8, 9-16, 17-24, 25-32 

and 33-40, respectively.  

The modules of the installation are the ATERSA A120 model, of the following 

characteristics: PM = 120W, VM = 16.9V, VOC = 21V, IM = 7.1A and ISC = 7.7A. Since it 

was not possible to stop the system from working and measure all the module’s I-V 

curves, the exponential model of equation (5.8) was used to simulate the I-V curve of 

one module. All of the modules were assumed to have the same I-V curve, so no 

mismatch was considered. 
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Because of the limited space available on their rooftop, their PV installation is heavily 

affected by shadows of nearby objects. The main shading objects are: a building, an 

antenna, a wall and a metal structure; all shown in Figure 5.9 and numbered 1 to 4. 
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Figure 5.9: Electrical diagram and picture, with the 

nearby obstacles highlighted, of the PV installation of 

ICAII used for the energy gain simulations. 

 

In this case, a one year simulation with only the Madrid weather data and a 4x4 

resolution in each cell was performed. The results obtained are shown in Table 5.5. 

Table 5.5: Simulation results obtained for the urban PV system 

Max possible 
Energy 

Energy lost without 
DMPPT 

Max Gain ER EI 

7.92 MWh 2.27MWh (28.7%) 93.5% 30.4% 12.2% 

Although this installation is an example of poor design (almost 30% of energy is lost 

due to shadows) it is also a clear example of an installation where DMPPT can really 

have a high impact on the energy generated. 
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With the idea of showing how the energy improvement varies along the year, Figure 

5.10 shows the energy improvement during two different clear days, winter (left) and 

summer (right), and the on-plane irradiation, for the ICAII installation. It can be seen 

that during the winter days there is an improvement throughout the whole day, 

meaning that shade affects the system throughout the whole day, due to the sun being in 

a lower position. During the summer days, due to the sun’s higher position, the 

installation is free of shades in mid-day and there is no energy improvement during 

those periods. The x-axis represents solar time and it is observed that the on-plane 

irradiation is a bit displaced from solar noon due to the installation facing 18º west.  

 

Figure 5.10: Shows the energy improvement during a clear winter day (left) and a summer day (right).   

5.55.55.55.5 CCCCONCLUSIONSONCLUSIONSONCLUSIONSONCLUSIONS    

A model for simulating energy gains with DMPPT has been presented and validated. 

Various simulations have been performed and it is has become clear that simulating at 

the cell level is important in order to obtain accurate results. It has been confirmed that 

although large power gains can be obtained, these will not translate to a large annual 

energy gain due to various factors like the stationary nature of the objects, the different 

position of the sun throughout the year and, in some cases, the fraction of diffuse 

radiation. Improvements between 3.5-5% are obtained for simple objects like chimneys 

or antennas and higher improvements of up to 12% are obtained for a heavily shaded 

installation with four different shading objects. 
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It has also been observed that large objects close to the generator can reduce the 

amount of diffuse radiation of the nearby modules creating a constant mismatch in 

climates with a large fraction of diffuse radiation, meaning a larger energy 

improvement.  

The performed simulations also show that there are cases where DMPPT can be very 

beneficial for the installation, like the urban installation presented in this paper. 

However, this also requires that the efficiencies of the DMPPT equipment match, or are 

as close as possible to, the efficiency of a centralized system. This point is rapidly 

improving and there are already power optimizers with an average efficiency of 98.5% 

and maximum values over 99% [Neuenstein and Podewils, 2011]. 

Other improvements with respect to central MPPT topologies like, an advanced 

monitoring system, the possibility for system designers of combining different tilt and 

orientation angles and higher security in the case of fire, should also be considered when 

deciding whether or not to install DMPPT products.  

 

 

 

 

 

 

 



 

 

 

6666 AAAAUTOMATIC FAULT DIAGNUTOMATIC FAULT DIAGNUTOMATIC FAULT DIAGNUTOMATIC FAULT DIAGNOSIS IN OSIS IN OSIS IN OSIS IN PVPVPVPV    SYSTEMS WITH SYSTEMS WITH SYSTEMS WITH SYSTEMS WITH 

DMPPTDMPPTDMPPTDMPPT    

6.16.16.16.1 IIIINTRONTRONTRONTRODUCTIONDUCTIONDUCTIONDUCTION    

Production systems should be monitored in order to control the correct functioning of 

the system: control its production and detect any possible faults. In the case of 

photovoltaic (PV) systems there are international standards that guide the user to the 

correct implementation [IEC, 1998] and the historic monitored data has been used to 

develop guides and benchmarks for PV system performance [IEA, 2000].  

Different possibilities exist for data analysis. Some do it yearly [IEA, 2004], analysing 

the performance of the PV system over a significant time period of operation and 

comparing it with similar systems. This shows that a system is performing poorly but it 

has the disadvantage that it cannot be used to explain the causes of this 

underperformance. Others [Chouder and Silvestre, 2010; Drews,de Keizer et al., 2007; 

Firth,Lomas et al., 2010; Oozeki,Izawa et al., 2003] use high-resolution monitoring 

(minutely to hourly intervals) to analyse the performance of the system. With this 

higher resolution a fault diagnosis procedure can be executed.  

