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Resumo

Consumidores industriais sao conhecidos por sua alta demanda de poténcia ativa e reativa.
Assim, tais consumidores possuem grande interesse na geracao local por meio de usinas
fotovoltaicas (FV) para reducao das contas de energia. No entanto, os sistemas FV
tradicionais reduzem a poténcia ativa absorvida da rede e, consequentemente, o fator de
poténcia da instalacao. Sob tais condicoes, multas sao cobradas por baixo fator de poténcia
na instalacao. Este trabalho realiza um estudo dos efeitos da instalacao de uma planta
FV no fator de poténcia industrial. Além disso, solugoes baseadas na correcao usando
bancos de capacitores tradicionais e em inversores FV multifuncionais sao implementadas.
O estudo de caso de uma planta industrial localizada no Brasil é discutido. Os resultados
indicam que o banco de capacitores tradicional é incapaz de corrigir o fator de poténcia
precisamente pelo seu nimero limitado de taps. De fato, os inversores FV multifuncionais
podem prover compensagao de poténcia reativa precisa, o que melhora o fator de poténcia
e elimina multas adicionais. No entanto, uma reducao de 24,1 % na vida ttil do inversor
fotovoltaico é observada em comparacao a operacgao tradicional. Desta forma, uma proposta
de dimensionamento do inversor é apresentada com a finalidade de preservar a confiabilidade
do sistema considerando a funcionalidade extra do inversor FV (corregao de fator de

poténcia).

Palavras-chaves: Industrias; Inversores Fotovoltaicos Multifuncionais; Correcao de Fator

de Poténcia; Analise de Confiabilidade; Avaliagdo Economica.






Abstract

Industrial consumers are widely known for their high demand for active and reactive
power. Thus, these consumers have a great interest in the local generation using PV
plants to reduce the energy bill. However, the traditional PV systems reduce the active
power absorbed from the grid and, consequently, the installation power factor. Under such
conditions, fees are being charged due to the low power factor value. This work carries out
an overall study on the effects of the installation of a PV plant on the industrial power
factor. Moreover, a benchmarking of traditional capacitor banks and the multifunctional
PV inverter is performed. The case study of an industrial power plant located in Brazil
is discussed. The results indicate that the traditional capacitor bank solution cannot
correct the power factor all time due to its limited number of taps. Nevertheless, the
multifunctional PV inverter can provide a precise reactive power compensation, which
improves the power factor and reduces the additional fees. Finally, a PV system reliability
reduction of 24.1 % is observed compared to the traditional operation, while inverter

oversizing preserves the system reliability even if multifunctional operation is assumed.

Key-words: Industries; Multifunctional PV inverter; Power Factor Correction; Reliability

Analysis; Economical Evaluation.
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1 Introduction

1.1 Context and Relevance

Small, medium and large industries consider that the reduction of the energy
provided by the electric utility is determining for the reduction of their fixed costs. Hence,
investment in local photovoltaic (PV) solar generation has increased rapidly in recent
decades, mainly in the industrial sector. Associated with reduced energy bill, PV systems
attract great interest due to the production of sustainable energy with low environmental
impact and reduced maintenance costs (Yang; Sangwongwanich; Blaabjerg, 2016). However,
the increasing penetration of PV systems into the grid has made it more vulnerable, which

has led the need for studies to assess their impacts (Wandhare; Agarwal, 2014).

Fig. 1 shows the increasing total installed capacity of PV power plants in Brazil.
The growth of this type of energy has become more evident in the recent years, in a large
scale for industrial applications. In the recent 4 years, the total increase on the installed

PV power has grown higher than 320 %.

Photovoltaic Power Evolution
6000 T T T T T T T T T
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Figure 1 — Total installed capacity of PV power plants in Brazil. (Absolar, 2020)

The industry draws a certain amount of active and reactive power from the grid to
supply the power demanded by its load. However, the introduction of a photovoltaic plant
reduces the liquid active power demand from the grid due to local generation. According
to the power triangle, reduction of active power results in an increased power factor
(PF) angle. Therefore, it can reduce the PF to below the acceptable limit, according
to the grid standards (ANEEL, 2010). The industry power factor must be corrected to
above the threshold allowed by the standards, or else there will be extra fees over the
exceeding reactive power (ANEEL, 2010). In this scenario, reactive power support to avoid

paying fees due to low PF is essential to make the investment in the PV system attractive
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(Bhattacharya; Zhong, 2001).

PF correction is often carried out by capacitor banks (Joksimovic, 2015; Ko; Gu;
Lee, 2018). However, this is not a trivial task when the loads present great variation over
the year (Prasai; Sastry; Divan, 2010). Some works present solutions based on dynamic
capacitors controlled by thyristors, although these solutions inject a great amount of
harmonics into the grid (Prasai; Divan, 2011; Ahmed; Alam, 2006). Also, capacitor banks

can present harmonic resonance with the grid, higher weight and higher volume occupied.

