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Abstrat

This thesis is foused on the mitigation of mismath due to ageing in Photovoltai (PV)

systems. In the past, the degradation of the short-iruit urrent has been onsidered

to be the main fator hindering the energy prodution of PV systems. Nonetheless,

the dispersion of urrent also inreases with ageing, and it has been the topi of past

researhes. Although estimations have been arried out using measurements at the module

level, submodule level dispersion might be higher. This thesis obtains novel data at the

submodule level and examines the di�erenes with respet to the data reported in the

past. It is shown that estimation of energy loss due to ageing based on module level

dispersion data has been underrated and, onsidering submodule level mismath data,

lifetime energy improvement an be possible up to 4-6%. It is also pointed out that the

lifetime of PV systems ould be extended if the submodule level dispersions are treated

e�iently. In order to mitigate the ageing mismath in PV systems, an isolated d-

d bidiretional low power unity gain onverter is proposed. A design proedure and

experimental realization of the onverter is presented. A ontrol sheme that allows

bidiretional power �ow is also proposed. High frequeny ferrite ore transformer provides

the galvani isolation between primary and seondary side of the onverter. In addition,

resonant indutors are integrated in the transformer whih redues the size and ost of the

onverter. Experimental results show power transfer e�ienies more than 90% for loads

between 1 W to 8 W. The performane of the onverter for mismath mitigation is veri�ed.

In the laboratory, three prototype onverters are employed in a PV module following the

Di�erential Power Proessing (DPP) PV-IP arhiteture approah. It is observed that the

proposed onverters an fully mitigate mismath among three submodules and provide

the maximum available power. The impat of the proposed tehnology for mitigation of

ageing mismath on Levelized Cost of Energy (LCOE) in PV systems is also disussed.
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Chapter 1

Introdution

In order to ombat the global warming issue and to ut the greenhouse e�et, reduing

fossil fuel use is a must. Solar energy, wind energy, hydro power, biomass and others are

alternatives to �nite non-renewable energy soures. In order to redue the use of fossil

fuels as muh as possible, e�ient use of renewable energy is essential. Usually, oupling

of renewable energy to the power grid is aomplished by the use of power eletroni

onverters. To some extent, improving the e�ieny of renewable energy soures depends

on power eletronis tehnology.

Among the renewable energy soures, photovoltai (PV) energy has been onsidered

one of the most promising tehnologies. Extensive researh has been done in order to

improve the performane and to redue the prodution osts of PV modules. Suh inves-

tigations have indued a large deline of PV power prodution osts, whih have resulted

in an exponential inrease of the global PV market in the reent years, as shown in Fig. 1.1.

One of the harateristis that limits the performane of PV systems is its operating life-

time, whih is onsidered to be typially 25 years. During this lifetime, PV modules do

not provide onstant energy. Their power prodution dereases linearly due to ageing

down to 80% of the initial rated power at year 25. Ageing not only results in this linear

degradation, but also auses mismath in the urrent prodution of PV modules. This

aspet is well known, but its e�et is onsidered to be su�iently small. Therefore, it is

typially overlooked in PV system design.

In the literature [3℄, it has been shown that the yearly average power degradation of

PV systems is -0.6%. Data regarding the ageing mismath is also reported in the past,

but with a lower level of detail. In [3℄, it has also been shown that the mismath in short

1
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2 Chapter 1. Introdution

Figure 1.1. Global umulative PV installation until 2017 (inludes o�-grid) (from [1℄).

iruit urrent (I
s

) of PV modules inreases with time up to a oe�ient of variation (CV)

of 10% at year 25. This researh aims to further investigate the e�ets of ageing mismath

in the energy prodution of PV systems. The initial hypothesis is that ageing mismath

and its e�ets are larger than what has been predited in the literature. If that hypothesis

is orret, it may motivate the use of di�erent power eletronis arhitetures whih an

ouple the PV system to the grid while mitigating the power loss due to mismath.

In this researh, the e�et of ageing on PV modules is investigated by experimentally

measuring I-V parameters of a PV system. The measurements are used to generate a

statistial model that predits the e�ets of ageing on mismath. In addition, this thesis

proposes a power eletroni onverter that an mitigate mismathes and improve the

energy e�ieny of PV systems.

1.1 Operation of Photovoltai Systems

PV ells are semiondutor devies that onvert light energy diretly into eletriity.

Commerial PV ells are made of mono or poly rystalline silion whih an produe

urrent in a range of 5-10 A. However the voltage aross a PV ell is very low and below

1 V. The voltage-urrent and voltage-power urve of a typial PV ell are shown in Fig. 1.2.

PV modules are omposed of many ells onneted in series. Typially a PV module,

as shown in Fig. 1.3, ontains about 60 to 100 ells all in series, so that a larger voltage

an be seen at the output, and power eletronis onverters an be used to adapt the

system to the load or the grid. One important harateristi of the power onverters, and

UNIVERSITAT ROVIRA I VIRGILI 
DISTRIBUTED POWER ELECTRONICS FOR EXTENDED EFFICIENCY AND LIFETIME OF UTILITY-SCALE PHOTOVOLTAIC SYSTEMS 
MD  Nazmul Hasan 
 



1.1. Operation of Photovoltai Systems 3

PSfrag replaements

C

u

r

r

e

n

t

(

A

)

Voltage(V)

V
o

Power(W)

I
s

I
mp

mp

MPP

mp

V
mp

(a) V-I harateristis of PV ell.

PSfrag replaements

Current(A)

Voltage(V)

o

P

o

w

e

r

(

W

)

s

mp

mp

MPP

P
mp

V
mp

V
mp

(b) V-P harateristis of PV ells.

Figure 1.2. PV ell harateristis.

(a) Conventional PV module.

Vmod

Icell

Icell

Icell

Iby

Iby

Iby

Sub #1

Sub #2

Sub #3 N
c

N
c

N
c

(b) Series onneted sub-strings.

Figure 1.3. PV module.

of PV systems in general, is that the installation ost usually dereases with an inreasing

number of PV modules in series. In that ase, to get maximum power from a string

of many PV modules onneted in series eah ell has to produe the same amount of

urrent.

In ase of series onneted PV modules without mismath, the same amount of urrent

�ows through eah PVmodule. Therefore, at the output side of the PV system, su�iently

large amount of DC voltage an be seen while the urrent remains the same as it is for

a single PV ell. This DC voltage is then inverted to AC voltage by an inverter and

UNIVERSITAT ROVIRA I VIRGILI 
DISTRIBUTED POWER ELECTRONICS FOR EXTENDED EFFICIENCY AND LIFETIME OF UTILITY-SCALE PHOTOVOLTAIC SYSTEMS 
MD  Nazmul Hasan 
 



4 Chapter 1. Introdution

PSfrag replaements

PV1

PV2

PVn

T

o

M

a

i

n

G

r

i

d

DC-AC

Inverter
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onneted to the main grid, as shown in Fig. 1.4. While onduting this operation, the

voltage of the PV system is ontrolled in suh a way that maximum power is transferred.

Usually this is the standard operating ondition for all PV systems. If urrent generation

of the PV system is required to inrease, more strings in parallel an be added.

However, the presene of mismath among the ells due to dirt, manufaturing tol-

eranes, partial shading, ageing and some other reasons, auses dispersion in urrent

prodution. When suh senario happens, the overall urrent prodution of the module

is dominated by the least urrent generated ell and the module is fored to generate a

urrent lose to that ell. Therefore, due to the series onnetions of the ells, a portion

of available energy is lost within the ells. In ase of severe mismath onditions, due to

hot spots indued by power losses on reverse-biased ells operating in breakdown [8℄, ell

failures may our, damaging the PV system. This risk of system failure is minimized by

onneting bypass diodes in parallel with groups of ells whih is known as a submodule

or a substring. Typially, a module onsists of two or three submodules. However, those

bypass diodes annot eliminate the power loss due to mismath.

1.2 E�et of Ageing on PV Systems

Redution in urrent prodution in one module or submodule by any means a�ets the

whole PV system in suh a way that the total power loss is higher than the loss aused

by the a�eted module or submodule [3, 9, 10℄. Sine this researh is foused on ageing
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related mismath, a pratial example ase of mismath due to ageing after 11 years

and 20 years [2℄ is shown in Fig. 1.5. In the V-I urve of Fig. 1.5, it an be seen that

the mismath within the same module is so large that bypass diode is ativated above

4 V. Besides of the orresponding power loss, due to the unonventional V-I urve of

the PV system shown in �gure, voltage versus output power harateristis may beome

nononvex [10℄ with multiple maxima whih limits the traking of maximum power point

of the system and thus results in overall power loss.

In general, the long-term performane of a PV system is a�eted by two key fators:

degradation and mismath. The degradation of power of PV module has to be su�iently

low in order to ensure low ost of energy. For instane, in the studies on the levelized

ost of solar energy, it has been reported that the key fator is to keep this degradation

rate below 1% per year [11℄. Numerous researhes based on experimental measurements

have been done in order to haraterize this degradation rate [2, 12, 13, 14, 15℄. Based on

these studies, it has been reported that the median degradation rate for Poly-Si modules

lies within the range of 0.5-0.6%/year, while the mean degradation is slightly above, in

the range of 0.8-0.9%/year [11℄. In spite of having some level of skewness in the ur-

rent and voltage parameters, populations are usually onsidered normal in those studies.

Additionally, the degradation is usually assumed to be linear in time, although a higher

begging-of-life deline in output power has been reported, speially in ase of thin-�lm

modules [16℄.

The dispersion of I-V parameters, suh as the maximum power voltage (V
mp

) and
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6 Chapter 1. Introdution

urrent (I
mp

), among the submodules is the seond harateristi that a�ets the long

term performane of PV systems. This dispersion may hinder the operation of maximum

power point traking (MPPT) of the system and thus redue the overall e�ieny of

the system. However, it should be noted that, suh a loss of available power is only

beause all modules are operated at the same urrent level, whih does not orrespond to

their individual maximum power point due to dispersion. This loss an be reovered by

distributed power eletroni onverters [4℄. However, only few researhers have dealt with

the dispersion harateristis of PV systems due to ageing [2, 12, 13℄. In those papers, a

linear inrement of the oe�ient of variation (CV) of the short-iruit urrent has been

reported suh that with an initial CV of 1%, PV systems end up with a CV of 10% after 25

years (0.36% per year). The impat of this dispersion has been shown to ause energy loss

[4, 17, 18℄. It has been reported that after 25 years, energy yield penalty is in the range of

2.5-3.0% of the total lifetime energy and the average power loss at year 25 is above 7%. It

is important to note that those preditions onsider module-level dispersion. In addition,

the predition of energy loss is based on the CV of short iruit urrent while modules

operate at maximum power point urrent. It ould be argued that the dispersion found

in module level measurements is minimized by large number of ell onneted in series,

sine the ells that are responsible for dispersion are, to some extent, ompensated by

the ells within the same module. Therefore, onsidering module level mismath data for

submodule level mismath mitigation might be a onservative approah and submodule

level measured CV of maximum power urrent may result in higher reoverable power

loss due to the ageing mismath.

1.3 Distributed Power Eletronis in Mitigation of

Partial Shading

To extrat the maximum available power from a PV system a�eted by mismath, several

arhitetures based on distributed power eletronis have been proposed in the reent

past. For example, by employing d optimizers [19, 20, 21, 22℄ as shown in Fig. 1.6(a),

maximum available power an be extrated. This arhiteture an be introdued at the

module [19, 20℄ or submodule level [21, 22℄. However, in this arhiteture, the power

onverters have to proess all the power assoiated with the system (and they are also
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Figure 1.6. Mismath mitigation by FPP arhiteture.

known as full power proessing (FPP) onverters), hene the e�ieny of the system relies

mostly on the performane of the onverters. For instane, if the onverters an improve

an e�ieny of 3% and, due to the losses within the onverters 3% power is lost, then the

net energy yield improvement is equal to zero. A di�erent type of FPP arhiteture based

on DC-AC miro-inverters has been proposed in [23, 24, 25, 26, 27℄ as shown in Fig. 1.6(b).

In this approah, the e�et of mismathes an be redued by ompromising the insertion

losses. But the limitation of FPP regarding system e�ieny due to onversion losses

remains. Nonetheless, one signi�ant improvement is that, in this ase, only one power

onversion stage is required.

There is an alternative to the FPP arhiteture, where the original onnetion of the

PV system remains the same while the power onverters only proess the mismath power.

The main urrent �ows diretly through the PV string and insertion loss is eliminated.

This arhiteture is known as di�erential power proessing (DPP) method. In DPP

arhiteture, the onverters are plaed in parallel to submodules, and balane submodule

voltages by mathing submodule urrents. DPP arhitetures have several advantages over

FPP arhiteture. First, sine they only proess mismath power, loss due to onversion

does not have signi�ant e�et on the total energy improvement. Seondly, sine DPP

arhitetures proess omparatively low power, the power rating of the distributed power

onverters an be signi�antly redued and therefore, their orresponding ost is smaller.

Figure 1.7 presents a omparative example of FPP and DPP arhitetures. It an be seen

that, for the same mismath ondition, the FPP arhiteture has to proess all the power

of the PV modules, and the output power is 189.3 W. On the ontrary, DPP onverters
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(b) Mismath mitigation by DPP ar-

hiteture (proesses power 21.12 W).

Figure 1.7. FPP Vs. DPP arhiteture in PV system mismath mitigation.

only proess the mismath power of 21.12 W for the same output power.

A detailed omparison of FPP and DPP arhitetures has been presented in [17, 28℄.

It has been shown that 90% e�ient DPP onverters an extrat 1-3% higher energy with

respet to 97.5% e�ient FPP onverters. [17℄. In addition to that, it has been reported

that DPP arhitetures an be more ost e�etive than FPP sine DPP onverters proess

only 20-30% of full system power, whih results in lower power rating onverter require-

ment with low ost [17℄. These arhitetures also have di�erent impat on lifetime and

reliability of PV systems. For example, the e�et of power onverter failure is not only

limited to energy yield improvement, it might also have adverse impat on the whole PV

system. The impat of these two di�erent approahes on lifetime and reliability of PV

systems has been investigated in [18℄. It has been reported that in ase of 5% onverter

failure rate after 25 years, the FPP approah gets severely a�eted. On the ontrary, the

DPP arhitetures an still provide signi�ant mismath mitigation, and yield more than

80% of the rated power even after 30 years [18, Fig. 7(b)℄.

Several DPP arhitetures have been proposed in the reent years. Of them, as shown

in Fig. 1.8, three ommonly used arhitetures are listed below.
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Figure 1.8. Types of DPP arhitetures.

(i) PV-to-PV arhiteture

(ii) PV-to-bus arhiteture

(iii) PV-to-bus isolated port arhiteture (referred as PV-IP)

It is worth noting that these DPP arhitetures also su�er from several drawbaks.

For example, although the PV-to-PV arhiteture requires one less onverters than the

number of substring in series, they proess higher power due to their asade onnetion

[29, 30℄. On the other hand, the PV-to-Bus and the PV-IP arhitetures require isolated

power onverters [31℄. One signi�ant drawbak is that all DPP arhitetures require

extra abling between di�erent modules.

Considering the disussion above, it is our interest to study the on-�eld appliation

of distributed power eletronis by means of a DPP arhiteture in ase of ageing related

mismath mitigation.

1.4 Motivation and Objetives

The haraterization of submodule level degradation and dispersion of I-V parameters is

long due. In order to investigate the reliability and ost-energy ratio of PV systems on

the long-term, haraterizing degradation and dispersion of I-V parameters of PV systems

with higher granularity, suh as at submodule level is ompulsory.
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10 Chapter 1. Introdution

The �rst objetive, treated in Chapter 2, is to haraterize the ageing related dispersion

in a PV system. In order to do that, a measurement proedure of submodule level I-V

parameters is desribed. Considering the �ndings of the measurements, a simulation-

based model is introdued in order to evaluate the e�et of ageing on PV systems. A

omparison between previous �ndings based on module level measurements with the new

proposed model is also presented. The e�et of ageing mismath on the lifetime of a PV

system is also evaluated in Chapter 2.

The seond objetive is takled in Chapter 3. The aim is to design and implement a

power eletronis onverter that an be used to mitigate submodule level ageing mismath.

To do that, the best DPP arhiteture is evaluated. Also, the optimum power rating of

the onverter and an appropriate topology is analyzed and presented in that hapter.

The design proedure of the onverter is explained and the experimental realization of

the onverter is also detailed. Finally, the performane of the onverter is evaluated in

the laboratory.

Chapter 4 disusses how the levelized ost of energy (LCOE) an be redued by em-

ploying the proposed tehnology.

Finally, a summary of this researh is presented in Chapter 5.
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Chapter 2

Ageing Mismath in PV Systems

The degradation rate of power prodution of PV systems due to ageing has been investi-

gated and well doumented. The studies have foused on the experimental measurement

of module level data. Spei�ally, the degradation of the short-iruit urrent (I
s

) has

been onsidered as responsible for the redution in power prodution. However, the e�et

of dispersion of I
s

and I
mp

at submodule level has not been explored so far. Therefore,

the impat of these dispersion harateristis on energy yield predition has not been

analyzed yet. This hapter desribes a measurement proedure, and presents the results

of a series of measurements at submodule level that will allow to overome that limitation.

Finally, the e�et of using power onverters at submodule level on the lifetime of the PV

system is also evaluated.

2.1 Introdution

There is an inreasing interest in the study of the degradation harateristis of the

parameters of PV modules aiming to predit the derease of power prodution with time

and, on the other hand, to irumvent this problem by introduing ad ho orretive

eletronis. The derease in power prodution in PV modules due to ageing is onsidered

to be mainly the result of degradation of short iruit urrent. However, the dispersion

in degradation rate of I
s

among the modules, expressed as oe�ient of variation (CV),

whih an be de�ned as the ratio of the standard deviation (SD) to the mean (average),

also inreases due to ageing. This inreased CV (or SD) of I
s

auses mismath and

therefore, is another soure of power loss due to ageing of PV systems. Preise predition

11
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12 Chapter 2. Ageing Mismath in PV Systems

of energy apture requires the knowledge of degradation rate along with the inrease rate

of CV of PV parameters.