A common denominator of monitoring and fault diagnosis systems is that they use 

irradiance and temperature sensors to compare the PV systems production at standard 

test conditions (STC). Most systems use local sensors [Chouder and Silvestre, 2010; 
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Firth,Lomas et al., 2010; Oozeki,Izawa et al., 2003] and some use satellite observations 

[Drews,de Keizer et al., 2007], this last one being less accurate in hourly values. The use 

of either local sensors or satellite data implies an added cost to the PV installation, 

which can be a significant percentage of the total installation cost in small systems of 1-

10 kWp. In addition, the system owner, sometimes uneducated energy wise, is 

responsible for its maintenance, unless a higher price is paid to hire a maintenance 

company. 

Another point in which all previous monitoring systems coincide is that they analyse 

data from the whole PV generator or, at most, each PV string, limiting the range of 

possible faults diagnosed. In addition, most of them only analyse the power production 

ignoring the voltage and current. These systems can detect the general fault like: 

constant energy losses, total blackout, short time energy losses [Drews,de Keizer et al., 

2007] and the best can also detect shading [Firth,Lomas et al., 2010]. However, they 

cannot detect the exact cause. 

With the introduction of distributed maximum power point tracking (DMPPT) 

systems—power optimizers and micro-inverters—a new level of PV system monitoring, 

where the exact system fault and power lost is determined, is possible. These distributed 

topologies where initially designed to reduce the losses caused by shadows and 

mismatch in central maximum power point tracking (MPPT) PV systems and close to 

30% instantaneous power improvements and up to 12% year round energy 

improvements in heavily shaded systems [Orduz,Solórzano et al., 2011a] are possible. 

Since these systems require the monitoring of the modules’ operating voltage and 

current (for the MPPT algorithm), the use of voltage and current sensors for each 

module is at no extra cost. It is only necessary to add a communication module and 

make use of a PLC signal to obtain the data of all the modules’ working points. Most 

commercial firms offering these products already incorporate this type of monitoring 

system, however, they are limited to only detecting a lower power production in the 

exact module. 

The monitoring and fault diagnosis system here presented improves the range of 

diagnosed faults in previous monitoring systems and reduces its cost by eliminating the 

need for irradiance and temperature sensors. Apart from general faults like in the 
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previous systems, our tool can detect: fixed object shading and location of the object, 

localized dirt, possible hot-spots, module degradation, excessive DC cable losses and 

generalized dirt, this last one only with the addition of an irradiance sensor or irradiance 

data. In this section only the new fault diagnosis is described. 

The rest of the paper presents the different PV system faults that this procedure aims 

at diagnosing, our experimental system and the main functioning principles of the 

diagnosing procedure. Although the work has been verified with power optimizers, the 

design is also valid for micro-inverters since both of these architectures find the MPP of 

each module, which is what is used to analyse the failures.  

6.26.26.26.2 PVPVPVPV    SYSTEM FAULTSSYSTEM FAULTSSYSTEM FAULTSSYSTEM FAULTS    

6.2.16.2.16.2.16.2.1 FFFFIXED OBJECT SHADINGIXED OBJECT SHADINGIXED OBJECT SHADINGIXED OBJECT SHADING    

Shadows cast by fixed objects on PV generators—such as buildings, tress or 

antennas—are very common in the urban environment. These should be avoided in the 

design of the installation, however, this is sometimes not possible and other times they 

could even appear during the life of the system. In humid and densely vegetated areas it 

is very common that overgrown trees or plants cast shade over the PV system, Figure 

6.1, and in urban areas new buildings, antennas or other obstacles can appear. Their 

detection is important to solve the problem if possible and avoid further energy losses. 

The effects on the PV generator values and how they are detected is discussed in section 

6.4. 
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Figure 6.1: Overgrown vegetation in a PV plant 

causing shading and power losses. 

 

6.2.26.2.26.2.26.2.2 GGGGENERALIZED DIRTENERALIZED DIRTENERALIZED DIRTENERALIZED DIRT    

The accumulation of dust on the surface of a photovoltaic module decreases the 

radiation that reaches the solar cell and, thus, it’s generated power. Depending on the 

climate of each region and the type of dust accumulated these losses will be higher or 

lower, ranging from 2-4% annual loss, reaching up to 20% after long periods without 

rain and 40% after a dust storm [Kalogirou,Agathokleous et al., 2013; Massi 

Pavan,Mellit et al., 2011; Zorrilla-Casanova,Piliougine et al., 2012]. 

Normally when a module is affected by generalized dirt all modules will be similarly 

affected so our comparison procedure does not work in this case. It will, however, work 

if some modules are dirtier than other, i.e. an area of the generator receives more rain, 

or is less affected by dirt. For correctly detecting generalized dirt in the whole generator 

it is recommended to compare the power output with a clean irradiance sensor or with 

satellite measurements. 

A reduction in incoming radiation causes a reduction in the output current of the 

module, so in the case of only having a certain amount of modules affected by 

generalized dirt, they can be detected by a drop in output current and normal voltage. 

6.2.36.2.36.2.36.2.3 LLLLOCALIZED OR IOCALIZED OR IOCALIZED OR IOCALIZED OR IRREGULAR DIRTRREGULAR DIRTRREGULAR DIRTRREGULAR DIRT    

Localized dirt in PV generators refers to obstacles that cover only small parts of a PV 

module, normally covering less than one whole cell. This could be produced by bird 
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droppings, fallen leaves, dirt building up on the lower edges, pollution and even lichens 

Figure 6.2. In dry climates these problems can be magnified due to the low frequency of 

rains, reducing the possibilities of the dirt being washed away. If dirt is not cleaned 

regularly and allowed to dry it can reach a state where it is not washed away even after a 

day of heavy rain, as is the case of the bird dropping in Figure 6.2, which has caused a 

hot-spot in the module.  

 

 

Figure 6.2: Different causes of localized dirt in PV systems: a) bird droppings, b) lichens [Haeberlin and Graf, 

1998], c) [Lorenzo,Moretón et al., 2013] and d) irregular dirt patches. 

6.2.46.2.46.2.46.2.4 HHHHOTOTOTOT----SPOTSSPOTSSPOTSSPOTS    

Hot-spots are a well-known phenomenon in PV arrays, described as early as 1969 [Blake 

and Hanson, 1969] and still present in PV arrays [Lorenzo,Moretón et al., 2013; 

Muñoz,Lorenzo et al., 2008; Sánchez-Friera,Piliougine et al., 2011]. They occur when a 

cell, or group of cells, operates at reverse-bias, dissipating power instead of producing it. 

When this occurs, the cell operates at abnormally high temperatures and it can cause 

irreparable damage to the cell. Therefore, their detection before damage occurs is very 

important. 
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The reason why a cell operates in reverse-bias is because it is not capable of 

generating the same current as the rest of the cells serially connected and this can occur 

due to various reasons: cell degradation, shadows, localized dirt, etc. In order to match 

the current of the normally operating cells, the affected cell works in the second 

quadrant of its I-V curve as can be seen in Figure 6.3.  

            

Figure 6.3: Example of the working point of a shaded cell in a series connection of various cells (left) and its effects 

(right). 

Normally, to detect a hot-spot it is necessary to perform an infrared inspection of the 

PV plant, with the consequent time expenditure and large difficulty in BIPV. However, 

since we know that when a cell, or group of cells, is in reverse-bias the voltage of the 

whole module is reduced, we can automatically detect, or at least have the suspicion, 

that a hot-spot is occurring when a module operates at a lower power and lower voltage 

than the rest.         

6.2.56.2.56.2.56.2.5 MMMMODULE DEGRADATIONODULE DEGRADATIONODULE DEGRADATIONODULE DEGRADATION    

It is well known that PV modules degrade over time, normally following a linear average 

annual degradation between 0.35%-1.5% [Reis,Coleman et al., 2002]. An initial 

degradation, of about 3-5% [Sánchez-Friera,Piliougine et al., 2011],  is also present in 

PV modules during the first hours of installation and the IEC 61215, “Crystalline silicon 

photovoltaic (PV) modules – design qualification and type approval” [IEC, 2005] 

requires that PV modules must be above 95% of the nominal power after the first 

60kWh/m2 of solar radiation. 

Regarding the long time degradation, most PV manufactures offer a warranty. Some 

offer a power warranty at different periods, e.g. 95% at 5 years, 90% at 12 years, 85% at 
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18 years and 80% at 25 years, and others offer a linear power warranty, e.g. no more 

than -0.7% per year. 

Different studies [Parretta,Bombace et al., 2005; Sánchez-Friera,Piliougine et al., 

2011; Skoczek,Sample et al., 2009] show that module degradation can be different for 

the same type of modules and that many times this degradation is below the warranty 

threshold but many other times it is over the threshold. From the power analysis of a 

whole PV plant it is difficult to know if the power losses are due to module degradation 

and it could even occur that the power loss is above the threshold but some modules are 

performing below the warranty levels.  

6.2.66.2.66.2.66.2.6 DCDCDCDC    CABLE LOSSESCABLE LOSSESCABLE LOSSESCABLE LOSSES    

Normally, if an installation is well designed, DC cable losses should be lower than 2% 

and not rise over time. However, this isn’t always the case and the cables can degrade 

over time, mainly due to corrosion or overheating, and therefore increasing their 

resistance. In cases where the inverter is far away from the PV generator, the voltage 

drop due to the cable resistance can be quite significant. 

With the use of DMPPT the voltage output of each power optimizer and the voltage 

input at the inverter can both be measured and recorded automatically. By adding all 

voltage outputs and comparing it to the inverter’s input, the voltage drop can be easily 

calculated and can set off alarms when it is too high.    

This diagnosis will only work with power optimizers and not with micro-inverters 

since the output of the module and the inverter are at the same location. 

6.36.36.36.3 EEEEXPERIMENTAL SETXPERIMENTAL SETXPERIMENTAL SETXPERIMENTAL SET----UP AND MEASUREMENT SUP AND MEASUREMENT SUP AND MEASUREMENT SUP AND MEASUREMENT SYSTEMYSTEMYSTEMYSTEM    

The experiments to verify the developed system have been carried out in two different 

PV generators. Both generators form part of the MagicBox, a solar house presented in 

the Solar Decathlon 2005 and now installed at the Instituto de Energía Solar in Madrid 

for research purposes. In addition, two different power optimizers were used for the 

experiments, one is a prototype built by Tecnalia (a participant of the project) for the 
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INTEGRA PV national Spanish project and the other is the commercial optimizer 

SolarEdge. 