In order to observe the e�et of ageing on I-V parameters of PV modules, many re-

searhers have measured the parameters of new and old PV modules, exposed under open

sky, at di�erent atmospheri onditions [2, 11, 12, 13, 14, 15, 32℄, and degradation hara-

teristis of PV parameters have been reported extensively. The dispersion harateristis

of I-V parameters of PV modules, however, have not been onsidered in detail. In [33℄

11 year-old PV modules have been measured to study the degradation harateristis of

I-V parameters of PV modules. After 20 years of exposure, the same PV modules have

been measured again in [2℄, where a onsistent inrease in SD of I
s

and maximum power

point urrent (I
mp

) have been reported. By averaging all the available data, it has been

shown that the oe�ient of variation of I
s

at module level inreases with time from 1%

to 10% in 25 years, whih orresponds to a linear inrement of 0.36% per year [3℄.

The results in [3℄ fous on degradation and do not disuss dispersion in detail. First,

at maximum power the modules operate at I
mp

and, therefore I
mp

is likely to have more

impat on PV module power generation. In addition to that, due to the onave V-I

harateristis of PV ells, the CV of I
s

and I
mp

measured at ell level may di�er from

that of the modules. The above disussions suggest that the reoverable loss due to

ageing ould be di�erent from what has been predited in the literature if submodule

level ageing harateristis are being onsidered. However, no report has been published

regarding submodule level degradation harateristis due to ageing.

In order to mitigate the mismath due to ageing, power eletronis an be deployed at

submodule level. In the past, researh has been done to improve the energy prodution

by introduing power eletronis at submodule level in the presene of partial shading

[29, 31, 34, 35, 36℄. Those papers have also investigated the energy apture in the presene

of ageing related mismath. It has been shown that 90% of the loss due to ageing an

be regained by introduing submodule power onverter with only 20% rating of the full

power, and through the lifespan of a PV system almost 3% energy gain improvement

an be possible [4, 17℄. However, the results in [17℄ and [4℄ use models that employ

module-level dispersion and an therefore be onservative.

In this hapter the dispersion of I-V parameters in terms of CV is examined at sub-

module level. The dispersion is assessed with experimental measurements, whih are used
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2.2. Measurement Proedure 13

Table 2.1. Module and submodule parameters.

Eletrial Data �STC (Model: TSM-230 PC/PA05) Module Submodule

Peak Power Watts-P
MAX

(Wp) 230 76.67

Power Output Tolerane-P
MAX

(%) 0/+3 0/+3

Maximum Power Voltage-V
MP

(V) 29.2 9.73

Maximum Power Current-I
MP

(A) 7.90 7.90

Open Ciruit Voltage-V
OC

(V) 37.1 12.37

Short Ciruit Current-I
SC

(A) 8.53 8.53

Module E�ieny ηm (%) 14.1 14.1

to develop more realisti models of ageing e�ets. The models are then used to predit

the reoverable power loss.

The hapter is organized as follows. A proedure used to measure submodule level

I-V parameters is desribed �rst. Then, the results obtained from the measurement are

presented and analyzed. A statistial model is developed in order to predit available

energy loss due to ageing. A predition of the energy yield improvement is provided and

a omparison with the existing literature is also disussed. Finally, simulation results

are presented to justify that the use of submodule level power onverters an extend the

lifetime of PV systems.

2.2 Measurement Proedure

2.2.1 Submodule Spei�ations

The submodules measured in this researh are poly-rystalline PV panels from Trina Solar

Limited, model TSM 230 PC05. Eah PV panel ontains three submodules whih are the

ombination of 20 ells (3x20). These modules were bought in May 2010 and installed

in July 2010 in Universitat Rovira i Virgili, Tarragona, Spain (41.1189

0
N, 1.2445

0
E).

The tilt angle of these solar panels is 15

0
with respet to the horizontal and they are

oriented to south. The array is divided in two strings of 7 modules, onneted to the

grid through 2 SteaGrid 2000+ inverters. The individual juntion boxes of the modules

are modi�ed with additional onnetors so that the submodules an be aessed in order
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14 Chapter 2. Ageing Mismath in PV Systems

Figure 2.1. Sample of the module string under measurement.

to arry out the measurement without hanging their mehanial position and eletrial

harateristis. The datasheet parameters of the PV panel at standard test onditions

(STC: Air Mass AM 1.5, irradiane 1000 W/m

2
, ell temperature 25

0
C) are presented in

Table 2.1. Submodule datasheet parameters at STC, derived from the module data are

also shown in Table 2.1. Some of the modules under measurement are shown in Fig. 2.1.

2.2.2 Measurement Proedure

The measurements are arried out under lear sky, within two hours of solar noon, and

with irradiane above 800 W/m

2
. Before measuring, the modules are leaned with non

reative liquid to remove dirt. Temperature, voltage and urrent of the submodule under

test are measured aording to the IEC-60904 standard [37, 38℄, with toleranes below

0.5

0
C for temperatures and below 0.2% for voltages and urrents.

The onnetion diagram of the measurement is shown in Fig. 2.2. A voltage sweep is

done by a programmable d eletroni load (BK preision 8512 (500 V/30 A/600 W)) to

hange the operating point of the PV submodules and the experimental data are reorded

with a PPA 1520 power analyzer. As it an be seen in Fig. 2.2, also a temperature sensor
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+ −

+ −

+ −

+ −

PSfrag replaements

Submodule under test

Pyranometer

C

u

r

r

e

n

t

S

h

u

n

t

Power

Analyzer

D

C

E

l

e



t

r

o

n

i



L

o

a

d

PRT Sensor

I
PV

I
PV

V
PV

V
PV

V
PV

T

Irr

Figure 2.2. Blok diagram of the measurement setup. PV module Trina TSM-PC05 230. Pyra-

nometer Hukse�ux SR11-TR. Temperature sensor: lass A platinum resistane thermometer. DC

load BK Preision 8512. Power analyzer and logging: N4L PPA 1520.

and a pyranometer are onneted to the power analyzer. The temperature sensor (PT100)

is attahed to the bak over of the PV panel to reord the temperature. Solar irradiane

is reorded via a Hukse�ux SR11-TR pyranometer. The SR11-TR pyranometer omplies

with the �rst lass spei�ations of the ISO 9060 standard and the WMO Guide. The

pyranometer is oupled to the plane of eah individual PV module with an in-house devel-

oped oupling aessory so that the small position deviations between di�erent modules

do not a�et the results. A urrent shunt (HF01A from Newtons4th) is used along with

the pyranometer to improve the auray of the irradiane reading. All the instruments

are alibrated at the time of the measurements.

For eah submodule measurement, 15 voltage steps are set by the eletroni load with

a delay of 100 ms for eah step whih results in 1.5 seonds. Data aquisition is done

at a frequeny of 200 Hz by the data logger. Extra are is taken in the ase of moving

the pyranometer from submodule to submodule in order to avoid shading, given that

the instrument exhibits very long settling time. Also, it is veri�ed that the maximum
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16 Chapter 2. Ageing Mismath in PV Systems

Table 2.2. Adaptation Table.

Parameters Corretion for Corretion fator

V
o

Module temperature 0.32%/

0
C

I
s

Module temperature 0.047%/

0
C

I Solar Irradiane (1000 W/m

2
)/ (Atual Irradiane)

variation of irradiane during the measurement is 1 W/m

2
and the temperature variation

is less than 1

0
C [32℄.

2.2.3 Data Proessing

The measured data are proessed in two steps. First, to onstrut the V-I urve, the

measured data are proessed by an algorithm developed in MATLAB. The algorithm av-

erages the multiple values aptured at eah step of the measurement sweep. For instane,

three onseutive values of voltage with a tolerane of 10 mV are averaged and onsidered

as one single data point, and the orresponding three urrent/irradiane/temperature are

also averaged and taken into aount. This improves the basi auray of the readings.

Seondly, in order to ompare I-V parameters of di�erent measurements, data are

adapted (or normalized) to the Nominal Operating Cell Temperature (NOCT) of 45

0
C,

and onsidering an irradiane of 1000 W/m

2
. Those onditions are very lose to the

real onditions of the measurements. The normalization are arried out by following the

methods desribed by Zoellik [39℄ and Coleman [33℄, using the temperature orretion

fators provided in the datasheet of the PV modules, whih are shown in Table 2.2.

Figure 2.3 shows the normalized (NOCT) V-I urves of the measured submodules,

in 2017 (2.3(a)) and 2018 (2.3(b)). The data adapted to NOCT are used to extrat

the short iruit urrent (I
s

), the open iruit voltage (V
o

), and the maximum power

urrent, voltage and power (I
mp

, V
mp

and P
mp

). Adjustment of the urrent aording

to temperature is not neessary sine the in�uene of small temperature hanges on PV

urrent is insigni�ant.

UNIVERSITAT ROVIRA I VIRGILI 
DISTRIBUTED POWER ELECTRONICS FOR EXTENDED EFFICIENCY AND LIFETIME OF UTILITY-SCALE PHOTOVOLTAIC SYSTEMS 
MD  Nazmul Hasan 
 



2.2. Measurement Proedure 17

Parameters of the Population (Normal Model)

I
sc,

= 8.14 A I
sc,CV

= 2.77%

I
mp,

= 7.36 A I
mp,CV

= 4.67%

V
mp,

= 8.80 V V
mp,CV

= 1.31%

V
oc,

= 11.27 V V
oc,CV

= 0.71%

P
mp,

= 64.8 W
mp,

I
sc,

= 0.23

I
mp,

= 0.34

V
mp,

= 0.12

V
oc,

= 0.08

P = 2.83 P
mp,CV

= 4.37%

6 6.5 7 7.5 8 8.5
0

5

10

15

20
Histogram of I

sc

6 6.5 7 7.5 8 8.5
0

5

10

15

20
Histogram of I

mp

8.2 8.4 8.6 8.8 9 9.2
0

10

20

30
Histogram of V

mp

2

3

4

5

6

7

8

9

0 2 4 6 8
0

1

10 12

I
sc,

= 8.14 A

sc,median
= 8.24 A

V
mp,

= 8.80 V

mp,median
= 8.79 V

I

I
mp,

= 7.36 A

mp,median
= 7.49 AIV

PSfrag replaements

C

u

r

r

e

n

t

(

A

)

Voltage (V)

µµ

µ

µ

µ

µ

µ

µ

σ

σ

σ

σ

σ

(a) Measurements in Marh 2017.

Parameters of the Population (Normal Model)

I
sc,

= 8.08 A I
sc,CV

= 3.21%

I
mp,

= 7.32 A I
mp,CV

= 4.89%

V
mp,

= 8.76 V V
mp,CV

= 1.59%

V
oc,

= 11.28 V V
oc,CV

= 0.91%

P
mp,

= 64.16 W

I
sc,

= 0.26

I
mp,

= 0.36

V
mp,

= 0.14

V
oc,

= 0.10

P
mp,

= 2.81 P
mp,CV

= 4.38%

6 6.5
0

5

10

15

20
Histogram of I

sc

5

10

15

20
Histogram of I

mp

10

20

30
Histogram of V

mp

7 7.5 8 8.5

6 6.5 7 7.5 8 8.5
0

8.2 8.4 8.6 8.8 9 9.2
0

2

3

4

5

6

7

8

9

0 2 4 6 8
0

1

10 12

I
sc,

= 8.083 A

sc,median
= 8.201 A

V
mp,

= 8.764 V

mp,median
= 8.788 V

I

I
mp,

= 7.324 A

mp,median
= 7.464 AIV

PSfrag replaements

C

u

r

r

e

n

t

(

A

)

Voltage (V)

µµ

µ

µ

µ

µ

µ

µ

σ

σ

σ

σ

σ

(b) Measurements in Marh 2018.

Figure 2.3. V-I urves of the 42 submodules, measured in 2017 (7 years old) and in 2018 (8

years old). The ∆ marks point to the MPP of the urves, whih are within the limits of the

dotted blak box. Four boxes desribe the statistial attributes of the urves. The top left box

shows the average value, the standard deviation and the oe�ient of variation of I
s

, I
mp

, V
mp

,

V
o

, and P
mp

. The bottom left box shows the histogram of the 42 V
mp

values, and ompares the

average and median values. The top and bottom right boxes show the histograms of I
s

and I
mp

.

In both ases, from the histogram and the median values it an be seen that the distribution

presents skewness.
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18 Chapter 2. Ageing Mismath in PV Systems

Table 2.3. Auray Table for PPA-1520.

Voltage

Error = 0.05% Rdg + 0.1% Rng + (0.005% × kHz Rdg) + 5 mV

1

Current

Error = 0.05% Rdg + 0.1% Rng + (0.01% × kHz Rdg) + 300 µA

External shunt urrent sensor

Error = 0.05% Rdg + 0.1% Rng + (0.005% × kHz Rdg) + 5 µV

1

Rdg = meter reading, Rng = range employed in the instrument,

30 A rated instrument is used.

2.2.4 Auray and Preision of the Measurement Proedure

The auray and preision of the instrument are two fundamental aspets that need

to be taken into aount. In this setion, the quality of the measurements is disussed.

The data-logger used in this measurement is a Newtons4th 1520 power analyzer. The

instrument ontains a 30 A urrent sensor and a `×10' mode, whih improves the auray

of the readings. The derivations below show the basi auray of eah reading arried

out by the instrument, aording to the auray table provided by the manufaturer

manual as shown in Table 2.3.

Voltage Error: The voltage probe is attahed diretly to the submodule onnetors.

Aording to Table 2.3, the error of a voltage measurement, using the average value of

V
mp

in 2017, is:

Vmp,error,2017 = 8.80 V× 0.05% + 10 V× 0.1% + (0.005× 0) + 5 mV

= 19.4 mV

% error =
19.4× 10−3

8.8
× 100%

= 0.22%

It an be seen that this error represents 0.22% of the V
mp

measurement and is very lose

to the IEC 60904 standard (0.2%). Although the basi auray of one measurement is

slightly above the requirements, several data points are averaged during the data proess-

ing, and our researh fouses on the dispersion and degradation of urrent parameters of

PV submodules. Therefore, maintaining the auray of the measurement of I
s

and I
mp

within the standard is more relevant.
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2.2. Measurement Proedure 19

Current Error: From Table 2.3, and as an example, the error using the average value

of I
mp

in 2017, is equal to:

Imp,error,2017 = 7.36 A× 0.05% + 10 A× 0.1% + (0.005× 0) + 300× 10−6
A

= 14 mA

% error =
14× 10−3

7.36
× 100%

= 0.19%

This error is slightly smaller than that of the voltage and within the limit spei�ed by IEC

60904 standard (0.2%). In addition, the averaging of several data points further improves

this basi auray of a single measurement.

Pyranometer Error: Aording to the datasheet, the auray of the irradiane

measurement depends on a alibration unertainty of ±1.8%. Nevertheless, the uner-

tainty aounts for the apability of the instrument to repeat the `true' value, whilst the

preision (or the repeatability) of the measurement is more relevant in this ase, sine we

are interested in di�erenes between the urrent prodution of the di�erent submodules.

Hukse�ux provides a method [40℄ that allows to evaluate the unertainty of the measure-

ment, whih results in error of values around ±20 W/m

2
for irradiane above 1000 W/m

2
.

Also relevant to this ase is the auray of the data-logger. Sine the instrument outputs

a 4-20 mA signal, we use a urrent shunt (HF01A) that allows to redue the reading error

to (for 1000 W/m

2
):

Irr,error,2017 = 0.05%× 14× 10−3 + 0.1%× 30× 10−3 + (0.005%× 0) + 5× 10−6

= 42 µA

Whih is equivalent to 4.2 W/m

2
.

Temperature Sensor Error: The temperature of eah submodule has been sensed

by the PT100 temperature sensor. The auray of the sensor is 0.10C ±0.05%. The real

ondition of the measurement is lose to the NOCT, i.e. the ell temperature was lose

to 45

0
C. Hene, the temperature error an be evaluated as

Temperror = 0.10C + 45× 0.05%

= 0.12250C
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20 Chapter 2. Ageing Mismath in PV Systems

Table 2.4. Measurement of I-V parameters of two onseutive days.

Parameter Day 1 Day 2

The average I
SC

(A) 8.1778 8.1788

The average I
mp

(A) 7.4353 7.4527

STD of I
SC

0.18071 0.18078

STD of I
mp

0.27813 0.26917

CV of I
SC

(%) 2.21 2.21

CV of I
mp

(%) 3.74 3.61
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Figure 2.4. Distribution of I
mp

from the measurements of two onseutive days.

Aording to Table 2.2, this negligible error in temperature measurement should not have

signi�ant e�et on the voltage or urrent.

Disussion: It is important to note that the measurements are used to alulate

di�erenes among the parameters of submodules, so that auray (or error against the

true value) of the results is not as important as their preision (or repeatability).

The repeatability of our measurement proedure are tested by arrying out two sets

of measurements in two onseutive days (where ageing e�et an be negleted), under

similar temperature and lear sky irradiane onditions.

Table 2.4 shows the results of this experiment, where the average values of I
s

and I
mp

are shown, along with their statistial harateristis assuming a normal model (standard

deviation and CV). It an be seen that short-iruit average values are almost idential,

although the maximum power point average urrents show higher error (due to the moving
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2.3. Submodule Level Mismath 21

sweep that limits the amount of points for averaging). However, the STD and CV of the

statistial model exhibit very minor di�erenes.

Further detail of the preision of the I
mp

measurements is given in Fig. 2.4, where the

agreement between the I
mp

measured at day 1 and day 2 an be observed. The mean

tolerane is 0.2% and this results in a variation of the orresponding CV of only 0.13%.

2.3 Submodule Level Mismath

In the previous setion, the measured submodule level data are normalized to 1000 W/m

2

and NOCT ondition. The �ndings from the measurement are presented in this setion.

Moreover, a omparison with existing literature is provided. It is worth mentioning that

sine there is no submodule level measurement data available till to date, all our sub-

module level measured data are ompared with module level measured data that have

been presented in previous studies. Two sets of measurements are presented. The �rst

measurement was arried out in Marh 2017, when the PV modules were 7 years old. The

seond measurement was performed one year later, in Marh 2018.