Both generators are made up of Isofoton I-110/12 PV, with a VM of 17.4V and IM of 

6.32A. In order to better match the voltage range of the power optimizers the modules 

were grouped in serially connected pairs each connected to a power optimizer, making a 

total of seven module pairs for the PV generator with the prototype optimizers and eight 

module pairs for the generator with SolarEdge24. A picture of “MagicBox” can be seen in 

Figure 4.1. The tool has proven to work well in both systems. 

Although the SolarEdge monitoring portal provides data of the voltage and current 

values every 15 minutes, for the purpose of having more frequent and reliable data 

another measuring system has been built. In this system every module’s working voltage 

and working current points were measured every minute with an Agilent 34970A data-

logger; in total measuring 30 different values in both generators. The voltage was 

measured directly by the datalogger and the current was measured by incorporating a 

shunt resistance in series at the input of each power optimizer and measuring the 

voltage drop at the shunt resistance. The datalogger has 0.004%dcV measuring accuracy 

and the shunt resistances are calibrated at less than 1%. This data was stored in a 

computer and afterwards it was processed by our failure diagnosis tool.  

6.46.46.46.4 FFFFUNCTIONING PRINCIPLEUNCTIONING PRINCIPLEUNCTIONING PRINCIPLEUNCTIONING PRINCIPLES AND EXPERIMENTAL VS AND EXPERIMENTAL VS AND EXPERIMENTAL VS AND EXPERIMENTAL VERIFICATIONERIFICATIONERIFICATIONERIFICATION    

This automatic failure diagnosis tool has been purposely developed for small and 

medium sized PV systems with DMPPT – be it power optimizers or micro-inverters.  It 

can be installed locally, being the owner of the system the one who gets the failure 

alarms, or remotely if it is a local service provider who is in charge of the maintenance. 

It can prove especially time saving for a local maintenance company who is in charge of 

various installations around a city or an area. 

                                                      

24 Only seven prototypes were available and the SolarEdge system requires at least eight optimizers to 

be connected. This difference in module numbers does not affect the results. 
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The purpose of the routine is the detection of the exact underperforming modules, 

the diagnosis of why they are underperforming and its consequences. With DMPPT, the 

first point is easily achieved and most companies that offer DMPPT products already 

offer this solution. Even some of the consequences, like the amount of power lost, can be 

estimated by an easy interpretation of the data. It is, however, the second point, the 

diagnosis, which requires a more in depth analysis of the data and it is what this 

procedure aims at providing.  

This tool does not use irradiance or temperature sensors and is based on the 

comparison of the power produced by the different modules. In this tool, the most 

producing module(s) at each time period is considered as the irradiance and 

temperature sensor and all other modules are compared to it, to see if they are 

underperforming in any way and why.  

Different authors [Alonso,Roman et al., 2012a; TamizhMani, 2010] have pointed out 

that due to the limitations in the conversion ratio of the DC/DC converters used in 

power optimizers, heavy shading could cause that some power optimizers are not able to 

make the PV module work at its MPP. This depends on the model of power optimizer 

being used and if it occurs it would cause an erroneous diagnosis and should be 

considered. However, in all the measurements we have performed we have not noticed 

this situation. For example, we have measured current mismatches of over ten times 

with the SolarEdge power optimizer which seems enough to not cause this situation in 

most shading cases; considering that the diffuse radiation in a clear day is approximately 

10% of the global radiation. 

6.4.16.4.16.4.16.4.1 DDDDATA STORAGE AND INITATA STORAGE AND INITATA STORAGE AND INITATA STORAGE AND INITIAL CONFIGURATIONIAL CONFIGURATIONIAL CONFIGURATIONIAL CONFIGURATION    

The only data that is stored are the values of each module’s working point, supposing 

these to be the module’s maximum power point, VM and IM, from which the maximum 

power, PM, of each module is easily obtained. This assumes that the MPPT algorithm 

works correctly.  

For the DC cable losses’ estimation, the output voltage of each power optimizer and 

the working voltage of the inverter must also be stored. 



Chapter 6: Automatic fault diagnosis in PV systems with DMPPT 

 

176 

 

In order to take into account the PV modules’ initial power tolerance, there is an 

initial configuration which corrects all the modules’ MPP parameters with respect to 

their flash report, obtaining the corrected MPP parameters, VM,C, IM,C and PM,C. For 

example a 200W module in catalogue that only gives 195W in the flash report will have 

its power multiplied by 1.026; same for IM and VM respectively. These values can also be 

determined on a clear day without any failures during the first weeks of the installation 

if no flash-curves are available. Figure 6.4 shows the normalized power of all the 

modules of the system with respect to the maximum producing module of each time 

period, before and after the initial power correction. The initial correction values will be 

stored for their use in the diagnosis algorithms, except for the module degradation 

diagnosis which uses the real values and not the corrected ones. 

  

Figure 6.4: Normalized power of each module in the system with respect to the maximum producing module of 

each time period, before (left) and after (right) the correction. 