2.3.1 Measurement Results

In Fig. 2.3, as expeted, it an be seen that the voltage parameters V
o

and V
mp

exhibit

smaller standard deviation and CV with respet to the urrent parameters I
s

and I
mp

.

In onsequene, the CV of P
mp

is in good agreement with that of I
mp

. In addition, the

histograms in the �gures show negligible di�erenes between the average and the median

values of V
mp

, whereas there is some level of disrepany between the average and the

median values of I
s

and I
mp

. This also agrees with the previously mentioned skewness of

these parameters.

Table 2.5 shows a summary of the statistial results for every parameter, onsidering

the average of measurements µ, the degradation of the average per year, the oe�ient

of variation and its hange per year. No data of the �rst year of use is available, thus

datasheet values are taken as a referene. It an be learly seen how the urrent parameters

I
s

and I
mp

present large degradation rates around 1%, whereas the V
o

and V
mp

remain

mostly unaltered with time. After 8 years, the mean degradation rate of I
s

is -0.86%/year
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22 Chapter 2. Ageing Mismath in PV Systems

Table 2.5. Statistial omparison of submodule parameters at NOCT: Datasheet, 7 years old

and 8 years old.

Parameter Year I
s

(A) I
mp

(A) V
mp

(V) V
o

(V) P
mp

(W)

Average µ From Datasheet 8.68 7.94 8.77 11.3 69.58

7 years old 8.14 7.36 8.80 11.27 64.8

8 years old 8.08 7.32 8.76 11.28 64.16

µ Change Datasheet v. 7 years -6.22 % -7.30 % 0.34 % -0.26 % -6.87 %

Datasheet v. 8 years -6.91 % -7.81 % -0.11 % -0.18 % -7.79 %

µ Change/year Datasheet v. 7 years -0.89 % -1.04 % 0.05 % 0.04 % -0.98 %

Datasheet v. 8 years -0.86 % -0.98 % -0.01 % -0.02 % -0.97 %

CV From Datasheet 1 % 1 % - - 1 %

7 years old 2.76 % 4.62 % 1.36 % 0.71 % 4.37 %

8 years old 3.22 % 4.92 % 1.60 % 0.89 % 4.38 %

CV Change/year Datasheet v. 7 years 0.25 % 0.51 % - - 0.48 %

Datasheet v. 8 years 0.27 % 0.49 % - - 0.42 %

and that of I
mp

is slightly above and equal to -0.98%. These values are in aordane

with reported degradation rates of poly-Si modules [3℄.

A more signi�ant result with respet to mismath due to ageing an be observed

in the CV values depited in Table 2.5. First, the mismath observed in I
s

and I
mp

is signi�antly larger than that of V
o

and V
mp

, in line with previous studies. However,

the rate of inrease of the CV of I
s

is 0.25-0.27% per year, a value slightly below the

0.36%/year reported at the module level in [3℄. In ontrast, the rate of inrease of the

CV of I
mp

is well above those values and orresponds to 0.49-0.51%/year. This last result

demonstrates that the CV of I
mp

is larger than that of I
s

.

It has to be pointed out that the statistial analysis shown above onsiders that the

Probability Density Funtion (PDF) that desribes the set of measurements is normal.

However, this hypothesis of normal distribution has to be validated. In order to do that,

as an example, the distribution of maximum power point urrent is shown in Fig. 2.5

when the system is 7 years and 8 years old. In Fig. 2.5, it is quite evident that there is a

di�erene between the mean and the median values of the maximum power urrent, whih

indiates a non-normal distribution sine in a normal distribution the mean, median, and

mode are equal. The distribution of I
mp

shows negative skewness with a long tail of

urrent values that exhibit signi�antly lower performane. This skewness is well known
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Figure 2.5. Histogram of the I
mp

measurements when the system is 7 years old (a) and 8 years

old (b). Red line: �tting of the measurements with a normal distribution. Blue dashed line:

mean value. Green dotted line: median value.

and has been reported in the past [2, 32, 33, 41, 42℄.

In order to provide an appropriate statial model, in the following setion we explore

a probability density funtion in whih skewness an be taken into aount. The new

probability density funtion is expeted to provide better �tting of the PV parameters

statistial data.

2.3.2 Submodule Level Mismath Modelling

This subsetion presents a subexponential heavy-tailed distribution [43℄ that an desribe

appropriately the properties of the measurements. Heavy tailed distributions have been

used in the past in the ontext of PV systems, for example in [44℄. In this researh, only the

measurements of I
mp

are onsidered sine the MPP urrent is the main parameter a�eting

the e�ieny of PV systems. The results of Fig. 2.5 point to a negative skewness, whih

is in line with previous reports [3℄. The distribution tends to inlude most of its ontents

within a small range around the median, whereas there is a dereasing hane of ases

where the urrent is smaller. It is worth to point out that in our set of measurements, the

histogram of I
mp

shows an unexpeted �gap� near the median. This gap should typially

not exist [13℄ but, other than that, the measurements are in good agreement with the

literature.

One-tailed arrangements, inluding the Weibull, Burr or the log-normal distribu-
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Figure 2.6. Histogram of I
mp,∆ = 8.68− I

mp

when the system is 8 years old (a) and histogram

of its natural logarithm (b). Red line: �tting of the measurements with a normal distribution.

Blue dashed line: mean value. Green dotted line: median value.

tions [43℄, an be used to model suh a probability density funtion. In that sense,

the log-normal distribution presents the advantage that its relationship with the normal

distribution an be used to haraterize the PDF easily. Nonetheless, the log-normal dis-

tribution an only be used to represent positive skewness (i.e. right-tailed distributions),

while Fig. 2.5 shows negative skewness. In order to adapt the probability density fun-

tion desribing the MPP urrent to the positive skewness of the log-normal distribution,

the following transformation is arried out. The measurements are subtrated from the

short-iruit urrent spei�ed in the datasheet.

I
mp,∆ = 8.68− I

mp

(2.1)

Fig. 2.6(a) shows the new histogram of the 8-years old I
mp,∆ measurements after the

transformation. Now the x-axis points to the derease of the MPP urrent with respet

to the datasheet short-iruit urrent. In addition, the appropriateness of the log-normal

distribution an be observed in Fig. 2.6(b), where the histogram of natural logarithm

of the measurements is depited. If the log-normal distribution is pertinent, then the

logarithm of the variable presents a normal distribution [43℄. Although some level of

skewness (whih is related to the aforementioned lak of measurements near the median

in this set) still exists, it an be seen that the normal distribution is in good agreement
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2.3. Submodule Level Mismath 25

Table 2.6. Predited statistial parameters after 1, 7, 25 and 50 years.

Parameter Year 1 Year 7 Year 25 Year 50

∆µ (A) 0.74 1.32 2.68 4.61

CV (%) 1 4.62 12.45 25.5

σ 0.0794 0.3435 0.7477 1.0367

µ∗

∆ -0.3068 0.2432 0.9473 1.5047

σ∗

∆ 0.1070 0.2563 0.2740 0.2219

with the histogram.

The log-normal distribution is haraterized by its mean and standard deviation, noted

µ∗

∆ and σ∗

∆ respetively. These parameters an be easily related to µ∆ and σ∆ from the

normal distribution as follows [45℄:

µ∗

∆ = Ln

(

µ2
∆

√

σ2
∆ + µ2

∆

)

, (2.2)

σ∗

∆ =

√

Ln

(

σ2
∆

µ2
∆

+ 1

)

. (2.3)

Considering that the hanges of the 8-years old µ and CV of I
mp

in Table 2.5 are

linear (suh as in [12℄), the orresponding probability density funtion for I
mp,∆ along with

modi�ed versions of µ∗

∆ and σ∗

∆ for the proposed log-normal distribution after 1, 7, 25 and

50 years should present the parameters of Table 2.6. The parameters of the 7 years old

distribution are veri�ed in Fig. 2.7, where the histogram of I
mp,∆ from the measurements

and a �tting of the log-normal distribution is arried out, using an equivalent maximum

likelihood parameter estimation [46℄. It an be seen that the parameters from the �tting

are in good agreement with those from Eq. 2.2 and Eq. 2.3 in Table 2.6.

It is worth noting that the CV of an I
mp

population depends on its average. Sine the

average is dereasing with time, the assumption of linear hanges in the CV aounts for

the deeleration of the widening of the population. The evolution of the I
mp

model with

time is depited in Fig. 2.8.
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Figure 2.8. Predited distributions of I
mp

based on Log-normal model when the system is 1,

7, 25, and 50 years old.

2.4 Predition of Performane Loss due to Ageing

Considering Submodule Level Mismath

A model has been proposed in the previous setion to predit the nature of the population

of the maximum power urrent with �eld exposure time. It is important to note that it
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2.4. Predition of Performane Loss 27

is impossible to predit the individual degradation rate of eah submodule. What an be

done instead is prediting the linear inrement of CV of the maximum power urrent and,

aording to this CV, generating a population of I
mp

. With this population of I
mp

, power

generation after a number of years an be predited. The model presented in the previous

setion is employed in a simulation of 25 years of life of the PV system under test. The

objetive of the simulation is to predit the e�et of the newly measured submodule-level

mismath, with respet to previous module-level results. In order to deouple degradation

and mismath loss, the simulation onsiders the energy obtained in a onventional series

onnetion of the modules with respet to the maximum available energy if all submodules

ould operate at their orresponding maximum power points.

Sine the simulation depends on the statistial model developed above, a Monte Carlo

approah is used, suh that 100 populations following the statistial model proposed

above are generated. The populations are simulated using the tool desribed in [47℄ and

the average value of the outputs is taken as the most expeted value [4℄.

Before assessing the e�et of experimentally measured submodule mismath data on

the predition of future power generation, it is worth to disuss how the newly proposed

log-normal model overomes the limitation of generating random populations following

the normal model (as used in the past). Following the measurement, the average and

standard deviation of year 1 and year 25, as spei�ed in Table 2.6 are used. Sine the new

submodule level measurements present higher inremental rate of CV of I
mp

ompared

to the previous �ndings, onsidering a normal population auses problems to generate a

realisti population. Figure 2.9 shows how the PDF with normal model auses problems in

the generation of a realisti population. It an be seen that the normal model introdues

unfeasible ases where for some submodules the urrent inreases with time, whih is in

pratie impossible. This problem had been already deteted in [4℄ (with a lower hane

of inidene, due to smaller CV values), where it was solved by generating as many

populations as neessary until suh a ondition was not deteted. Figure 2.10 shows one

possible result following that approah. However, in Fig. 2.10 it an be seen that even if

the urrents are dereasing for all ases, this senario is still unrealisti sine some ases

present nearly no dependene on time. In onsequene, the predition of power generation

in presene of mismath due to ageing used in the past ontained inauraies.

The newly desribed log-normal model does not generate any ambiguous value of
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Figure 2.9. Population of I
mp

with a normal PDF.
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Figure 2.10. Population of I
mp

with a normal PDF and restritions.

submodule urrent with ageing e�et and thus it does not require the detetion of the

unrealisti ases. An example of generated submodule urrent population with log-normal

model is shown in Fig. 2.11.

To justify the use of the proposed model, the e�et of both, the onventional normal

model and the proposed log-normal model on the e�ieny of the system an be ompared.

Figure 2.12 shows an example ase of a 25 years old system where the e�ieny with

normal model and log-normal model an be observed. It an be seen that, although the
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Figure 2.11. Population of I
mp

with the proposed log-normal PDF.
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Figure 2.12. E�ieny of the system with respet to the ideal power: using the reported

submodule-level measurements and the proposed log-normal model (solid line) and using the

submodule-level measurements and a normal model (dash-dotted line).

�nal value of e�ieny is very similar in both ases (around 87%), the shape of the urve

with the proposed log-normal model exhibits a larger loss at the early stages of ageing,

whih results in larger energy yield penalties. In this spei� ase, the lifetime reoverable

loss with the normal model is 4.83%, whereas it inreases up to 5.58% with the log-normal

approah.

As our interest is to investigate the in�uene of the newly reported submodule-level
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(a) E�ieny and time.
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Figure 2.13. Comparison between module and submodule-level models. (a) E�ieny of the

system with respet to the ideal power with submodule-level measurements (solid line) and

using module level measurements from [3℄ with a normal model (dash-dotted line). (b) Power

yield of the system with respet to the nameplate rating if all submodules ould operate in their

orresponding MPP with module-level data (dotted line) and submodule-level data (dashed line).

Power yield of the system with respet to the nameplate rating in a onventional series onnetion

with module-level data (dash-dotted line) and submodule-level data (solid line).

measurement data on system e�ieny, a omparison between the models with module-

level data from [3℄ and submodule-level measurement data is done. The system e�ieny

with respet to the ideal power (if all submodules ould operate at their MPP) for both

ases is shown in Fig. 2.13(a). In order to maintain the omparison in good agreement

with the data in [3℄, the module-level models onsider a degradation of -0.6% and an

inrease of the CV of +0.36% of the maximum power point urrent. In the �gure, it

an be seen that the submodule-level e�ieny urve is the same shown in Fig. 2.12 and

exhibits a 87% e�ieny after 25 years. In ontrast, the module-level urve predits a

remarkably higher e�ieny of about 91.5%.

Now, the e�et of this di�erene in system e�ieny omes from the fat that submod-

ule level mismath rate is higher than that of module level, and this an be understood by

omparing the power yield in both ases. Figure 2.13(b) presents the simulation results

of power yield improvement for both ases, the ideal and the atual power (in %) in ase

of a onventional series onnetion of the modules, again with the module-level data from

[3℄. The reoverable loss in that ase is 3.17%, in good agreement with the reoverable

power predited for a similar system in [4℄. In omparison with module-level data, the

submodule-level simulations reveal two main points. The data presented in this researh
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Table 2.7. Simulation results: e�ieny and power Loss.

Module-Level

Data from [4℄

Submodule-Level

Data

Last Year E�ieny (%) 91.5 % 87 %

Total Lifetime Loss (%) 3.17 % 5.58 %

predits a 1% yearly degradation, hene the steeper deline of the power yield. More

signi�antly, the predited reoverable power loss aounts for 5.58%, whih represents an

inrease of 76% with respet to the 3.17% predited above. A summary of the di�erent

preditions an be seen in Table 2.7.

2.5 Comparison with Previously Reported Preditions

In order to evaluate the e�et of the novel �ndings regarding submodule level mismath,

two senarios, that were reported in [4℄, are re-investigated and ompared. Those two

senarios were referred as: (A) Ageing Mismath in Utility-sale Systems, and (B) Aging

Mismath in Residential Systems.

2.5.1 Ageing Mismath in a Utility-sale System

The �rst senario onsiders an existing utility-sale system (8 MW) that onsists of strings

of 16 modules. Eah module inludes 3 submodules (20 ells eah) in series, with a

submodule peak power rated at 81 W. As reported, the module-level data predited an

e�ieny loss of about 7% after year 25, whih resulted in an overall lifetime loss of 2.74%.

The novel submodule-level data show that the reoverable loss in year 25 inreases up to

12%, whereas the overall lifetime loss is twie as large as before, nearly 5%. The simulation

results for both ases are shown in Fig. 2.14.

2.5.2 Ageing Mismath in a Residential System

Similarly, Monte Carlo simulation is arried out for a residential system (2.9 kW) on-

sisting of 2 strings of 7 modules rated at 210 W, eah module having 3 submodules rated

at 70 W peak power eah [4℄. It an be seen that the module-level data yielded last

year (after year 25) and lifetime losses of 8.2% and 3.26% respetively. In ontrast, the
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Figure 2.14. Comparison between the results with module-level data in [4℄ and the results with

new submodule-level models: Utility-sale system (Senario IV in [4℄).
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Figure 2.15. Comparison between the results with module-level data in [4℄ and the results with

new submodule-level models: Residential system (Senario V in [4℄).

submodule-level model provides muh the same results of the previous ase, with a 25

years loss of 12% and a lifetime loss of 4.55%. The e�ieny for both ases is shown in

Fig. 2.15.

The prior module-level preditions and the novel results an be inspeted in Table 2.8.

In summary, the novel data predits that the reoverable loss after 25 years of operation

does not depend heavily on the number of PV modules in series and it is lose to 5%.
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2.6. Impat of Distributed Power Eletronis on Lifetime of a PV system 33

Table 2.8. Life time power loss in representative systems.

Module-Level

Data from [4℄

Submodule-Level

Data

Reoverable Power Loss

Utility-Sale System (%)

2.74 % 4.99 %

Reoverable Power Loss

Residential System (%)

3.26 % 4.55 %

This number nearly doubles the previous preditions, with a 75% and 80% inrease in

eah ase.

2.6 Impat of Distributed Power Eletronis on

Lifetime of a PV system

The manufaturer of TSM-230 PC/PA05 provides a warranty of 80% nameplate power

prodution after 25 years, whih an be translated to 0.8% linear degradation per year.

However, in Fig. 2.13(b), it an be seen that even in ase of ideal ondition where all

submodules operate at their MPP, the power prodution is slightly less than 80% (ap-

proximately 77%). This is simply beause we have onsidered a 1% annual degradation

of maximum power, in aordane with the measurements of this hapter (presented in

Table 2.5). Considering 0.8% linear degradation per year, a simulation is arried out on

the aforementioned PV system to observe the ideal power yield of the system with respet

to the nameplate rating. The result is ompared with the data sheet and presented in

Fig. 2.16. It an be seen that, if all the submodules ould operate at their MPP, at the

end of year 25, the system an produe 80% of the nameplate power whih agrees with

the manufaturer warranty.

It is worth to mention that, the warranty for produing 80% of the nameplate power

at the end of 25 years is appliable only for individual modules. In the ase of series-

onneted PV modules where the performane of the modules is not only limited by their

individual performanes, the senario might be di�erent. Although it has been shown

that failures due to dispersion require a high level of loalized mismath [18℄, in presene

of ageing mismath, a PV system that onsists of a number of modules in series is likely

to produe less energy than what has been expeted and therefore, the lifetime of the

PV system is redued. In this part of the thesis, the e�et of using distributed power
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(a) Predition of power generation by the manufaturer.
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(b) Predition of power generation with a degradation of P
mp

of -0.8% per year.