Table 6.1 shows all the parameters used in the failure diagnosis procedure, their 

description and how they are obtained. 

Table 6.1: Description of the parameters used in the failure diagnosis procedure and how they are obtained. 

ParameterParameterParameterParameter    DescriptionDescriptionDescriptionDescription    OriginOriginOriginOrigin    
VM, IM and PM Working MPP voltage, current and power 

values of each module  

Original measured data. PM is 

obtained by multiplying VM*IM 

VM,C, IM,C and PM,C Working MPP values corrected with 

respect to the initial real values and their 

rated valued.   

Obtained by correcting the measured 

values with respect to the flash-curve 

(FC) values and the rated values 

(RV). i.e. PM,C = PM*RV/FC. 

PM,N Normalized maximum power (values 

between 0 and 1). Used to determine a 

module’s failure in each time period. Also 

used to diagnose continuous and temporal 

failures and the type of object for temporal 

failures.  

Obtained by dividing each module’s 

PM,C by the maximum producing 

module’s PMAX  for each time period. 



Chapter 6: Automatic fault diagnosis in PV systems with DMPPT 

 

177 

 

PMAX Power of the maximum producing module 

for each time period. 

Obtained for each time period by 

finding the maximum value of all 

modules’ PM,C. 

Vaverage and Iaverage Average VM,C and IM,C  of all modules for 

each time period. Used to diagnose hot-

spots, small localized dirt, module 

degradation and generalized dirt on one 

module. 

Obtained for each time period by 

averaging all the values of VM,C and 

IM,C .  

6.4.26.4.26.4.26.4.2 CCCCLEAR DAY PROCEDURELEAR DAY PROCEDURELEAR DAY PROCEDURELEAR DAY PROCEDURE    

From the experiments carried out it has been found that an analysis during a cloudy 

day, or partially cloudy day, does not return accurate results. For this reason, the 

diagnosis procedure is only executed during clear days. Figure 6.5 shows the normalized 

power of the seven modules for two consecutive days, a cloudy day and a clear day. It is 

observed that no reliable information can be extracted from the cloudy day but it can 

from the clear day. 

       

Figure 6.5: Normalized power of the modules in the system for two consecutive days: a cloudy day (left) and a clear 

day (right). 

First, the data is analysed to see whether the day is clear or not. When an irradiance 

sensor completely free of shadows is available, this procedure is very straight forward to 

implement. By a simple analysis of the irradiance curve it can be determined whether 

the day is a clear day or not. During a clear day the irradiance follows a very 

characteristic bell-type curve, always increasing until it reaches its maximum at midday 

and then always decreasing until the night arrives; resembling that of Figure 6.6-b. 
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Figure 6.6: Production curve of the whole seven module system during a clear day (a) and of the maximum 

producing module for each time period (b) 

When no irradiance sensor is present, the solution could be to observe the 

production curve of the PV system. This works well in systems free of shadows, 

however, when shadows or other failures are present, the production curve will not 

resemble the irradiance curve of a clear day, as shown in Figure 6.6 (left). In this case 

two modules have heavy shade during the morning hours 

The method proposed in our procedure is to analyse the curve produced by the 

maximum producing module at each time period. This curve, unless all modules are 

failing at the same time, will be very similar to the irradiance curve of a clear day, as 

shown in Figure 6.6 (right). For obtaining the curve, five modules were used at different 

times of the day, each contributing in 27%, 14%, 37%, 15% and 6.9%. Each of these five 

modules is the maximum producing module during the percentage of day indicated. 

6.4.36.4.36.4.36.4.3 DDDDETECTION PROCEDURE AETECTION PROCEDURE AETECTION PROCEDURE AETECTION PROCEDURE AND ENERGY LOSS ESTIMND ENERGY LOSS ESTIMND ENERGY LOSS ESTIMND ENERGY LOSS ESTIMATIONATIONATIONATION    

In order to detect module failures, the corrected power of each module is normalized 

with respect to the maximum power at each time instant, obtaining the normalized 

maximum power, PM,N, of each module. At each time period, all non-failing modules will 

have a PM, N equal to one, or very close to, and the rest will have a different PM, N 

depending on their failure.  

In order to allow a bit of uncertainty in the data, a threshold is chosen for when to 

report a failure. For our system, a time period is defined as failing when its PM,N  is lower 

than 0.96. In addition, in order to give some margin for errors, modules have only been 

classified as failing modules when they have errors during at least 5% of the time periods 
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being analysed. Both of the values can be, and should be, modified depending on each 

system’s precision and further field experiences. For our experiments they have worked 

well enough.  

The failure detection algorithm described previously can be seen graphically in 

Figure 6.7. For the modules that have been found to contain a failure, the diagnosis 

algorithms are run. 