Figure 2.16. Predition of power prodution of Trina TSM-230 PC/PA05 modules over 25

years of lifetime.

eletronis at submodule level on the lifetime of PV systems is disussed. In order to

investigate the impat of using power onverters at submodule level on the lifetime of 50

years of a PV system, a simulation is arried out based on the �ndings of the submodule

level measurements. The result is then ompared with the power output of the same PV

system where onventional bypass diodes are onneted in parallel to the submodules.

2.6.1 Lifetime Extension of PV Systems by Means of Ageing

Mismath Mitigation

Typially the lifetime of a PV system is onsidered to be 25 years. However, this onsid-

eration is arbitrary. In this researh, and as an example ase, the lifetime of a PV system

is onsidered to end where power prodution falls below 50% of the nameplate rating.

Based on that, simulations are arried out onsidering two ases,
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- - - Ideal power over 25 years.

�� power with bypass diode.

Figure 2.17. Lifespan of a PV system with bypass diode.

(a) The onventional onnetion: only onventional bypass diodes are onneted

aross the submodules in a series onneted PV system.

(b) DPP arhiteture with PV-IP approah onnetion: power onverters are

onneted in parallel with the submodules in a series onneted PV system to mit-

igate ageing mismath.

The simulations are performed on a PV string of 42 submodules onneted in series,

using the dispersion presented in Table 2.5.

(a) The onventional onnetion: In this ase, the onventional onnetion of the

PV system is onsidered where all the submodules are onneted in series and bypass

diodes are onneted in parallel to eah submodule. In order to evaluate the performane

of the system, the simulation is performed by deploying dispersion and degradation of

maximum power urrent through 50 years of lifetime. The ideal power yield i.e. the

power output of the system if all the submodules ould operate at their MPP and the

atual power yield where eah submodule ontain a parallel bypass diode, with respet

to nameplate rating (shown as 100%) are presented in Fig. 2.17. It an be seen that,

from year 38 the PV system with onventional onnetion is produing less than 50% of

the nameplate power while, aording to the degradation rate, the system is supposed to

provide approximately 65% of the nameplate power. Consequently, at the end of year 50,

the system only produes approximately 35% of the nameplate power. Therefore, it an

be easily understood that this loss of available power results from the dispersion of I-V
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�� Power prodution with 90% e�ient power onverter.

Figure 2.18. Lifespan of a PV system with distributed power eletronis

.

parameters of the submodules and onventional series onnetion an not optimize the

system.

(b) DPP arhiteture with PV-IP approah onnetion: With the same dis-

persion and degradation rate whih has been onsidered in the previous ase, the sim-

ulation is performed again and ompared with ideal power prodution. In this ase it

is onsidered that 90% e�ient power onverters are onneted in parallel with the sub-

modules following the PV-IP approah of DPP arhiteture. The results are presented in

Fig. 2.18. It an be seen that, all through the lifespan, the power yield by the PV system

is very lose to the ideal power. Therefore, even at the end of year 50, the system an

produe 50% of the nameplate power whih is 15% higher than that of the onventional

system onnetion.

2.7 Conlusions

A model of submodule level mismath based on a 8 years old Poly-Si PV system has been

presented in order to have a better estimation of reoverable power loss due to ageing

related mismath. The objetive of this model is to predit the CV of I
mp

of the system

after 25 years, whih needs to be validated in the future by taking further measurements.

A omparison has been done with previous literature where module level data have been

onsidered for submodule level. It has been demonstrated that the CV of I
mp

at sub-
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module level is larger than I
s

what has been reported before on the basis of module level

measurement. Due to the fat of having higher inremental rate of CV of maximum power

urrent at submodule level, the loss estimation of a PV system, based on module level

data and I
s

is inappropriate. In other words, it an be said that the proposed model

shows that the reoverable energy loss due to ageing might have been underestimated in

the past. In absene of partial shading or any other soure of mismath, the reoverable

loss during 25 years of operation of a PV system is between 4 and 6%. These quantities

may o�er an opportunity for submodule-level power eletronis onverters to mitigate

mismath and provide nearly 100% reovery of the energy loss [48℄. It is important to

note that the haraterization of ageing e�et on submodule level has been done with

relatively low number of samples and only two years of measurements have been onsid-

ered, however, the onsistene of the degradation and dispersion rates of I-V parameters

of the submodules validates the approah. In addition to that, the �ndings regarding the

degradation rate of maximum power from the submodule level measurements are also in

aordane with the previously reported data.

The e�et of distributed power eletronis on the lifetime of PV systems has also been

evaluated. It has been shown that deploying power onverters at submodule level not

only inreases the lifetime power prodution, but also prolongs the lifetime of the PV

system. Considering that the end of life of a PV system ould be established at 50% of

the nameplate power, a system with distributed power eletronis ould reah a lifetime

of 50 years, whereas a onventional PV system would have a lifetime of only 38 years. In

the next hapter, the impat of distributed power eletronis as well as topologies that

an be used in ase of ageing related mismath will be disussed in detail.
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Chapter 3

Design and Implementation of an

Isolated DC-DC Converter for

Mitigation of Ageing Mismath

In this hapter, a power onverter that is well suited to mitigate the ageing mismath is

proposed. It is worth to mention that DPP arhitetures with di�erent types of power

onverters have been proposed in the past. However, they were foused on mitigation of

partial shading e�ets, and none of them onsidered submodule level mismath data. In

this hapter, we disuss possible andidates that an deal with the spei� harateristis

of submodule level mismath. Finally, the realization of the onverter is veri�ed with

experimental results.

3.1 Introdution

A omparison of the performane of various DPP arhitetures in ase of partial shading

has been presented in [49℄. In that paper, it has been shown that the PV-bus arhiteture

with exat MPPT ontrol provides the highest e�ieny improvement (18.1%). However,

the arhiteture is not fully suitable for inverter interation due to the generation of

non-onvex power-urrent urve. In ontrast, the PV-IP arhiteture has provided an

e�ieny improvement of 17.4%, whih is lose to the performane with the PV-bus

arhiteture, and onsistently exhibits a onvex power urve whih is bene�ial for the

inverter interation. Finally, it has been shown that the PV-PV arhiteture provides the

39
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Figure 3.1. Types of DPP arhiteture.

lowest e�ieny improvement of 10.5% in ase of uneven lighting ondition. However, it

is important to note that in [49℄, all DPP onverters have been onsidered to be 33% of

the PV power rating. The power rating requirement of the onverter for every individual

arhiteture has not been disussed in [49℄. Therefore, it is worth investigating whih

arhiteture requires the optimum power rating of the onverters sine their ost and

size are diretly proportional to the power rating and have signi�ant impat on LCOE.

A general omparison regarding this issue has also been shown in [18℄ but no spei�

submodule level dispersion has been onsidered.

In order to investigate how the DPP onverters of di�erent arhitetures proess ageing

mismath power over 25 years, simulations are done based on the �ndings of the previous

hapter. The simulations are performed on 42 submodules of 14 modules, onneted in

series. Sine the fundamental power proessing tehniques of the PV-bus and the PV-IP

arhitetures are similar, the simulations are done for the PV-IP arhiteture and the PV-

PV arhiteture only. For ompleteness, those two arhitetures are redrawn in Fig. 3.1.

In ase of ageing of 25 years, following the data presented in Table 2.5, the simulation

results are presented by means of histogram in Fig. 3.2. The histogram shows how muh

perentage of the total power proessed during the time of life, the onverters operated
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Figure 3.2. Histrogram of proessed power by the onverters after 25 years.

at any partiular power. The histogram provides a lear lassi�ation of whih operating

points are more relevant in eah ase. A summary of the �ndings an be desribed as

follows,

(i) PV-IP arhiteture:

• With a power onverter rated at 15W, 95.34% of the total power would be proessed.

• With a power onverter rated at 10 W, 84.5355% of the total power would be

proessed.

(ii) PV-PV arhiteture:

• With a power onverter rated at 30 W, 98.2927% of the total power would be

proessed.

• With a power onverter rated at 20 W, 35.7833% of the total power would be

proessed.
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42 Chapter 3. Design and Implementation of an Isolated DC-DC Converter

Table 3.1. Spei�ations of the onverter.

Parameters Range Nominal Value

Input voltage ∈ [5, 15℄ V 10 V

Output voltage ∈ [5, 15℄ V 10 V

Power output ∈ [0.5, 15℄ W 10 W

It an be seen that in ase of the PV-IP arhiteture, onverters rated at 15 W an

proess more than 95% of mismath power over 25 years. In ontrast, the PV-PV arhite-

ture requires onverters with a power rating of 30 W in order to proess the same amount

of mismath power. In addition to that, in the ase of PV-IP, most of the proessed power

falls within the range of 2 W to 5 W. On the ontrary, the range in the ase of PV-PV

onverters is 20 W to 28 W. The disussion suggests that the PV-IP arhiteture with

onverters rated at 15 W and showing their peak e�ieny in the range of 2 W to 5 W

an mitigate the ageing mismath at the submodule level with a high level of suess.

3.2 Spei�ations of the Converter

Based on the analysis of the previous setion, the spei�ations of the onverters an be

onsidered. From the histogram of perentile power proessed by di�erent arhitetures

for mitigation of ageing mismath over 25 years, it is justi�ed that if PV-IP arhiteture

is seleted, the overall power rating of the onverter an be redued, whih will ertainly

be more ost e�etive. Given that the onverters will operate mostly around the V
mp

of

the submodule, an input voltage rating of the onverter is seleted. The spei�ations of

the onverters are presented in Table 3.1.

3.3 Topology Seletion

As justi�ed above, the low power e�ieny of the onverter is a relevant parameter. In

order to balane urrents in PV-IP arhitetures, as explained in Chapter 1, DC-DC

onverters require properties of bidiretional power transfer, 1:1 turn ratio and isolation

between the input and the output. Some andidates with harateristis of bidiretional

power transfer, isolation and unity gain are listed below.
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Figure 3.3. Bidiretional Flybak onverter.

Flybak Converter: In the past, the requirements for isolated bidiretional power

transfer have been satis�ed with simple arhitetures suh as the �ybak onverter (shown

in Fig.3.3) [31℄ whih an be operated in disontinuous ondution mode (DCM) and

with losed-loop regulation of the voltages. Although the �ybak onverter presents poor

transformer utilization, it is well-suited for the appliation, given that transformer use in-

reases with the power level, resulting in onversion e�ieny around 90% for loads above

2 W [48℄. The approah has been demonstrated to be e�etive in PV plants a�eted by

partial shading inreasing the energy yield of the system by more than 5% [4℄. Nonethe-

less, these onverters are not very e�etive where the mismath among the submodules

are relatively low, for instane, in ases where the onverter has to proess power below 2

W. Although, the �ybak onverter has the advantages of low part ount and simpliity in

ontrol, the isolation transformer exhibits leakage indutane whih produes losses. An

extra snubber iruitry an minimize the e�ets of the leakage indutane, but swithes

with high voltage rating are required. In addition to that, low transformer utilization

inreases the overall size and ost of the onverter. Input and output ripple urrents also

a�et the low power e�ieny adversely.

SEPIC Converter: A bidiretional symmetri non-isolated SEPIC onverter has

been proposed in [50℄. If an isolation transformer is introdued, as shown in Fig. 3.4, this

onverter an also meet the required spei�ations. Unlike the buk-boost onverter, the

input urrent of a SEPIC onverter is ontinuous. However, like in a buk-boost onverter,

the output urrent of the SEPIC onverter is pulsating. The energy transfer of a SEPIC

onverter requires a large apaitor with large urrent apaity. Furthermore, in ase of

an isolated SEPIC onverter, the leakage indutane exhibited by the transformer auses
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Figure 3.4. Bidiretional SEPIC onverter.
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Figure 3.5. Bidiretional �uk onverter.

losses at low power.

The �uk Converter: The �uk onverter an also be onsidered as a possible an-

didate in this ontext. It has relatively low part ount. However, the �uk onverter

su�ers from several drawbaks. For instane, like the SEPIC onverter, the isolated �uk

onverter requires large apaitors with large urrent arrying apaity. Moreover, the

leakage indutane exhibited by the isolation transformer and the hard swithing nature

of the �uk onverter a�et the low power e�ieny adversely. An isolated bidiretional

�uk onverter is shown in Fig. 3.5.

Resonant Converter: As an alternative to the swithed-mode power onverters, a

resonant onverter an also be onsidered. Given that resonant onverters an be operated

in Zero Voltage Swithing (ZVS) or Zero Current Swithing (ZCS) mode, their low-power

e�ieny an overome the disadvantages of having large number of swithes. Two basi

strutures of resonant onverters are the series resonant onverter (SRC) and the parallel

resonant onverter (PRC). The SRC, shown in Fig. 3.6, features some advantages like low

swithing loss and low EMI while operating at ZVS. However, it is di�ult to optimize

the SRC for a wide range of input voltages and load variations. In addition, voltage

regulation at very light loads is not possible with the SRC [51, 52℄.

The parallel resonant onverter, shown in Fig. 3.7, overomes the limitation of the
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Figure 3.7. Parallel resonant onverter.

SRC with regulated output voltage at no load and ontinuous output urrent. However,

sine the primary urrent barely depends on the load ondition, a signi�ant amount of

irulating urrent may �ow through the resonant tank at light load or even at no load

ondition. Again, larger irulating urrent with higher voltages also limits the range of

the input voltage [51, 52℄. In addition to that, due to the iruit nature, PRC is not

atually a bidiretional onverter.

Apart from the SRC and the PRC, there are other types of resonant onverters whih

are atually ombinations of the SRC and PRC. The series parallel resonant onverter

(SPRC) an regulate the output voltage at very light load onditions. Wide load variation

an be possible with slight hange in swithing frequeny. Moreover, at light-load, the

irulating urrent through the resonant tank is smaller than that of the PRC [53℄. Typ-

ially there are two types of SPRC named as LLC resonant onverter (shown in Fig. 3.8)

and LCC resonant onverter (shown in Fig. 3.9).

Considering all the merits and demerits, in this researh, a omparison of the per-

formane of the �uk and an LLC resonant onverter is desribed in Appendix A. A

simulation showing the e�ieny for both ases (onsidering ondution, gate harge and

swithing losses) is deployed in the Appendix. In addition, the simulation also onsiders

losses due to leakage indutane in ase of the �uk onverter. The e�ieny omparison
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Figure 3.10. E�ieny omparison of the �uk and the resonant onverter.

in the range of 1 W to 25 W is presented in Fig. 3.10.

It an be seen in Fig. 3.10 that, up until 15 W, the LLC resonant onverter provides

a very good e�ieny of more than 90%. In ontrast, the e�ieny of the �uk onverter

up until 10 W is well below 90%. Additionally, the peak e�ieny of the LLC resonant

onverter falls in the range of 2 to 5 W. Sine our interest is to design a onverter whih

an provide good e�ieny at the range of 1 W to 15 W and with peak e�ieny at the
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Figure 3.11. Realization of an isolated series resonant onverter.

range of 2 W to 5 W, in this researh, the resonant onverter is onsidered as a possible

andidate. Nonetheless, it is yet to be seen how the LLC topology an be modi�ed to

allow fully symmetri bidiretional power transfer. In this hapter, a resonant onverter

is developed that is appropriate for the spei� appliation of submodule level ageing

mismath mitigation.

3.4 Design of a Resonant Converter

A topology that features resonant onversion with isolation and bidiretional power trans-

fer is proposed in this setion. In addition, the design of the onverter is desribed with

the aim to keep the swithing loss within a limit so that it does not a�et the low power

e�ieny. A possible approah to ontrol the bidiretional power transfer operation of

the onverter is also presented.

3.4.1 Fundamentals of Resonant Conversion

For the appliation we are interested in, a series resonant onverter an be used, sine it

has unity gain for all loads at resonant frequeny. However, for ahieving unity gain, the

SRC has to be operated at resonant frequeny and therefore, ZVS operation an not be

ahieved. Additionally as isolation between input and output is required, a transformer

has to be introdued. The e�et of this transformer is that a magnetizing indutane

of the transformer appears in parallel with the load, and hene the onverter is in fat

an LLC onverter. Figure 3.11 shows how in presene of isolation transformer, the SRC

beomes an LLC onverter. In fat, one important advantage of the LLC topology is that

no extra indutane is required. The leakage indutane of the transformer an be used

as the resonant indutane of the onverter.
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3.4.2 LLC Converter

A onventional isolated LLC onverter is shown in Fig. 3.12. If the swith network is

ontrolled to produe a square wave of frequeny f = ω/2π Hz, then the output voltage

waveform vg(t) of the swith network an be expressed as a Fourier series [54℄,

vg(t) =
4Vg

π

∞
∑

n=1,3,5..

sinωt (3.1)

The fundamental omponent of the output voltage is,

vg1(t) =
4Vg

π
sinωt (3.2)

One of the useful and simple approahes to analyze the gain harateristis of a res-

onant onverter in the frequeny domain is the First Harmoni Approximation (FHA),

where it is assumed that the power transfer from input through resonant tank is assoi-

ated only with the fundamental omponents of the voltage and urrent of the onverter.

The FHA a equivalent iruit of Fig. 3.12 is shown in Fig. 3.13, where Rac =
8
π2R is the

e�etive value of a resistive load R. The equivalent impedane Zeq, the urrent through
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the indutor ILr, and the output voltage Vo an be found by the following equations,

Zeq(s) = sLr +
1

sCr
+

sLmRac

sLm +Rac
(3.3)

ILr(s) =
vg1

Zeq(s)
(3.4)

Vo(s) =
ILr(s)sLmRac

sLm +Rac

(3.5)

As desribed in [55℄, the gain of the onverter is as follows

K(Q,m, Fx) =
F 2
x (m− 1)

√

(mF 2
x − 1)2 + F 2

x (F
2
x − 1)2(m− 1)2Q2

(3.6)

where Q is the quality fator,

Q =

√

Lr/Cr

Rac
(3.7)

Rac is the re�eted load resistane of R due to reti�er

Rac =
8N2

p

π2N2
s

.R (3.8)

Np and Ns are the number of primary and seondary turns of the transformer respetively

and in this ase, Np = Ns

Fx is the normalized swithing frequeny,

Fx =
fsw
fr

(3.9)

fsw is the swithing frequeny,

fr is the resonant frequeny,

fr =
1

2π
√
LrCr

(3.10)

and m is the ratio of total primary indutane to resonant indutane,

m =
Lr + Lm

Lr

(3.11)

The frequeny vs. voltage gain harateristis of the LLC onverter for a set of loads

(orresponding to a set of Q) and m=6 is shown in Fig. 3.14. It an be observed that

unit onversion gain for all loads an be ahieved by swithing the onverter at a onstant
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Figure 3.14. Frequeny response of the LLC onverter for a set of loads with m = 6.

frequeny of fsw/fr = 1. In order to operate the onverter suh that unity gain an be

ahieved for a range of loads, the elements of the resonant tank an be alulated for a

�xed swithing frequeny by evaluating Eq. 3.6 - Eq. 3.11.

For a more aurate design, the apaitor output voltage ripple noted as ∆v, an also

be onsidered. The output voltage ripple of a LLC onverter an be alulated as follows,

∆v =
TILr,max

8πC
(3.12)

where C is the output apaitor and T is the swithing period.

For instane, if the onverter is swithed at 150 kHz and 100 µF apaitor is used at

the output, for the heaviest load of 15 W, the output voltage ripple of the LLC onverter

will be

∆v =
1.5

√
2

150× 103 × 8π × C
= 5.6 mV

It is worth mentioning that the part ount of a bidiretional LLC onverter is ompar-

atively high as shown in Table 3.2. This may inrease the LCOE whih will be disussed

in Chapter 4 of this thesis. However, as shown in Table 3.3, low stress and ondution

loss allow us to selet very low power omponents for this onverter.

3.4.3 Modi�ed LLC Converter

The onventional LLC onverter shown in Fig. 3.12 does not exhibit the same input/out-

put harateristis in both power transfer diretions. In order to obtain fully symmetrial
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3.4. Design of a Resonant Converter 51

Table 3.2. List of the omponents required for the LLC onverter.

Parameter LLC

Indutor 2

Transformer 1

Swith 8

Capaitor 2

Table 3.3. Losses and stress level of the LLC onverter.

Parameter LLC

Transistor urrent, Ion Iin

Transistor voltage, VOFF Vg

Primary opper loss, I2pR I2LrR

Seondary opper loss, I2sR I2LrR
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−
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Figure 3.15. Proposed bidiretional LLC onverter.

and bidiretional power transfer, an additional resonant tank in the seondary side of the

transformer is proposed in this thesis. The resulting symmetrial tank an be seen in

Fig. 3.15. This type of modi�ed tank has been proposed in the past [56, 57℄. However,

in those works the onverter was used for omparatively high power appliations and in

a di�erent ontext. A detail of the resonant tank is shown in Fig. 3.16.

A omparison of the frequeny response between the onventional LLC onverter

and the proposed modi�ed LLC onverter with the same quality fator and resonant-

magnetizing indutane ratio is shown in Fig. 3.17 (top most urves presents the lowest

Q). It an be seen that the frequeny response of the proposed bidiretional LLC onverter

is slightly di�erent from the onventional LLC onverter. However, the gain harater-
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Figure 3.17. Frequeny response of the onventional LLC onverter and the proposed LLC

onverter.

istis of both onverters have similarities around the resonant frequeny. Our interest

is to design the proposed onverter based on swithing it below but near the resonant

frequeny. Considering that, the new LLC onverter will be designed by following the

onventional LLC onverter design approah [55℄.

3.4.4 Operation of the Converter

The LLC onverter an be operated in three modes desribed below, onsidering a 1:1

turn ratio of the isolation transformer.

⋄ Swithing frequeny fsw lower than fr

⋄ Swithing frequeny fsw equal to fr

⋄ Swithing frequeny fsw higher than fr
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resonant frequeny.
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Figure 3.19. Typial waveforms of the LLC onverter at swithing frequeny equal to the

resonant frequeny.

Swithing frequeny below resonant frequeny: The resonant indutor urrent,

ILr reahes the magnetizing urrent before the end of the �rst swithing half yle and,

both the resonant indutor and magnetizing indutor feed the seondary reti�er with

higher voltage than the input voltage. This results in a boost operation of the onverter.

The typial waveforms of voltage and urrent of this mode are shown in Fig. 3.18.

Swithing frequeny equal to the resonant frequeny: In this mode, as shown

in Fig. 3.19, at the end of the �rst swithing half yle, the resonant indutor urrent

reahes the magnetizing urrent and the seondary reti�er urrent reahes zero by the

end of the half yle. Hene, the output voltage will always be equal to the input voltage.
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Figure 3.20. Typial waveforms of the LLC onverter at swithing frequeny higher than the

resonant frequeny.

The full power delivery operation is done in this mode.

Swithing frequeny above the resonant frequeny: Buk operation is done

in this mode. Eah half yle delivers part of input power to the output. The resonant

indutor does not have enough time to reah the magnetizing urrent and is interrupted

by the other half yle. Therefore, the onverter operates at higher input voltage than the

output. The typial waveforms of voltage and urrent of this mode are shown in Fig. 3.20.

3.4.5 Design of the Converter

The FHA model of the proposed bidiretional LLC onverter with 1:1 turn ratio is shown

in Fig. 3.21. In order to get symmetrially bidiretional power transfer, the resonant

elements of both sides of the tank must be equal. Hene,

Lr,1 = Lr,2 = Lr (3.13)

Cr,1 = Cr,2 = Cr (3.14)

Now, the input impedane of the proposed onverter an be written as follows,

Zin,LLC,sym =
1

sCr

+ sLr +
1

1
sLm

+ 1
1

sCr
+sLr+Rac

(3.15)
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Figure 3.22. Frequeny response of the proposed LLC onverter for a set of load with m= 6.

The forward transfer funtion of the onverter an be expressed by the following equa-

tion

HLLC,sym =
sLm

sLm + ( 1
sCr

+ sLr +Rac)
Rac

Zin,LLC,sym

(3.16)

The frequeny vs. voltage gain and phase of the proposed LLC onverter for a set of

loads (orresponding to a set of Q) and m=6 is shown in Fig 3.22. It an be observed

that unit onversion gain for a range of loads an be ahieved by swithing the onverter

at the resonant frequeny, fsw/fr = 1.

In this researh, we propose an alternative mode of operation below the resonant

frequeny. Variable onversion gain an be ahieved by seleting the swithing frequeny

suh that the gain is always above unity for a range of loads. For example, onsidering

the frequeny response shown in Fig. 3.22, we ould swith the onverter at a frequeny

suh that the gain is higher than unity for the loads of interest. Above those loads, the

onverter exhibits gain lower than 0 dB, whih naturally limits the power transfer apaity
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Figure 3.23. Seleting Q.

of the onverter. Sine operating below the resonant frequeny will modify the onstant

gain operation of the onverters, voltage balaning an be ahieved by turning ON and

OFF the onverter, as in a burst mode operation. Operating the onverter in this mode

presents several advantages suh as (a) the operating point of the onverter will always

be in indutive zone, and thus ZVS an be ahieved resulting in high e�ieny at very

low power, (b) the onverter presents an inherent power limit so that it will never transfer

power over that range.

If the nominal value of the input-output voltage and maximum power of the onverter,

presented in Table 3.1 are onsidered, due to the full bridge reti�er at the output side,

the equivalent a resistane for a maximum load of 15 W, will be

Rac =
8R

π2
= 5.40Ω (3.17)

Considering this maximum a equivalent resistane, the design steps of the onverter

are presented as follows.

Step 1 : seleting the maximum value of Q

In order to get an average output voltage equal to the input voltage, the gain of

the onverter has to be more or lose to the unity with a transformer of 1:1 turn ratio.

However, in ase of burst mode operation, the gain of the onverter has to be more than

unity. Considering this, the quality fator Q of the proposed LLC onverter must be

seleted. The relation between the quality fator and load resistane is shown in Eq 3.7.

The equation implies that with the inrease in load urrent, Q inreases. The frequeny

UNIVERSITAT ROVIRA I VIRGILI 
DISTRIBUTED POWER ELECTRONICS FOR EXTENDED EFFICIENCY AND LIFETIME OF UTILITY-SCALE PHOTOVOLTAIC SYSTEMS 
MD  Nazmul Hasan 
 



3.4. Design of a Resonant Converter 57

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-10

0

10

20

30

PSfrag replaements

v

o

l

t

a

g

e

g

a

i

n

(

d

B

)

fsw/fr

Critial load

(a) m=5

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-10

0

10

20

30

PSfrag replaements

v

o

l

t

a

g

e

g

a

i

n

(

d

B

)

fsw/fr

Critial load

(b) m=7.5

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-10

0

10

20

30

PSfrag replaements

v

o

l

t

a

g

e

g

a

i

n

(

d

B

)

fsw/fr

Critial load

() m=10

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-10

0

10

20

PSfrag replaements

v

o

l

t

a

g

e

g

a

i

n

(

d

B

)

fsw/fr

Critial load

(d) m=12.5

Figure 3.24. E�et of variation of m on voltage gain.

response of the proposed LLC onverter for a set of Q with onstant resonant-magnetizing

indutane ratio is shown in Fig. 3.23. It an be seen that for Q=0.8774, the onverter

gain is still lose to unity (0 dB) for the heaviest load, at a frequeny where ZVS an

be ahieved for lighter loads. In ontrast, for Q=1.1704, the onverter gain is less than

unity for the heaviest load. Hene, maximum value of Q an be seleted to approximately

0.8774. In this thesis Q= 0.85 is seleted.

Step 2: Seleting m

As mentioned earlier, m is the ratio of magnetizing indutane (Lm) to resonant

indutane (Lr). Figure 3.24 shows the e�et of variation of m on the gain harateristis

of the onverter while the quality fator remains same for all the ases. It an easily be

understood that for the same Q, lower values ofm provide higher gain and narrow range of

frequeny modulation, whih inreases the �exibility in ontrol and voltage regulation for

a wide range of input-output voltages. However, lower values of magnetizing indutane

inrease irulating urrent and hene ondution loss. On the ontrary, higher values of

m redue the irulating urrent and thus higher e�ieny an be ahieved. In Fig. 3.24,

the highest loads (ritial load) are also shown for di�erent m at whih the operation an

be done, i.e. more than unity gain an be possible for a wide range of swithing frequeny.

From the disussion above, it an be understood that there is a tradeo� between

e�ieny and �exibility in ontrol for seleting the m. However, for the power rating we
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Figure 3.25. Seleting swithing frequeny.

are interested in, any value of m between 5 to 12.5 an be onsidered as appropriate. In

this thesis, m = 7.5 is seleted.

Step 3: Seleting the swithing frequeny

The plots of Fig. 3.23 are reprodued in Fig. 3.25 with maximum value of Q=0.85 and

m=7.5 in order to selet the swithing frequeny. The variation of voltage gain is shown

with respet to the ratio of swithing frequeny to resonant frequeny. For hoosing the

swithing frequeny this ratio has to be seleted in suh a way that it meets the following

requirements for all load we are interested in: (a) the voltage gain of the onverter has to

be more or lose to unity (b) the operating points of the onverter have to be in indutive

region in order to ahieve ZVS, at least for the light loads.

Figure 3.25 shows three possible points noted as A, B, and C where ZVS an be

ahieved for light loads of our interest. However, only point A an meet both requirements

mentioned above. For the ase of operating the onverter at point B and C, although ZVS

an be ahieved for light loads, the voltage gain does not meet our requirement for the

heavier loads. In ase of point D, neither ZVS nor required voltage gain an be ahieved

for the loads of our interested. Hene, if the onverter an be operated at point A, at

light loads ZVS an be ahieved and voltage gain will be either more than unity or lose

to the unity for the range of loads of our interest.

The swithing frequeny of the onverter an be seleted onsidering that even if

higher swithing frequeny an redue the size of the resonant omponent, the penalties
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3.4. Design of a Resonant Converter 59

Figure 3.26. The e�et of swithing frequeny on ore loss (from [5℄).

are higher swithing loss, gate harge loss and ore loss. Although, higher swithing

frequeny may also improve the performane of low pass �lter from ritial noise-sensitive

frequeny bands, inrease in ore loss is a tradeo�. As an example, ore loss dependene

of ferrite material on swithing frequeny is shown in Fig. 3.26. It an be seen that the

ore loss an be minimized by reduing the swithing frequeny to 25 kHz or even less.

However, in that ase, the inrease in ost and size of the resonant element may disinterest

the designers.

Considering all the aspets disussed above, we have deided to selet the swithing

frequeny between 100 kHz and 200 kHz. For instane, swithing frequeny of 150 kHz is

seleted in this thesis and hene the resonant frequeny of the onverter an be alulated

by onsidering the operating point of the onverter at point A in Fig. 3.25, where fsw/fr =

0.9. Therefore,

fr = fsw/0.9

≈ 165 kHz (3.18)

UNIVERSITAT ROVIRA I VIRGILI 
DISTRIBUTED POWER ELECTRONICS FOR EXTENDED EFFICIENCY AND LIFETIME OF UTILITY-SCALE PHOTOVOLTAIC SYSTEMS 
MD  Nazmul Hasan 
 



60 Chapter 3. Design and Implementation of an Isolated DC-DC Converter

Table 3.4. Parameters of LLC onverter.

Parameter Value

Resonant Capaitor, Cr 0.21 µH

Resonant Indutor, Lr 4.43 µH

Magnetizing Indutor, Lm 28.8 µH

Step 4: Calulating Resonant Component

The results from the previous three steps are summarized as follows,

Rac = 5.40 Ω

Q = 0.85

m = 7.5

fsw = 150 kHz

fr = 165 kHz

From Eq. 3.7,

Q = 0.85 =

√

Lr/Cr

5.40
(3.19)

fr = 165 kHz =
1

2π
√
LrCr

(3.20)

By solving Eq. 3.18 to Eq. 3.20, the parameters of the resonant tank an be found for

power rating of maximum 15 W. The parameters of the proposed LLC resonant onverter

are listed in Table 3.4.

3.4.6 Control Sheme

A very simple ontrol approah for the symmetri LLC onverter is proposed in this

setion. When the primary voltage is su�iently higher than the seondary voltage, the

power is transferred from primary to seondary. Similarly, if the primary voltage is lower

than the seondary by a ertain limit, the power is transferred in the opposite diretion.

In order to do that, one of the full-bridges is ativated at the swithing frequeny, while

the other full-bridge ats as a non-ative reti�er. To improve the low power e�ieny of
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Figure 3.27. Double-band hysteresis ontrol limits error and allows burst-mode operation.

the onverter, Shottky diode an be used in parallel with eah swith. If the onverter

is swithed at the resonant frequeny, the input-output gain is approximately one, and

only enabling the appropriate full-bridge, the onverter balanes voltages in the primary

and seondary ports. However, the swithing frequeny is seleted below the resonant

frequeny suh that the output voltage will be higher than the input voltage, speially for

light loads. In this ontext, regulation is arried out by enabling a burst-mode or, in other

words, by turning ON and OFF the orresponding swithing network. This is ahieved by

realizing a double-band hysteresis omparator that turns ON and OFF the appropriate
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Figure 3.28. Blok diagram of the proposed ontroller.

full-bridge, depending on the error voltage between the primary and seondary ports.

Considering error = vpri − vsec, Fig. 3.27 shows the double-band hysteresis regions and

two example trajetories of the error. It an be observed that, if the error is positive and

reahes e+, the primary-side full-bridge is swithed at the frequeny fsw. In ase of a

light load, the voltage of the seondary side will rise above the primary voltage and the

error will beome negative and reahes e− point at whih the primary-side full-bridge is

disabled. The opposite ase of a large negative error equal to e− ativates the seondary

side full-bridge, whih is deativated when the error beomes positive and equal to e+.

The proposed ontroller is realized aording to the blok diagram shown in Fig. 3.28.

It an be seen that voltage sensors are used to generate the error between the primary and

the seondary voltages. The seondary voltage is isolated by a digital isolator. The error

is ompared with the required thresholds e+, e+, e− and e−, and generates two enabling

signals for the primary and seondary full-bridges. The enable signals are used in simple

AND gates together with an osillator whose output is a onstant frequeny square wave

signal and goes through a dead time generator iruit.

In order to validate the performane of the proposed ontroller, an LTSpie simulation

of the proposed onverter along with the ontroller is arried out in steady-state ondition

onsidering that the power is transferred from primary to seondary. The primary and

seondary voltage waveforms of the simulation are shown in Fig. 3.29. It an be seen that

the seondary voltage is rising to a ertain value de�ned by the ontroller and then the
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Figure 3.29. Primary and seondary side voltages of the proposed LLC onverter with hysteresis

ontrol.

swithes at the primary side are turned OFF. Again, when the seondary voltages falls

below the primary voltage to a value also de�ned by the ontroller, the swithes at the

primary side are turned ON again and power delivery is restarted. The duration of the

ON-OFF time depends on the output apaitor of the onverter.

3.5 Realization of the Proposed Bidiretional LLC

Converter

The experimental realization of the proposed bidiretional isolated LLC onverter is pre-

sented in this setion. The blok diagram of the proposed onverter is presented �rst. A

design example of the transformer and the resonant indutor is disussed. Later, details

of the iruits of the onverter at various stages are also shown with brief desriptions.

Also, the relevane of the double-band hysteresis thresholds is disussed.

Finally, experimental results are shown. The performane of the onverter is veri�ed in

two steps. First, for a set of resistive loads, the e�ieny of the onverter in both diretions

is analyzed. The voltage and urrent waveforms at various stages of the onverter are

observed. Seondly, in the laboratory, three onverters are employed to balane mismath

voltages among the submodules of a PV module.

3.5.1 Blok Diagram of the Proposed Converter

The blok diagram of the proposed onverter along with the ontroller setion is shown

Fig. 3.30. First, onsidering that the power is transferred from primary to seondary, a
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Figure 3.30. Blok diagram of the prototype onverter.

d input voltage is inverted to an a voltage by the swithing network. The a voltage

is then passed through a resonant network and a high frequeny transformer. At the

seondary side of the onverter, that a voltage is reti�ed by a bridge reti�er. The

ontrol setion of the onverter deides the power transfer diretion and ativates the

orresponding swithing network.