The energy losses caused by each module’s failure can be determined, showing the 

severity of each failure. This way, the user can be alerted of which failures are more 

important to solve. For obtaining the energy losses, each module’s power is compared 

with the most producing module at each time period. By adding the power losses during 

each failure’s period the total energy losses are obtained. 
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Figure 6.7: Failure detection algorithm 

6.4.46.4.46.4.46.4.4 DDDDIAGNOSIS PROCEDUREIAGNOSIS PROCEDUREIAGNOSIS PROCEDUREIAGNOSIS PROCEDURE    

For all modules which are found to contain a failure during each day, the diagnosis 

procedures are run to determine which failure affects each module. The first analysis 

that is performed is to find out whether the failure is a temporal failure, normally caused 

by fixed object shading, or a continuous failure, localized dirt, degradation or total 

module failure. All failures will be categorized under temporal failure or continuous 

failure; if the number of periods with a failure is over 95% of all periods, the module will 
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be considered to have a continuous failure, otherwise it will be considered to have a 

temporal failure. 

6.4.4.16.4.4.16.4.4.16.4.4.1 Temporal failures and fixed object shadingTemporal failures and fixed object shadingTemporal failures and fixed object shadingTemporal failures and fixed object shading    

Temporal failures can cause total power losses or only partial power loss failures. Total 

temporal failures can be caused by maintenance work or objects placed on top of 

modules, for example. The exact cause is difficult to determine and the diagnosis is left 

at that: total temporal failure. These will not be caused by shades of far-away objects 

because even when modules are totally shaded by far-away objects they are still 

receiving diffuse radiation. 

Partial temporal failures will be mainly caused by the shadows cast by fixed objects. 

The nature of the power loss caused by fixed object shading is a progressive loss of 

power until a minimum value is reached and a subsequent increase of power until 

normal values. Figure 6.8 shows the effect of fixed object shading over the different 

modules of the system. This effect on the power is caused by the shade slowly moving 

through the module, firstly covering a very small fraction and slowly covering more and 

more. The same occurs, but on the opposite direction (power wise), when the shade is 

leaving the module.  

Going a little further it can be noticed that the time that each module is shaded and 

the time it takes for the adjacent module to be affected by the same shadow, as well as 

the amount of power lost, is different for each object. In the same figure, three different 

shading patterns can be observed. These are caused by: a faraway building, a not so 

faraway tree and a very close by antenna. The analysis of consecutive days affected by 

the same shadows returns the same results. However, as the sun’s relative position 

changes this pattern also changes and some failures do not occur. This can be seen 

comparing Figure 6.8 and Figure 6.5 (right). These two figures are of the same generator 

but on different days, the 15ht of December and the 5th of February respectively. In 

Figure 6.5 the effect of the shadow due to the tree is no longer present because of the 

higher position of the sun. 
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Figure 6.8: Effect of different shading 

objects over each module of a PV generator 

the 15th of December 

The first object, a building about 30 meters away, causes a large power loss in the 

module during a short period of time. It causes a large power loss because, being the 

building a large solid obstacle, it covers all the cells losing more than 90% of its power; 

being the 10% left the diffuse radiation. On the other hand, this power loss only occurs 

during a short period of time because the further away the object is the faster the 

shadow casted by object moves along the PV generator.  

The second object, a tree fifteen meters away from the generator, causes a smaller 

power loss during a larger period of time; from 10:15 to 11:45. Since these experiments 

have taken place during the winter months, the trees are leafless and their shadow 

doesn’t cover entire cells. Therefore, the power loss is less than that caused by the 

building’s shadow. In addition, since the tree is closer to the generator than the building, 

the time that the shadow affects each module is larger. 

The last fixed object whose shadow affects the generator is a very close by antenna. 

Even though the total effect of the shadow cannot be appreciated because the day ends, 

it can observed that the duration of the shadow’s effect over each module is much longer 

than in the more far-away objects. It also occurs that, due to width of the antenna being 

less than a cell’s width, there is not a total power loss in each module, just like in the 

tree. 

By knowing the width of the modules and the time when each module is affected by 

shadows, the location of the object which causes each shadow can be determined. Figure 

6.9 a schematic of the shadow trace over a PV generator and the angles involved. ψS, 

azimuth angle of the sun when the shadow starts to affect the first module and ΔψS, 
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change in the azimuth angle from when the shadow affects the first module to when it 

starts to affect the second module (or any chosen module), can be obtained by applying 

the equations of the sun’s position and knowing the day of the year, the latitude, the 

width of the modules and the time when the shadow affects the first module and when it 

affects the second module (or any chosen module).    

 cosψs = (sinγs·sin∅-sinδ)/(cosγs·cos∅) 
(6.1) 

Where δ is the sun’s declination for the day, ϕ is the latitude and sin(γs) is equation 

(6.2) in which w is the solar angle. 

 sin(γs) = sin(δ)·sin(∅) + cos(δ)·cos(∅)·cos(w) 
(6.2) 

In order to obtain the distances, the triangle which represents the shadows at the first 

and second module is divided into two rectangular triangles. First, the height, h, of these 

triangles is obtained by equation (6.3). 

 h = w'·cos(ψs) 
(6.3) 

where w’ is the width of the module, or chosen modules, and d’ is obtained with 

equation (6.4). 

 d' = h/(sin(∆ψs)) 
(6.4) 

Finally d is obtained with equation (6.5). 

 d = d'·cos(|ψs | - ∆ψs) 
(6.5) 

It can be considered that the object is at a distance from the generator between d and 

d’. This method has been applied to the effects of the tree shown in the previous figure. 