3.5.2 Resonant Tank of the Proposed LLC Converter

Transformer and Resonant Indutor:

The isolated LLC onverter features a transformer and resonant indutors that an be

onstruted with the same magneti omponent by intentionally inreasing the leakage

indutane up to the required value. One possible approah is to plae the windings

separately in the ore. Following the spei�ations of Table 3.4, the transformer of the

LLC onverter presents a magnetizing indutane of 28.8 µH, and resonant indutanes of

4.43 µH,. The required turns ratio between the primary and seondary is 1:1. Considering

that the power rating is 15 W, aording to the input impedane, the rms urrent through

the primary indutor is approximately Ir1,rms = 1.5 A, whih approximately mathes the

seondary urrent Ir2,rms = 1.5 A. The total rms winding urrent referred to the primary

is Itot = Ir1,rms + Ir2,rms = 3 A

Aording to the requirement, the transformer is to be designed for self indutane of

L11 = LM + Llk = 28.8+4.43 = 33.23 µH,
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Figure 3.31. Input voltage and urrent of the transformer of the LLC onverter.

where LM is the magnetizing indutane of the transformer and Llk is the leakage

indutane whih will be onsidered as primary and seondary resonant indutanes.

Based on the method desribed in [54℄, the ore size of the transformer an be deter-

mined by the following equation

Kgfe =
ρλ1

2Itot
2Kfe

2/β

4KuP
(β+2)/β
tot

× 108 (3.21)

Where, ku = winding �ll fator, ρ = wire e�etive resistivity, β = ore loss exponent,

Kfe = ore loss oe�ient, Ptot= allowed total power dissipation, λ1 = applied primary

volt-seond and Itot= total rms winding urrent. A �ll fator of ku = 0.5 is assumed and

total power loss of Ptot = 0.25 W is allowed. A ferrite RM ore onsisting of the Magneti,

In. P-material is to be used. At 150 kHz, this material is desribed by the following

parameters: Kfe= 18 W/Tβm3
, β =2.6. Copper wire, having a resistivity of 1.724x10-

6 Ω-m, is to be used. The voltage and urrent waveforms of the modi�ed resonant tank

are shown in Fig. 3.31. It should be noted that, if the LLC onverter is swithed at

resonant frequeny, square wave voltage whose peak value is equal to the input voltage

will appear aross the transformer primary and seondary of the LLC onverter but the

urrent through the resonant indutor will be sinusoidal.
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66 Chapter 3. Design and Implementation of an Isolated DC-DC Converter

The volt-seond applied to the primary reported in Fig. 3.31 is,

λ1 = DTsVin = (0.5)(
1

150× 103
se)(10 V) (3.22)

= 33.33 V− µsec

By evaluating Eq. 3.21 the lowest size of the ore for this appliation an be found

Kgfe ≥
(1.724× 10−6)(33.33× 10−6)

2
(4)2(18)2/2.6

4(0.5)(0.25)(4.6/2.6)
× 108

= 92.5× 10−6
(3.23)

Ferrite ores of various shapes provided by several manufatures an be used. However,

the geometri onstant, Kgfe of the seleted ore has to be higher than what has been

found from Eq. 3.23. For instane, RM 12 ore an be onsidered. The dimensions of the

ore are as follows,

Cross setional area, Ac = 1.46 m

2

Bobbin winding area, WA = 0.73 m

2

Mean length per turn, MLT=1.90 m

Magneti path length, lm = 6.1 m

Kgfe of the ore RM 12 an be found by the following equation,

Kgfe =
WAA

2(1−1/β)
c

MLTl
2/β
m

u(β) (3.24)

For β = 2.7, u(β) is equal to 0.305 [54℄. Hene, Kgfe of the seleted ore an be found

by evaluating Eq. 3.24 as

Kgfe = 0.0163

For β = 2.6, the geometrial onstant Kgfe an be found by the following equation

Kgfe =
WAAc

2(β−1)/β

(MLT )lm
(2/β)

[

(

β

2

)

−( β

β+2
)

+

(

β

2

)( 2
β+2

)]
−(β+2

β
)

(3.25)

= 0.0150

In both ases of β, the geometrial onstant Kgfe of the seleted ore is higher than

the required value.

In order to verify that the ore will not be saturated by the peak urrent, the peak a

�ux density an be found by the following equation,
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∆B =

[

ρλ2
1(Itot)

2

2Ku

(MLT )

WAAc
3lm

1

βKfe
× 108

]
1

β+2

(3.26)

= 0.0206 Tesla

The �ux density alulated by Eq. 3.26 is onsiderably less than the saturation �ux density

of 0.47 Tesla of the P material from Magneti In. [5℄.

The number of turns required for the transformer an be determined by the following

equation,

n =
λ1

2∆BAc

× 104 (3.27)

≈ 6

If µ is the permeability of the ore, then µ = µrµ0 ; where µr is relative permeability

of the ore material and µ0 is the permeability of the air whih is equal to 4π×10−7
H/m.

The P material from Magnetis has a relative permeability of 3500 at 60

0
C [5℄. Hene,

the self indutane of the primary winding an be determined by Eq. 3.28,

L11 =
n2µAc

lm
(3.28)

≈ 378 µH

As mentioned before, a self indutane of L11=33.23 µH is required for the proposed

LLC onverter. To ahieve the required self indutane, air gap an be employed. The

self indutane of a ore, having an air gap of lg and magneti path length of lm, an be

alulated by the following equation,

L11 =
n2

lm
µAc

+ lg
µ0Ac

(3.29)

By taking a onvenient number of turns and air gap, the desired self indutane an

be ahieved. For instane, onsidering an air gap of (2×0.127) mm and a number of turns

equal to 7, the indutane an be found from Eq. 3.29 is L11 = 33.24 µH. It must be noted

that addition of air gap will allow a higher value of winding urrent without saturation

in the transformer.
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Table 3.5. Transformer parameters of the proposed LLC onverter.

Parameter Value

# Turns (primary and seondary) 7

# Strings (primary and seondary) 130

String diameter 0.04 mm

Core type RM12 (with bobbin)

Core material N49

Air gap (0.127×2) mm

Table 3.6. Parameters of the resonant tank of the proposed LLC onverter.

Parameters Value

Primary self indutane, L11 30-33 µH

Seondary self indutane, L22 30-33 µH

Primary leakage indutane, L12 4.5-4.7 µH

Seondary leakage indutane, L22 4.5-4.7 µH

The transformer is wired in suh a way that the leakage indutane is su�iently

large and behaves as the resonant indutane. For that purpose, the oupling oe�ient

is redued deliberately by using a large bobbin former and by plaing the two oils in

di�erent limbs of the transformer. The parameters of the transformer that provide the

desired leakage and magnetizing indutanes are presented in Table 3.5. The properties

of the resonant tank is also presented in Table 3.6.

Resonant Capaitors:

To realize the resonant apaitor aording to the Table 3.4, two COG/NPO apaitors

of 0.1 µF onneted in parallel are plaed in series with both sides of the transformer.

3.5.3 Power and Control Stages of the Converter

The desription of the various stages of the shemati diagram of the proposed onverter

is presented as follows,

Power Stage: The full-bridge swithing network of the primary and seondary side

of the onverter onsists of low voltage IRFML8244TRPBF MOSFETs and DFLS230L-7
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Figure 3.32. Shemati of the power stage of the proposed onverter.
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Figure 3.33. Shemati of the buk onverter for 5 V supply.

Shottky reti�ers. 10 Ω resistane is onneted at the gates of the MOSFETs to redue

ringing. MMSD4148T3G diodes are used in parallel with the gate resistor to disharge

the gate voltage during the turning OFF of the MOSFETs. The swithing networks and

their omponents are shown in Fig. 3.32.

Power Supply: High e�ient step-down d-d synhronous buk onverters from

Texas Instrument (TPS62120DCNT) are used to supply the iruitry of both primary and

seondary. The operating input voltage range of the buk onverter is 2 V to 15 V whih

is ompatible with the typial output voltages of the submodules. The buk onverter an

provide 75 mA urrent with an e�ieny up to 96%. The buk onverters are on�gured

to supply 5 V whih mathes the supply needed by the ICs in the ontrol iruit and all
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Figure 3.35. Dead time generation to avoid ross ondution.

other omponents. The shemati diagram is shown in Fig. 3.33.

Pulse Generator: A square wave voltage with an amplitude of 5 V is generated

by a preision programmable osillator from Linear Tehnology (LTC6906). A RC �lter

iruit is added to make the omponent ompatible with 5 V input supply. The shemati

diagram is shown in Fig. 3.34.

Dead Time Generator: In order to avoid ross-ondution among the swithes, a

small delay is required between the turn ON and turn OFF of the swithes. One of the

possible ways to introdue this delay is using RC iruit before the inputs of the MOSFET

drivers. The shemati diagram of the iruit that is used in the prototype onverter is

shown in Fig. 3.35. It is important to note that the delay time has to be hosen arefully.

Dead time should be su�iently long to allow ZVS but short enough to prevent losses
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Figure 3.36. MOSFET driver iruit.

and other undesired behaviour.

MOSFET Driver: MOSFET drivers with independent high and low side referened

output hannels are used. Two drivers are required for eah primary and seondary sides.

Both high side and low side inputs of the drivers are shorted and fed by a 5 V square wave

and inverted square wave aordingly to swith eah pair of MOSFETs. The shemati

diagram of the driver onnetions of the primary side MOSFETs Q1, Q3 is shown in

Fig. 3.36.

PWM Signal Generator: In order to ompare the seondary voltage with the

primary voltage, a saled down version of the seondary voltage has be to transferred to

the primary side of the onverter. With the purpose of employing a low power digital

isolator, whih will help in improving light load e�ieny, a pulse width modulation

(PWM) tehnique is used [58℄. The digital isolator is used to feth the PWM signal from

seondary to primary so that the isolation between them remains una�eted. First, a

triangular wave is generated by low power op-amp and omparators. The triangular wave

is then passed through another omparator to produe a pulse width modulated signal

whose duty-yle is inversely proportional to the seondary saled signal amplitude. The

shemati diagram of the PWM signal generator is shown in Fig. 3.37(a). In addition

to that, as shown in Fig. 3.37(b), an error ampli�er is introdued in order to ensure the

auray and linearity of the PWM signal.

Digital Isolator: The digital isolator of the onverter has two purposes. First, in

order to keep the isolation between primary and seondary, the saled seondary signal

has to pass through the digital isolator after pulse width modulation. Seondly, the se-
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(a) Triangular wave generator.
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Figure 3.37. PWM signal generator.

ondary enable and disable signals are generated by the primary side iruitry. Therefore,

seondary enable or disable signals have also to be passed through the digital isolator.

A MAX12931BASA+ digital isolator is used in this prototype. It is worth mentioning

that the MAX12931BASA+ has the speial property of being high at the output with no

input (�oating). The iruit diagram is presented in Fig. 3.38. Sine the PWM iruitry

generates an inverted signal, a NOT gate is used between the digital isolator and the �lter

iruit.

Di�erential Ampli�er: In order to get the di�erene between the saled primary

and seondary voltages, a di�erential ampli�er as shown in Fig. 3.39, is used in this

prototype. The voltage gain of the di�erential ampli�er is set to 20. In addition to that,

the di�erential ampli�er is on�gured with a referene of 2.5 V so that the output or the
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Figure 3.38. Digital isolator and NOT gate.

Figure 3.39. Di�erential ampli�er.

error signal follows Eq. 3.30.

error = 2.5 + (Vpri,scaled − Vsec,scaled)× 20 V (3.30)

The error (Vcom) signal is then ompared with the prede�ned threshold voltages in

order to selet the power transfer diretion of the onverter.

Hysteresis Control with Comparator: The ontrol sheme of the onverter is

realized by the hysteresis operation of the general purpose omparator. A threshold

voltage of 150 mV of 75 mV is set for turning ON and OFF the onverter respetively.

In other words, when the primary voltage is 150 mV higher than the seondary voltage,

the primary H-bridge will be ativated and when the seondary voltage is higher than the
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74 Chapter 3. Design and Implementation of an Isolated DC-DC Converter

primary voltage by 75 mV, the power transfer from primary to seondary will be stopped.

Similarly, if the voltage di�erene between primary to seondary goes below negative

150 mV, the seondary will start transferring power and the power transfer proess will

be eased if the di�erene is 75 mV. The onditions of turning ON and OFF of the

onverters are summarized below,

(i) Vpri - Vsec ≥ 150 mV - - - - - - - - - - - - Primary turns ON,

(ii) Vpri - Vsec ≤ -75 mV - - - - - - - - - - - - Primary turns OFF,

(iii) Vpri - Vsec ≤ -150 mV - - - - - - - - - - - Seondary turns ON,

(iv) Vpri - Vsec ≥ 75 mV - - - - - - - - - - - - - - Seondary turns OFF.

Following Eq. 3.30 and the onditions listed above, the threshold voltage of the om-

parators are set. For instane, if the nominal value and, the saled value of the primary

and seondary sides are 10 V and 3 V respetively, the realization of the hysteresis ontrol

of the onverter an be ahieved by the following proedure,

Condition 1 : Primary ON The primary will be turned ON when the primary

voltage is (10 + 0.15) V = 10.15 V and the seondary voltage remains 10 V. Hene,

Vpri = 10.15 V

Vsec = 10 V

Saled primary, Vpri,scaled =
3× 10.15

10

= 3.045 V

Output of the di�erential ampli�er,

Vcom = 2.5 + (3.045− 3)× 20 = 3.4 V

Therefore, the upper threshold of the �rst omparator is set to 3.4 V, i.e. when the

output voltage of the di�erential ampli�er reahes 3.4 V, the primary will be ativated.

Condition 2 : Primary OFF The primary side will stop transferring power when

the seondary voltage is (10.15 + 0.075) V = 10.225 V and the primary voltage remains

as before 10.15 V. Hene,
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Vpri = 10.15 V

Vsec = 10.225 V

Saled seondary, Vsec,scaled =
3× 10.075

10
V

= 3.0675 V

Output of the di�erential ampli�er,

Vcom = 2.5 + (3.045− 3.0675)× 20 = 2.05 V

Therefore, the lower threshold of the �rst omparator is set to 2.05 V, i.e. when the

output voltage of the di�erential ampli�er reahes 2.05 V, the primary will be deativated.

Condition 3 : Seondary ON Similarly, onsidering the seondary side voltage

10 V, the power transfer from seondary to primary will be done if the primary side

voltage is lower than the seondary voltage by 150 mV. Hene,

Vsec = 10 V

Vpri = 9.85 V

Saled seondary, Vsec,scaled = 3 V

Saled primary, Vpri,scaled =
3× 9.85

10

= 2.955 V

Output of the di�erential ampli�er,

Vcom = 2.5 + (2.955− 3.0)× 20 = 1.6 V

Therefore, the lower threshold of the seond omparator is set to 1.6 V, i.e. when

the output voltage of the di�erential ampli�er reahes 1.6 V, the seondary side of the

onverter starts transferring power to the the primary side.

Condition 4 : Seondary OFF The seondary side of the onverter will be turned

OFF when the voltage di�erene between primary and seondary reahes a ertain value.

However, the ondition for turning OFF threshold of the seondary side has to be suh that

it does not turn ON the primary side while the seondary side is still ON. To maintain this

ondition, the seondary turn OFF threshold is set by onsidering the di�erene between

primary to seondary voltage as 75 mV, i.e. the seondary side will stop transferring

power when the primary voltage is (10 + 0.075) V = 10.075 V and the seondary voltage

remains as before 10 V. Hene,
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Figure 3.40. Hysteresis ontrol iruit of the onverter.

Vpri = 10.075 V

Vsec = 10 V

Saled primary, Vpri,scaled =
3× 10.075

10
V

= 3.0225

Output of the di�erential ampli�er,

Vcom = 2.5 + (3.0225− 3)× 20 = 2.95 V

Therefore, the threshold voltage to turn OFF the seondary side of the onverter is

set to 2.95 V by the seond omparator.

These turn ON and OFF onditions are established by two simple omparators with

hysteresis. The shemati of hysteresis ontrol iruitry developed by the LMV393N

omparators is depited in Fig. 3.40. The non-inverting hysteresis ontrol onnetion

is required for the ativation-deativation of the primary side. The seondary side is

ontrolled by inverting hysteresis onnetions.

3.5.4 Steady-State Error

The proposed hysteresis-based ontroller inherently produes a steady-state error between

the primary and seondary voltages. In our experiment, as mentioned earlier, we have
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Figure 3.41. PCB of the bidiretional LLC resonant onverter.

Figure 3.42. Experimentally realized bidiretional LLC resonant onverter.

used thresholds e+ = 150 mV, e+ = 75 mV, e− = −75 mV and e− = −150 mV. This

setup maintains the average error well below 200 mV. Nonetheless, a smaller error might

be ahieved by improving the immunity to noise of the iruit.

3.5.5 Steady-State Performane of the Converter

The ommerially manufatured Printed Ciruit Board (PCB) of the onverter designed

by Altium Designer is shown in Fig. 3.41. In this researh Surfae Mounted Devies

(SMD) are used to realize the onverters. One of the experimentally realized bidiretional

LLC resonant onverters is shown in Fig. 3.42. The performane of the onverter is

veri�ed with a range of resistive loads of 500 mW to 8 W. Figure 3.43 shows a detail of

the resonant tank input voltage, input urrent, output voltage and output urrent when

the onverter is ON in burst mode (for light load). The resonant tank of the onverter is

fed by a square-wave voltage, shown in Fig. 3.43(a), generated by swithing the H-bridge

alternatively with a d input of 10 V. This square input voltage waveform of the resonant
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(a) Resonant tank input voltage. (b) Resonant tank input urrent.

() Resonant tank output voltage. (d) Resonant tank output urrent.

Figure 3.43. Detail of the onverter waveforms.

tank produes sinusoidal input urrent to the resonant tank as shown in Fig. 3.43(b). Sine

the swithing frequeny of the onverter is lower that the resonant frequeny, the urrent

of resonant indutor reahes the magnetizing urrent before the end of the swithing half

yle and fores the onverter in boost mode operation. Figure 3.43() presents the output

voltage of the resonant tank where an osillation of voltage an be seen near the end of

eah half yle. This happens beause of the boost mode operation of the onverter. The

osillation starts when the primary resonant indutor urrent reahes the magnetizing

urrent and the seondary reti�er input urrent, shown in Fig. 3.43(d), reahes zero.

Sine the seondary reti�er stops onduting, the harge stored in the seondary side of

the transformer generates an osillation due to the parasiti elements of the iruit.

Figure 3.44(a) shows the input voltage (CH1) and the output voltage (CH3) of the

onverter in a mode with a load of 1 W. It an be seen that the output voltage rises above

the input voltage and the swithing of the onverter is stopped when the error reahes
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(a) Input/output voltage of the onverter.

(b) Output voltage detail.

Figure 3.44. Detail of the onverter waveforms.

the threshold. This results in a ON/OFF ratio of approximately 15%. For a heavier load

it takes shorter time to disharge the output apaitor and the burst mode ratio will be

inreased. The ON/OFF threshold an be veri�ed in Fig. 3.44(b). It an be seen that the

di�erene between maximum and minimum value of the seondary voltage is 200 mV.

The realization of zero voltage swithing operation of the onverter in ase of light

load an be validated in Fig. 3.45. In ase of 1 W, the resonant tank input voltage (CH1,

blue) and urrent (CH2, red) along with resonant tank output voltage (CH3, green) and

urrent (CH4, magenta) are shown Fig. 3.45(a). It an be seen that the resonant tank
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(a) ZVS at 1 W.

(b) ZVS at 2 W.

Figure 3.45. Zero voltage swithing realization.

input urrent lags the resonant tank input voltage by approximately 30

0
. Hene, zero

voltage swithing is ahieved. Similarly, in ase of 2 W (Fig. 3.45(b)), the resonant

tank input voltage leads the urrent by approximately 25

0
and the onverter operates at

indutive region.

The e�ieny urves of the onverter in both forward (solid line with x mark) and

bakward (dotted line with o mark) diretions for the loads from 500 mW to 8 W are

shown in Fig. 3.46. The experimental results show an e�ieny of 89% in ase of 500 mW

load using the burst-mode and maximum e�ieny lose to 93% at 3 W. For a load of 8 W,
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PSfrag replaements

Power Out (W)

E

�



i

e

n



y

(

%

)

Forward Diretion

Bakward Diretion

96

94

92

90

88

86

84

82

80

0 1 2

3

4
5 6 7 8 9 10

Figure 3.46. E�ieny of the proposed onverter for loads between 500 mW and 8 W.

the onverter is always ON and the e�ieny drops to 90%. It must be noted that the

onverter does not present exatly idential properties in both power transfer diretions.

This happens due to several reasons. For instane, the leakage indutanes whih have

been used as resonant indutanes are not exatly the same. Therefore, the power transfer

e�ieny in both diretions are not exatly equal. Nonetheless, the onverter presents

over 90% e�ieny in both diretions for the loads of our interest.

3.5.6 Veri�ation of Mismath Mitigation Performane

In order to verify the performane of the onverters in presene of mismath, three on-

verter prototypes are attahed in parallel with the bypass diodes of the submodules of a

SUNTECH 175 WATT STP175S-24/A PV Module. The STP175S-24/A is a mono-si

module whih ontains 72-ells and three substrings, onneted in series. The spei�-

ations of the module is presented in Table 3.7. The experimental setup is shown in

Fig. 3.47.

First, all the submodules are exited with 4 A DC urrent and a DC eletroni load

is onneted with the module. The voltage of the DC eletroni load is set suh that

maximum power an be obtained. It is observed that the eletroni load dissipates a

maximum power of 140.8 W at approximately 37.5 V and 3.75 A. Next, mismathes among

the submodules are generated by varying the exitation urrents and the performane of

the onverters is investigated by observing the primary and seondary voltages of the

UNIVERSITAT ROVIRA I VIRGILI 
DISTRIBUTED POWER ELECTRONICS FOR EXTENDED EFFICIENCY AND LIFETIME OF UTILITY-SCALE PHOTOVOLTAIC SYSTEMS 
MD  Nazmul Hasan 
 



82 Chapter 3. Design and Implementation of an Isolated DC-DC Converter

Table 3.7. Module and submodule Parameters.

Eletrial Data�STC (Model: STP175S-24/A) Module Submodule

Peak Power Watts-PMAX (Wp) 175 58.33

Maximum Power Voltage-VMP (V) 35.2 11.73

Maximum Power Current-IMPP (A) 4.95 4.95

Open Ciruit Voltage-VOC (V) 44.2 14.73

Short Ciruit Current-ISC (A) 5.2 5.2

Module E�ieny ηm (%) 14.1 14.1

PSfrag replaements
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Figure 3.47. Experimental setup of three onverters for voltage balaning (for Case. 1).

onverters. In addition to that, output power is also observed. The irradiane has a

diret linear relationship with the maximum power urrent. Redution of irradiane, in

this ase the exitation urrent, fores maximum power urrent aordingly. For instane,

redution of 1 A urrent exitation will result in 1 A urrent redution in the maximum

power urrent. Three ases of mismathes are studied and presented as follows:

Case 1. In this ase, mismath among submodules is generated by reduing the

urrent of the submodule 1 and the submodule 3 to 3.25 A and 3.75 A respetively. The
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Table 3.8. Mismath: Case 1.

Vsub,1 Vsub,2 Vsub,3 Vsec Pout (W)

12.40 12.63 12.673

Isub,1 Isub,2 Isub,3 12.54 127.7

3.25 4 3.75

submodule 2 is exited with 4 A as before. The submodules are operated at approximately

12.5 V. The results are summarized in Table 3.8.

If all the submodules operate at their maximum power points, the total maximum

power output an be derived as follows,

Redution of maximum power urrent of submodule 1 = (4− 3.25) A = 0.75 A

Redution of maximum power urrent of submodule 2 = (4− 4) A = 0 A

Redution of maximum power urrent of submodule 3 = (4− 3.75) A = 0.25 A

Total maximum power = (3.75− 0.75)× 12.5

+ (3.75− 0)× 12.5

+ (3.75− 0.25)× 12.5 W

= 128.125 W

It an be seen that the expeted power, if all submodules operate at their maximum power

in presene of mismath, is very lose to the output power, as presented in Table 3.8, of

the PV module after balaning the submodule voltage.

Case 2. A higher mismath onditions are reated in this ase. The urrents of

the submodules 1, 2 and 3 are redued to 3.5 A, 3.25 A and 3.75 A respetively. As

before, the submodules are operated at approximately 12.5 V. The experimental results

are summarized in Table 3.9. The derivations of Case 2 are as follows,
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Table 3.9. Mismath: Case 2.

Vsub,1 Vsub,2 Vsub,3 Vsec Pout (W)

12.52 12.41 12.75

Isub,1 Isub,2 Isub,3 12.48 121.16

3.5 3.25 3.75

Table 3.10. Mismath: Case 3.

Vsub,1 Vsub,2 Vsub,3 Vsec Pout (W)

12.38 12.7 12.6

Isub,1 Isub,2 Isub,3 12.48 130.625

3.5 4 3.75

Redution of maximum power urrent of submodule 1 = (4− 3.50) A = 0.50 A

Redution of maximum power urrent of submodule 2 = (4− 3.25) A = 0.75 A

Redution of maximum power urrent of submodule 3 = (4− 3.75) A = 0.25 A

Total maximum power = (3.75− 0.50)× 12.5

+ (3.75− 0.75)× 12.5

+ (3.75− 0.25)× 12.5 W

= 121.875 W

The expeted power after balaning the submodule voltages are lose to the output power

(shown in Table 3.9) as in Case 1.

Case 3: In this ase, aording to the mismath onditions presented in Table 3.10,

the V-I and V-P urves are generated by a voltage sweep of the DC eletroni load and

shown in Fig. 3.48 while only bypass diodes are onneted in parallel to the submodules.

The e�et of mismath an be seen in those �gures.

Later, in presene of the same mismath onditions presented in Table 3.10, the V-I

and V-P urves are generated again while three onverters are onneted in parallel to

the three submodules aording to the PV-IP approah of the DPP arhiteture. The

results are shown in Fig. 3.49. It an be seen that the prototype onverters an mitigate
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Figure 3.48. Voltage-urrent and voltage-power urves in presene of mismath with onven-

tional bypass diode.
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Figure 3.49. Voltage-urrent and voltage-power urves in presene of mismath with the pro-

posed onverters.

Table 3.11. Power yield improvement by the onverters with DPP arhiteture.

Module power prodution with the bypass diodes 127.7 W

Module power prodution with the onverters 130.7 W

the mismath and improve the energy prodution by balaning the submodule voltages.

The summary of Case 3 is presented in Table 3.11.

3.6 Conlusions

An isolated bidiretional d-d onverter for mitigating ageing mismath in PV systems

has been proposed in this hapter. The topology seletion of the onverter has been done

by onsidering that it an meet the required harateristis to mitigate ageing mismath

at submodule level. A detailed design proedure of the onverter has also been presented.

Experimental realization of the onverter and performane analysis has been done. First,

steady-state performane of the onverter has been veri�ed by observing the voltage and
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86 Chapter 3. Design and Implementation of an Isolated DC-DC Converter

urrent waveforms at various stages of the onverter for a set of resistive loads. It has

been shown that for a range of load (1 W to 8 W), the onverter provides an e�ieny

of more than 90%. In ase of 500 mW, the onverter provides an e�ieny of 89%. It

has also been veri�ed that at light loads, the onverters operate in the indutive zone

and ZVS is ahieved. The peak e�ieny of the onverter has been found as 93% at the

range of 3 W to 5 W. The relevant aptures of voltage and urrent waveforms have been

presented.

Seondly, the performane of the onverters in ase of mismath mitigation of a PV

module has been veri�ed in the laboratory. In order to reate mismath among the sub-

modules of a module, three submodules of a PV module have been exited with di�erent

values of urrents. DPP PV-IP approah has been followed to onnet three prototype

onverters in parallel with the submodules to mitigate mismath. It has been observed

that, in presene of mismath, these onverters an fore eah submodule to operate very

lose to their maximum power point by balaning the voltages.

UNIVERSITAT ROVIRA I VIRGILI 
DISTRIBUTED POWER ELECTRONICS FOR EXTENDED EFFICIENCY AND LIFETIME OF UTILITY-SCALE PHOTOVOLTAIC SYSTEMS 
MD  Nazmul Hasan 
 



Chapter 4

Levelized Cost of Energy (LCOE)

One of the objetives of this thesis is to demonstrate that mitigation of ageing mismath

with distributed power eletronis an derease the ost of photovoltai energy. In order

to ful�l that objetive, the ost of the power onverters has to be reasonable with respet

to the inrease of the energy yield. This hapter evaluates the ost of the onverters and

estimates their in�uene on the levelized ost of energy (LCOE) for di�erent types of PV

systems.

4.1 LCOE

The LCOE is a well known term whih represents the ost (in euros) of per unit energy

prodution over the lifetime of a power plant. It is an internationally reognized method

to ompare the per unit energy prodution ost among di�erent energy soures. In a very

generalized way, the LCOE of a power plant an be de�ned as

LCOE =
Total ost of the power plant throughout the life

Energy prodution throughout the life

87

UNIVERSITAT ROVIRA I VIRGILI 
DISTRIBUTED POWER ELECTRONICS FOR EXTENDED EFFICIENCY AND LIFETIME OF UTILITY-SCALE PHOTOVOLTAIC SYSTEMS 
MD  Nazmul Hasan 
 



88 Chapter 4. Levelized Cost of Energy (LCOE)

4.2 Comparison of LCOE Between PV Systems and

Other Form of Energy Soures

The LCOE of PV systems has dereased signi�antly due to an impressive deline in PV

system ost during the last 30 years. It has been reported that the ost of PV systems

has been dereased steadily to less than 1 e per installed peak W sine 2012 [59℄. The

per unit peak power installation ost di�erene in the United States between Q1 2016 and

Q1 2017 is $0.18/Wd (residential), $0.32/Wd (ommerial), and $0.42/Wd (�xed-tilt

utility-sale) [6℄. The redution in power prodution ost an be observed more learly in

Fig. 4.1.

Due to the derease in per unit installation ost, the LCOE also has been delined

aordingly. In 2010 the LCOE of small PV systems has been reported to be in the

range of USD 0.36/kWh and USD 0.71/kWh. In ase of utility-sale PV systems, the

LCOE was estimated to be between USD 0.26/kWh and USD 0.59/kWh [60℄. In ontrast,

the LCOE has been signi�antly dereased in 2018, reported as 3.17 eCents/kWh to

11.54 eCents/kWh [7℄. A omparison of LCOE of renewable energy tehnologies and

onventional power plants loated in Germany in 2018 is shown in Fig. 4.2 [7℄. It an be

seen that the urrent LCOE of utility sale PV systems is below wind o�shore and brown

Figure 4.1. PV system ost derease harateristis in U.S.A: year 2010 to year 2017 (from

[6℄).
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4.3. LCOE of PV Systems 89

Figure 4.2. LCOE of renewable energy tehnologies and onventional power plants at loations

in Germany in 2018. The value under the tehnology refers in the ase of PV to the global

horizontal irradiane (GHI) in kWh/(m

2
a), for the other tehnologies to the annual full load

hours (FLH). Spei� investments are taken into aount with a minimum and maximum value

for eah tehnology (from [7℄).

oal power plants.

A further derease in LCOE of PV systems ould make this tehnology more ompet-

itive with respet to wind onshore power plants. In Chapter 2, the measured submodule

level data estimates an energy yield inrease in the range of 4-6% and therefore, an almost

linear derease of the LCOE is expeted as:

LCOE

∗ =
Cost

Energy(1 + ∆
100

)











∆
100

→0

≈ LCOE(1−
∆

100
). (4.1)

In other words, the LCOE ould derease approximately 4-6%, if the energy ould be

reovered. Suh improvement requires power eletroni onverters whose ost is below

the reported 4-6% gain. However, Eq. 4.1 is a simple approximation that disregards the

ost of the additional power onverters, and requires further analysis.

4.3 LCOE of PV Systems

In this setion, the e�et of introduing DPP onverters on LCOE of PV systems is

investigated. The alulation of initial LCOE is very omplex sine many variables have

to be estimated and predited with a long horizon. Considering Costφ as the initial total
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90 Chapter 4. Levelized Cost of Energy (LCOE)

ost of the energy of the system over 25 years and Energyφ as the total energy yield by

the system without the submodule onverters over 25 years, the initial levelized ost of

energy of the PV system, LCOEφ an be expressed as follows,

LCOEφ =
Costφ

Energyφ
(4.2)

Now, if we introdue DPP onverters in the system, the total lifetime energy yield as

well as the total ost will be inreased. This hange in total energy yield and total ost

will also modify the LCOE. Therefore, onsidering LCOEs, Costs and Energys as the

levelized ost of energy, the total ost of the system, the total energy yield by the system

over 25 years respetively when onverters are deployed in a PV system, the modi�ed

LCOEs an be expressed as,

LCOEs =
Costs

Energys
=

Costφ +∆Cost

Energyφ +∆Energy
(4.3)

where,

∆Energy is the energy improvement of the total system after introduing onverters,

∆Cost is the ost of the onverter.

The linear approximation of Eq. 4.3 is

LCOEs ≅
Costφ

Energyφ
+

∆Cost

Energyφ
−

Costφ ∆Energy

Energy2φ
(4.4)

The di�erene from �nal LCOE (LCOEs) to initial LCOE (LCOEφ) an be expressed

as ∆LCOE and,

∆LCOE =LCOEs − LCOEφ

≅
∆Cost

Energyφ
−

Costφ∆Energy

Energy2φ
(4.5)

It an be seen from Eq.4.5 that the derease in LCOE of the system an be ahieved

if

Costφ∆Energy

Energy2
φ

> ∆Cost
Energyφ

. Additionally, it is also evident that the improvement of LCOE

does depend on the initial system ost and energy.
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4.4. Improvement of LCOE by Mitigating Ageing Mismath 91

Table 4.1. Average daily irradiane in Tarragona, Berlin and Jeddah.

Irradiane

Loation Tarragona Berlin Jeddah

Average Irradiane (kWh/m

2
Day) 4.603333 2.72 5.86

4.4 Improvement of LCOE by Mitigating Ageing

Mismath

This setion presents an estimation of the derease of LCOE when power onverters

are introdued at submodule level. Analyses are done for a large utility-sale and a

small rooftop PV system. Three di�erent loations around the world are onsidered in

order to observe the e�et of irradiane variation on the modi�ed LCOE. The average

daily irradianes of Tarragona (Spain), Berlin (Germany) and Jeddah (Saudi Arabia) are

shown in Table 4.1. The total ost of a PV system also varies aording to the apaity.

Typially, the LCOE of a utility-sale PV system is signi�antly lower than that of a

small rooftop PV system.

4.4.1 Utility-sale PV Systems

A large utility-sale PV system of 100 MW loated in Tarragona, Spain and operating

in NOCT (45

0
C) is onsidered �rst. The output power of the system at NOCT an be

alulated as follows,

Peak Power � STC = 100000 kW

Peak Power � NOCT = 90000 kW (4.6)

Total Initial Energy, Energyφ: Aording to the Table 4.1, the average irradiane

of Tarragona, Spain is 4.603333 kWh/m

2
Day. From Eq. 4.6, the daily energy output of
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92 Chapter 4. Levelized Cost of Energy (LCOE)

Table 4.2. Yearly energy output of a Utility-sale PV system of 100 MW at Tarragona, Spain

1% degradation per year.

Year Energy Unit Year Energy Unit

1 151219500 kWh 14 131560965 kWh

2 149707305 kWh 15 130048770 kWh

3 148195110 kWh 16 128536575 kWh

4 146682915 kWh 17 127024380 kWh

5 145170720 kWh 18 125512185 kWh

6 143658525 kWh 19 123999990 kWh

7 142146330 kWh 20 122487795 kWh

8 140634135 kWh 21 120975600 kWh

9 139121940 kWh 22 119463405 kWh

10 137609745 kWh 23 117951210 kWh

11 136097550 kWh 24 116439015 kWh

12 134585355 kWh 25 114926820 kWh

13 133073160 kWh

Total Energy over 25 years 3326829000 kWh

the system will be,

Daily energy output � Tarragona = (90000× 4.603333) kWh

= 414300 kWh

and, the yearly energy output = (414300× 365) kWh

= 151219500 kWh (4.7)

Now, sine it has been shown that the yearly degradation of a PV system is approxi-

mately 1%, the energy yield of every year of the PV system over a lifetime of 25 years is

alulated from Eq. 4.8 and listed in Table 4.2.