For a better precision, the time lapse has been considered between the lowest point in 

the power curve of the first and last modules, obtaining that the tree is at a distance, d’, 

of 17 meters and at an angle of 46º east. In comparison with the real object, the angle 

matches exactly and the distance is off by two meters; being the real distance 15 meters. 

This is due to the inaccuracy of the time lapse between the shade affecting the first 

module and the last module; which has been found to be 43.5 minutes. A difference of 

only four minutes will give the exact value of 15 meters. This method should, therefore, 



Chapter 6: Automatic fault diagnosis in PV systems with DMPPT 

 

184 

 

only be considered as an estimate but good enough to decide if an object is close-by or 

far-away and it should be applied by the most far-away modules to have a better 

estimate. 

 

 

 

 

 

 

Figure 6.9: Schematic of an objects shadow over a PV 

generator and the angle and distances involved 

From this analysis, the nature of the effect each shadow has over the PV generator’s 

power has been analysed and the procedure aims at diagnosing at least four different 

fixed objects: close-by large object, close-by small object, far-away large object and far-

away small object. Figure 6.10 shows the algorithm for temporal failures. 

 

 

 

 

 

 

 

 

 

 

Figure 6.10: Temporal failure diagnosis algorithm 
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6.4.4.26.4.4.26.4.4.26.4.4.2 Continuous failuresContinuous failuresContinuous failuresContinuous failures    

Continuous failures are detected because the failing module is working at a lower power 

than the rest of the modules during the whole day. Under the continuous failure 

category the procedure can diagnose different failures depending on their power loss 

and their voltage and current values. The different diagnosed failures are: 

• Total continuous failure 

• Partial continuous failures 

o Hot-spot 

o Module degradation 

o Localized dirt 

The total continuous failure is diagnosed when the analysed module does not 

produce any energy during the whole day. For diagnosing the rest of the failures, a 

deeper analysis that also considers voltage and current values must be undertaken.  

The continuous failure algorithm is shown in Figure 6.11. 

 

 

 

 

 

 

 

Figure 6.11: Continuous failure algorithm 

6.4.4.2.f Small localized dirt 

In this procedure small localized dirt is considered as that which is small enough that it 

does not cause the affected cell to work in reverse-bias. Whether this occurs or not 
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depends on: the size of the dirt spot and the reverse characteristics of the shaded cells. 

When there is small localized dirt on a PV module the current of the module will be 

diminished in a proportion equal to the amount of shade on the cell and the voltage of 

the module will increase a little bit, due to the displacement of the working point 

towards VOC. An example of this can be seen in Figure 6.12 where module number 3 has 

one cell shaded at about 25%. Since the modules have two strings of cells in parallel, the 

percentage of current lost is only about 12.5%. A small voltage increase is also observed 

with respect to the average of all modules. 

  

Figure 6.12: Current and voltage measurements of generator 1, where module 3 is partially shaded, simulating 

small localized dirt. 

A thermographic picture of the shaded cell was taken at midday, Figure 6.13 (left), to 

show that the temperature increase in these situations is very small.  

  

Figure 6.13: Thermographic image of a cell affected by small localized dirt (left) and by large localized dirt (right), 

this last one producing a hot-spot 
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6.4.4.2.g  Hot-spots 

As it was already introduced in section 6.2.4, hot-spots are a serious problem in PV 

systems and they should be quickly identified. In section 6.2.4 it was also explained how 

hot-spots can be identified when a voltage drop in the module is detected. In this sub-

section an example of a hot-spots and its effect on the module’s voltage and current is 

presented. 

The experiment consisted in shading two electrically parallel cells of a module by 

50%; both protected by the same by-pass diode. The result after half an hour of exposure 

with the system connected to the inverter is a 40ºC above normal working temperature 

hot-spot. This experiment was carried out in winter and under 800W/m2 irradiance and 

the shaded cells reached 65ºC, as shown in Figure 6.13 (right). In hot summer middays 

with normal cell temperature close to 70ºC this hot-spot could easily reach values over 

100ºC, resulting in irreparable damage. 

Figure 6.14 shows the effect that this shading has on the voltage and current of the 

module (module 2, green lines). 

  

Figure 6.14: Current and voltage of the seven modules during a whole day. Module 2 is affected by a hot-spot 

It is also known that the shape of a cell’s I-V curve in reverse bias can be significantly 

different from cell to cell [Alonso-García,Ruiz et al., 2006a]. Depending on the cell’s 

breakdown voltage, shunt resistance and the amount that it is shaded, it will cause the 

diode to work in forward bias or not. If the diode is in forward bias the current remains 

at its normal value and the voltage decreases in an amount proportional to the number 

of diodes in the module. If not, a reduction in both current and voltage is observed, 



Chapter 6: Automatic fault diagnosis in PV systems with DMPPT 

 

188 

 

being the reduction in voltage less than if the diode is in forward bias. In both cases a 

reduction in voltage is observed and this is the information with which this tool detects 

hot-spots. Other works also relate a reduction in voltage to a hot-spot 

[Lorenzo,Moretón et al., 2013]. 