Energyi+1 = Energyi −Energy1 × 1% (4.8)

Hene, the total energy over 25 years � Tarragona, Energyφ is,

Energyφ =

25
∑

φ=1,2,3...

Energyφ

= 3326829000 kWh (4.9)

Initial Cost of the Total Energy, Costφ: In order to alulate the initial ost of

the system, Fig. 4.2 is redrawn in Fig. 4.3 indiating the average LCOE of the utility sale

(solid red line) and small rooftop (dashed red line) PV systems. It an be seen that the

average LCOE of the utility sale PV system is approximately 5.2 eCents/kWh. Therefore,
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4.4. Improvement of LCOE by Mitigating Ageing Mismath 93

Figure 4.3. Cost alulation of a small rooftop and utility sale PV system based on reported

LCOE in [7℄.

aording to the Table 4.2 the total ost of the energy Costφ is

Costφ =
5.2× 3326829000

100
e

= 172995108 e (4.10)

Energy Improvement, ∆Energy: In Chapter 2, Table 2.8, it has been shown that

in ase of utility sale PV system, by introduing 90% e�ient onverters, the reoverable

energy improvement is approximately 5%. Therefore, from Eq. 4.9, ∆Energy is

∆Energy = 3326829000× 5% kWh

= 166341450 kWh (4.11)

Cost Inrease, ∆Cost: The ost of the onverters depends on the prie of many

omponents suh as semiondutors, magnetis, PCBs, and passive omponents. Most of

the omponents of our prototype onverter ould easily be inorporated in an integrated

iruit and thus overall ost of onverters ould be minimized to large extent. However, the

ost of these omponents also varies aording to the quantities and provider. Hene, it is

di�ult to estimate the exat ost of the onverter. However, similar types of onverters

have been developed in [48℄ and estimated ost of a set of 3 onverters has been reported

to be 7 $ (approximately 6 e). Sine the PV module we are onsidering also has 3

submodules, the prie of the set of 3 onverters presented in [48℄ an be taken as an

example.

The number of the required set of onverters is equal to the number of PV modules
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94 Chapter 4. Levelized Cost of Energy (LCOE)

Table 4.3. ∆LCOE for residential and utility-sale PV systems at various irradiane onditions.

Loation System Type W/m

2
Day

Capaity

(kW)

LCOEφ

(eCents/kWh)

∆LCOE
(eCents/kWh)

% Derease

Tarragona

Residential

4.60

10 9.25 -0.34 3.70

Utility-sale 100000 5.2 -0.182 3.50

Berlin

Residential

2.72

10 9.25 -0.29 3.11

Utility-sale 100000 5.2 0.13 2.45

jiddah

Residential

5.86

10 9.25 - 0.36 3.88

Utility -sale 100000 5.2 -0.2 3.81

in this utility-sale PV system. Based on the power rating of typial PV module, the

number of the onverters an be derived as follows,

Module power = 0.23 kW

Utility sale system power = 100000 kW

No. of modules required for utility sale =
90000

0.23
Ps

Set of onverters required = 434782.6087 ≈ 434783 Ps

Hene, ∆Cost = 434783× 6 e

= 2608698 e (4.12)

Improved LCOE, ∆LCOE: The improvement of LCOE after introduing the on-

verters an be derived by using the values of Eqs. 4.9, 4.10, 4.11 and 4.12 in Eq. 4.5.

∆LCOE = −0.181586121 eCents/kWh (4.13)

Eq. 4.13 represents an improvement of approximately -3.5% of the initial LCOE.

4.4.2 E�et of System Capaity and Irradiane Variation

It is our interest to investigate how the system apaity and irradiane variation may

a�et the improvement of LCOE with power onverters. In order to examine the e�et

of di�erent irradiane onditions, the same utility-sale system of 100 MW mentioned in

the previous subsetion is reinvestigated for di�erent irradiane onditions as presented

in Table 4.1. The results are summarized in Table 4.3.

The role of the system apaity of a PV installation on LCOE improvement is also
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Figure 4.4. E�et of onverter ost on LCOE for a utility-sale PV system loated in Tarragona,

Spain

examined. It is observed that the proposed solution for mitigation of ageing mismath

is relatively more e�etive with higher irradiane onditions and lower system apaity.

The results of the investigations of a smaller rooftop at di�erent irradiane onditions are

also presented in Table 4.3.

In order to observe the e�et of the hange in ost of the onverter on the improvement

of LCOE, an analysis is done onsidering a utility-sale PV system of 100 MW loated in

Tarragona, Spain and improvement of the LCOE with respet to the ost of the onverter

is shown in Fig. 4.4. It an be seen that, if the onverter ost is zero, the perentile im-

provement is exatly equal to the perentile improvement of the energy yield as predited

by the Eq. 4.1. In Fig. 4.4, it an also be seen that, when the onverter ost exeeds 20 e

the perentage improvement of LCOE beomes positive. In other words, for the ase of

aforementioned utility-sale PV system, the onverter ost annot exeed 20 e in order

to redue the LCOE by mitigating ageing mismath.

In this researh, the ost of the onverters has been onsidered to be approximately 6 e

and orresponding redution of LCOE, for a spei� ase, is shown 3.5% as indiated by

point A in Fig. 4.4. However, if the onverters are required to be replaed in future, one

in a lifetime of 25 years, the improvement of LCOE ould be estimated by onsidering

the onverter ost as 6 × 2 = 12 e and the orresponding redution of LCOE would be

approximately 2% as indiated by point B in Fig. 4.4.
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96 Chapter 4. Levelized Cost of Energy (LCOE)

4.5 Conlusions

The LCOE of PV systems for both small rooftop and large utility-sale have been es-

timated based on 25 years of lifetime. There are several fators that ould improve the

LCOE to some extent. For instane, aording to the datasheet provided by the manufa-

turer, even after 25 years the PV modules are able to produe 80% power of their initial

rating. Therefore, it is very onservative approah to alulate the LCOE based on 25

years lifetime of a PV system. It would be more interesting to examine the e�etiveness

of the proposed onverter based DPP arhiteture on LCOE studies in suh ases where

it has been onsidered that the lifetime of PV systems would be more than 25 years.

Furthermore, it is expeted that if the onverters ould be integrated within the modules

by minimizing the size and ost, additional redution in LCOE ould be possible.

One important limitation of estimating the improvement of LCOE in this hapter is

that the ost assoiated with the additional abling, required to establish the onnetions

among the submodules, has not been onsidered. Suh ost ould penalize the overall

LCOE as well. It is important to note that, in this hapter, failure events of the DPP

onverters have not been onsidered sine it has been reported that even in ase of on-

verter failure, the DPP arhiteture does not hamper the operation of the PV system, and

an provide signi�ant mismath mitigation performane for a relatively large perentage

of faults [18℄.
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Chapter 5

Conlusions

This researh has foused on the measurement and the modeling of submodule-level age-

ing e�ets. A detailed measurement proedure of I-V parameters of a population of 42

submodules has been presented with emphasis on the di�erenes with respet to previ-

ously reported module level measurements. Attention has been paid to di�erenes be-

tween short-iruit and maximum power urrents as the number of results showing both

measurements is sare. Although the degradation rate should have remained una�eted

by the granularity level, it has been shown that the CV of maximum power urrent at

submodule level exhibits a higher value with respet to previous results at module level.

Sine there is potential for unmeasured energy yield penalty due to submodule-level

mismath, the researh has also aimed to quantify the reoverable power loss. First, the

skewness of the distributions have been analyzed and non-gaussian statistial models in

PV parameter modeling have been explored. It has been shown that previously reported

negative skewness in the power and urrent distributions of PV systems impats on long-

term foreasts. Then, the e�ieny and the 25 years power yield of several PV systems

has been assessed by means of Monte Carlo simulations and ompared with the previous

results reported on the lifetime. In addition to that, it also has been shown that the

distributed power eletronis ould e�etively extend the lifetime of PV systems.

Based on the �ndings of the measured submodule level data, a resonant onverter for

submodule level mismath mitigation has been analyzed and designed. First, power rating

of the onverter has been determined by omparing the required power proessing ranges

by di�erent DPP arhitetures. Later, the topology of the onverter has been seleted

based on the requirement of this spei� appliation. A detailed design proedure and
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98 Chapter 5. Conlusions

experimental realization of the onverter have also been presented. The performane of

the onverter has been evaluated in the following steps,

• Steady-state performane of the onverter has been veri�ed. The experimental

results show an e�ieny of 89% in ase of 500 mW load using the burst-mode and

maximum e�ieny lose to 93% at 3 W. For a load of 8 W, the onverter is always

on and the e�ieny drops to 90%.

• The performane of the onverters for mitigation of mismath in a PV module

has been veri�ed by onneting three onverters to the PV module. It has been

observed that these onverters an extrat the maximum available power in presene

of mismath among the submodule urrents.

In Chapter 4, a brief disussion has been done regarding the potential improvement

of the LCOE by mitigating ageing mismath. It has been shown that there is a linear

relationship between the ost of the onverters and improvement rate of LCOE. Based on

the irradiane, three example ases have been studied. It has been shown that regarding

LCOE, mitigation of ageing mismath is relatively more e�etive, where annual irradiane

is higher. For an example ase, the maximum ost of the onverters that ould improve

LCOE has been also presented. Using the statistial model proposed in this thesis, it has

been shown that the LCOE an be redued up to 3.5% for the mentioned example ase.
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Appendix A

Comparative Study Between the �uk and the LLC

Converter for Very Low Power Appliations

Condution Loss of the LLC and the �uk Converter

With the aim of omparing the ondution losses in both onverters, a loss model is de-

veloped in this setion. For the LLC onverter, a resistane of 200 mΩ is assumed for eah

primary and seondary winding of the transformer. No loss omponent is onsidered for

the resonant indutors, sine leakage indutane of the transformer of the LLC onverter

an be used as resonant indutor. In total 400 mΩ of loss resistane is inluded in both

the analytial model and simulation. For the �uk onverter, an equivalent resistane of

50 mΩ for eah primary and seondary winding is onsidered. Another equivalent series

resistane of 50 mΩ is taken for primary winding and 50 mΩ of loss resistane is onsid-

ered for seondary winding for the oupled indutor. Therefore loss assoiated with the

total resistane of 200 mΩ is onsidered as ondution loss for the �uk onverter. The

expressions of ondution loss for both onverters are given below,

LLC: Pcond = I2in,rmsRpri,LLC + I2out,rms.Rsec,LLC (A1)

�uk: Pcond = I2L,1RL,1 + I2L,2.RL,2 + I2pri.Rpri,cuk + I2sec.Rsec,cuk (A2)

where,

Iin is the rms input urrent of the LLC onverter,

Iout is the rms output urrent of the LLC onverter,

Rpri,LLC is the resistane of the primary winding of the transformer of the LLC onverter,

Rsec,LLC is the resistane of the seondary winding of the transformer of the LLC on-
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Figure A1. E�ieny omparison of the LLC and the �uk onverter, onsidering ondution

loss.

verter,

IL,1 is the rms primary indutor urrent of the �uk onverter,

IL,2 is the rms seondary indutor urrent of the �uk onverter,

RL,1 equivalent series resistane of the primary indutor of the �uk onverter,

RL,2 equivalent series resistane of the seondary indutor of the �uk onverter,

Rpri,cuk is the resistane of the primary winding of the transformer of the �uk onverter,

Rsec,cuk is the resistane of the seondary winding of the transformer of the �uk onverter.

Analytial expressions are derived to alulate e�ieny of the LLC and the �uk

onverter. Later PSIM simulations are arried out with the same parameter to validate the

mathematial model. Like the LLC onverter, a total indutane of 25 µH is onsidered for

the �uk onverter. Sine the �uk onverter onsists of two indutors, the total indutor

has to be spited by two i.e. both primary and seondary side should ontain 12.5 µH

of indutane eah. However, if the indutors an be ombined in a single ore, the

e�etive indutane will be doubled. Therefore simulations and algorithms are onstruted

onsidering that the primary indutane is 25 µH and the seondary indutane is also

25 µH instead of 12.5 µH. Figure A1 shows the e�ieny urves of the �uk and the LLC

onverter.
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Gate Charge Loss and Swithing Loss

In a swithed mode power onverter there are three types of losses assoiated with the

swithes. They are as follows,

• Gate harge losses due to harging and disharging the gate of the MOSFET.

• Condution losses due to the drain to soure `ON' resistane of the MOSFET.

• Swithing losses due to the non zero fall time and rise time of drain to soure voltage

and drain urrent respetively during turning `ON'. Vie versa during turning `OFF'.

As disussed in the previous setion due to the leakage indutane, a high voltage transient

appears aross the swith of the �uk onverter. Due to the iruit nature of the �uk

onverter, MOSFETs with relatively high voltage rating are required even if the power

rating is the same as the LLC onverter. For the investigation of gate harge and swithing

loss, two di�erent MOSFET are seleted for those two andidates. For instane, for the

LLC onverter PSMN6R125MLD MOSFET from NXP having voltage rating of 25 V

and IPB123N10N3 MOSFET from In�neon having voltage rating of 100 V for the �uk

onverters are onsidered. To observe the e�et of gate harge and swithing loss on the

e�ieny of the onverters, the simulations are arried out in LTspie (a simulation tool

provided by Linear Tehnology).

Gate Charge Losses in MOSFET

The loss assoiated with the MOSFET due to the harging and disharging of the gate is

alled gate harge loss, whih an be derived by the following equation,

PQG = QGTOT@V GDRVGDRFsw (A3)

where,

PQG is the total gate harge losses, QGTOT@V GDR is the total gate harge of the MOS-

FET at orresponding gate to soure voltage, Fsw is swithing frequeny, VGDR is gate

driver supply voltage.
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Table A1. Gate harge loss in MOSFETs.

MOSFET Total gate harge Ron (mΩ) VDS Calulated power Simulation power

Part number nC Typ. Max. mV mW mW

PSMN6R125MLD 10.7 6.46 7.24 14 25 11.225

PSMN6R125MLD 26 10.7 12.3 100 26/35 25.15
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Figure A2. E�ieny omparison of the LLC and the �uk onverter, onsidering swithing

and gate harge loss.

Swithing Loss in MOSFET

Due to the overlapping of voltage and urrent during turn `ON' and `OFF' of the transis-

tor, another type of power loss is produed in swithing onverters. Following the method

desribed in [10℄, swithing losses of a MOSFET an be alulated by the following equa-

tions,

Psw(Inductive) = 0.5VDDID[Tsw(on) + Tsw(off)] (A4)

Psw(Resistive) = 0.25VDDID[Tsw(on) + Tsw(off)] (A5)

where, Tsw(on) =0.5
VGDR−VGP

RDR+RG
,

Tsw(off) =0.25
VGDR−VGP

RDR+RG
,

VGP is the plateau voltage,

VGDR is the gate driver voltage,
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Figure A3. Performane of the LLC onverter.

RDR is the driver resistane,

RG is the gate resistane of the MOSFET.

Figure A2 shows the e�ieny of the LLC and the �uk onverter onsidering gate

harge and swithing losses.

Condution Loss, Gate Charge Loss and Swithing Loss

In order to investigate the performane of the onverters onsidering ondution, gate

harge and swithing losses, equivalent loss resistanes as mentioned earlier are added

and simulated again in LTspie. Figure A3 and Fig. A4 shows the e�ieny of the LLC

and the �uk onverter with swithing, gate harge and ondution losses respetively.

Another reason of seleting relatively high voltage rated MOSFET for the �uk onverter

is that due to the leakage indutane, large voltage spike appears aross the swith of the

�uk onverter. On the ontrary, MOSFET with relatively small voltage rating with low

gate harge and, turn `ON', turn `OFF' time is seleted for the LLC resonant onverter.

Leakage Indutane of the �uk Converter

Leakage indutane exhibited by the transformer plays an important role on the per-

formane of the �uk onverter. For instane, swithes with higher voltage ratings are
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Figure A4. Performane of the �uk onverter.

required whih inrease the size and ost of the onverter. In addition to that, due to the

leakage indutane, e�ieny of the onverter is a�eted severely, speially at light loads.

In order to observe the e�et of leakage indutane on the e�ieny of the �uk onverter,

a simulation is arried out onsidering 96% oupling oe�ient of the transformer and

the result is presented in Fig. A5.

Total Loss

Figure A6 ombines ondution, gate harge and swithing losses of the LLC onverter

and in addition to all these losses for the �uk onverter, leakage indutane losses is also

shown. In that �gure, it an be seen that from 1 W to 15 W the LLC onverter provides

a very good e�ieny of more than 90%. In ontrast, at low power from 1 W to 8 W the

�uk onverter provides less than 90% e�ieny. At very low power, for example, for 1 W,

the �uk onverter provides only around 63% e�ieny. This is beause the swithing loss

is omparatively more signi�ant at low power. Sine ZVS an be ahieved in the LLC

onverter, it exhibits very good e�ieny at low power.
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Figure A5. Performane of the �uk onverter with 96% oupling oe�ient. Condution loss

by analytial model (red line), ondution loss by PSIM (magenta *), swithing loss and gate

harge loss by LTspie (dashed * yan), ombined ondution, gate harge loss and swithing

loss in LTspie (green dot), and ondution loss, gate harge, swithing loss and the e�et of

oupling oe�ient in LTspie (dashed blak).
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Figure A6. LTspie simulation of the performane of the LLC and the �uk onverter. Swithing

loss and gate harge loss of the LLC (solid magenta x), ombined ondution, gate harge loss and

swithing loss of LLC (dashed red square), swithing loss and gate harge loss of the �uk (dashed

* yellow), ombined ondution, gate harge and swithing loss of the �uk (green dashed-dot o),

and ondution loss, gate harge, swithing loss and e�et of oupling oe�ient in LTspie of

�uk (solid blue diamond).
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