6.56.56.56.5 CCCCONCLUSIONSONCLUSIONSONCLUSIONSONCLUSIONS    

In this paper the different possible faults that can occur in PV systems as well as real 

cases have been presented. Their effect on PM, VM and IM of individual modules with 

DMPPT has been analyzed and has been used to create a failure diagnosis procedure 

which has been experimentally verified. The experiments conducted have shown that 

the tool works very well and returns consistent results during clear days. It has been 

shown that the results during cloudy days are not representative. 

This procedure does not need the use of irradiance or temperature sensors as all 

other monitoring and failure detection procedures that have been found in the literature 

do. This is a great advantage for small PV systems in which calibrated irradiance and 

temperature sensors will increase the total price in a significant percentage.  

This procedure can diagnose a large scope of failures including: fixed object shading 

with an estimate of distance to the object, small localized dirt, possible hot-spots, 

module degradation, generalized dirt and cable losses. In addition, an estimation of the 

energy losses caused by each failure can be obtained and it can be used to alert the user 

of the severity of each failure and the priority to solve it. This makes it a much more 

advanced procedure than any other previously presented in the literature making it ideal 

for system owners with no technical background or maintenance companies with many 

systems distributed over a large area, saving them much time and money. 
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The following conclusions can be extracted from this thesis: 

• Since 2010 the market of MLPE has not stopped growing and gaining market 

share and the predictions are that the tendency continuous this way, 

especially in distributed generation PV systems. 

• In chapter 2 a profound study of the effects of shading in PV systems has been 

presented. It is clear from this study that there is a large number of shading 

patterns possible and that the effects that they have over the generator’s or 

module’s I-V curve depend on many factors like: the number of shaded cells 

and number of shaded sub-modules, the breakdown voltage of the shaded 

cells, the configuration of the sytems and number of parallel strings, and the 

number of modules in the system. 

o For a better understanding of the effects of shading on PV systems an 

advanced tool has been developed that permits simulating I-V curves 

for different shading situations. This tool allows choosing the 

radiation that each cell in a system receives as well as its parameters in 

reverse bias, like the breakdown voltage. The tool has been validated 

with experimental measurements and the results are in good 

agreement with the simulations. 
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•  Chapter 3 has presented a theoretical study of DMPPT systems.  

o In many sections it has focused in PV systems with power optimizers 

as the use of DC/DC converters in module level creates some non-

trivial constraints due to their limited output parameters. The 

mathematical equations that dictate the functioning of PV systems 

with power optimizers have been derived and are there presented. 

These equations show that not all mismatch situations can be solved 

with power optimizers and that opposite to what some manufacturers 

are doing, a variable inverter voltage should be used for maximizing 

the situations of mismatch that can be solved. This is verified in 

chapter 4. 

o  This chapter also shows some simulations in power optimization for 

different system topologies and shading patterns. In this section the 

importance of considering the correct D/G irradiance ratio is 

emphasized. 

• Chapter 4 is basically an experimental verification of the concepts exposed in 

chapter 3. 

o Power gain measurements in real PV systems have been conducted 

and the results are presented. In this section power gains up to 20% 

have been recorded. 

o A special focus has been made on the MPPT efficiency of inverters 

and MLPE in presence of local maxima. It has been found that most of 

the algorithms implemented in modern equipment are not able to 

find the absolute MPP in presence of local maxima. What is even 

more disturbing is that none of the algorithm of MLPE, although they 

are designed for mitigating the problems in PV arrays affected by 

shadows, finds the absolute MPP in presence of local maxima. 

o An interesting theoretical discussion and experimental verification on 

the beneficial effects of using DMPPT for hot-spot mitigation can also 
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be found. It shows that systems with DMPPT are less prone to be 

affected by hot-spots caused by localized dirt. 

• Chapter 5 focuses on energy gains attainable with DMPPT in PV systems 

affected by shadows. 

o A model for simulating energy gains has been developed and 

experimentally verified. With the geometry of a nearby obstacle and 

considering the equations of the relative movement of the sun, this 

model creates a grid of shaded points in a PV generator that goes 

down to the cell level. Up to 64 points in each cell are used allowing 

the simulation of the exact I-V curve of a PV generator in any instant 

of the year. With these curves and the restraints of MLPE presented in 

previous chapter, the energy gains obtained for different obstacles 

have been simulated, as well as the losses associated to each concept. It 

has been found that the possible energy gains are much lower that the 

power gains obtained in chapter 4 and that the high percentages 

advertised by MLPE companies. Energy gains obtained range from 2-

5% yearly, depending on the obstacle.  

o A short economic analysis is also presented in this section, 

highlighting other benefits than energy gains, like reduced O&M and 

installation costs that could make this technology viable. 

• Another interesting option of MLPE is the working values of each module are 

monitored. This permits knowing which exact module is under-producing 

reducing the maintenance costs in a case of failure. However, even more 

interesting is the failure diagnosis possibilities that this provides if a look into 

the voltage and current values of each module is taken.  

o Chapter 6 presents the failure diagnosis tool that has been developed 

and experimentally verified. The tool can diagnose the following 

failures: fixed object shading and location of the object causing the 

shade, localized dirt, possible hot-spots, module degradation, 

excessive DC cable losses and generalized dirt.  
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o With the exception of generalized dirt, the failure diagnosis tool does 

not require the use of irradiance or temperature sensors, reducing the 

cost of the system. 
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