The aforementioned limitations can be mitigated using the multifunctional PV
inverter approach. PV systems based on power inverters can inject active and reactive
power (Liu et al., 2015), since their power control loops allow the inverter to perform PF
correction while they inject active power. The reactive power support (Kekatos et al., 2015;
Gandhi et al., 2016) is provided by multifunctional inverters in electrical power systems
and microgrids. Reference (Su; Masoum; Wolfs, 2014) analyzes the reactive power support
to maintain system voltage within the limits allowed by the standards. The work carried
out in (Weckx; Gonzalez; Driesen, 2014) optimizes the utilization of the active and reactive
powers to regulate the grid voltage during voltage sags. Furthermore, (Ye et al., 2016)
and (Morales-Paredes; Bonaldo; Pomilio, 2018) use an inverter with the only purpose of
correcting the power factor by controlling the capacitive reactive power delivered. Besides,
the works in (Lo; Lee; Wu, 2008) and (Jafarian et al., 2018) use additional control loops

implemented in the PV inverter to compensate the required reactive power.

Although many works do not assess the reactive power support impact, there are
tradeoffs involving this functionality. Increased inverter power loss due to reactive power
injection is the first tradeoff, which reduces the active power output margin and increases
the temperature of inverter components. The second tradeoff is related to increased
wear-out on the inverter components, which affects their reliability (Gandhi et al., 2019).
Regarding the latter one, previous studies show that inverters are the most fragile link in
the entire PV system (Moore; Post, 2008) and the extra work-time of the multifunctional

operation by means of reactive power support can further aggravate this condition.

1.2 Power Factor Grid Codes

The power factor (PF) is defined as the total proportion of active power in the total
apparent power. It is limited between 0 for only reactive power and 1 for only active power
available. In fact, when there is an available active power P, the total current flowing in

the system is given by:

1= Vv, cos(o) )
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where V is the line-to-line voltage and cos(¢) is the cosine of the impedance per phase,
which is the system power factor. Low power factor implies in low cosine values which
results in high line currents. This current needed has many negative effects: it increases
the losses along the industry cables, demands increased cable sizes and increases the total

industry bills for the same active power consumed.

When cos(¢) = 1 (unitary PF) the current achieve the lowest value possible for the
same active power consumed, avoiding the aforementioned drawbacks. Many industries
have great amount of electrical motors which need certain amount of reactive power
meaning that, naturally, the PF in industrial environments are lower than 1. For this
reason, the grid codes in Brazil establish a minimum power factor of 0.92, whose value
can be different for each country. When the PF of an installation is instantly below this

threshold, fees are charged for exceeding reactive power.

The power factor is charged hourly based on the tax for active energy (in R$/kWh)
by means of Eq. 1.2 calculated through the instantaneous value of the PF and the consumed
energy (ANEEL, 2010).

Fee = ui {EG(Z') [ii(lf; - 1] } , (1.2)

where p is the base energy tax in $§ per kWh, Eg is the consumed energy from the grid in
each hour (in kWh), PF,.s is the threshold limit (0.92 in Brazil), PF(i) is the actual power
factor in each hour and p is the total of hours in the analyzed period. pu is considered as
$ 0.0807 per kWh, which is the green flag value considered for the electrical company
CEMIG. Also, for the rest of this work, the 1 dollar is considered to be R$ 4,25. This
equation is valid only for PF values smaller than 0.92; for higher values, the total charge

at this moment is equal to zero.

In environments where it is not possible to measure PF instantaneously, the tax is
calculated using the mean PF value within the period of measurement. Besides, the PF
cannot be lower than 0.92 capacitive in the period from 11h30 pm to 06h30 am. In the
complementary hours of the day, the PF must not be lower than 0.92 inductive in the

normal functioning of the industries.

This Master Thesis shows how the implementation of a PV plant reduces the
industry PF and discusses the possible further corrections to this problem, addressing the

effects on fees, lifetime and total cost of the system.

1.3 Obijectives and Contributions

The industries are interested in evaluating the impacts of the photovoltaic solar

plant connection to find the optimal solution to correct the PF and avoid fees. This work
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evaluates two strategies for industries to correct PF after installing the PV plant: (1)
traditional, through a capacitor bank; and (2) with the implementation of reactive power
support functionality through the PV inverter. Thereby, the following contributions are
provided in this Master Thesis:

e Theoretical modeling of power factor correction in the presence of PV plants;

e Comparison between retrofitted capacitor banks with taps and multifunctional PV

inverters for PF correction;

e Design of the multifunctional PV inverter based on its reliability function to achieve

a defined inverter lifetime target;

e Comparison of costs for investment and power losses with the changes on the PV

inverter oversizing.

1.4 List of Publications

This Master Thesis produced the following published paper:

e Gusman, L. S. et al. Design for Reliability of Multifunctional PV Inverters used in
Industrial Power Factor Regulation. International Journal of Electrical Power and
Energy Systems (IJEPES), v. 119, p. 105932, 2020. ISSN 0142-0615.

Also, during this Graduation Program, the following paper was developed:

e Callegari, J. M. S. ; Gusman, L. S. ; et al. Detection of stressed electronic components
in pv inverter using thermal imaging. IEEE Latin America, 2020. ISSN 1548-0992.

1.5 Master Thesis Outline

This Master Thesis is divided in the following 6 chapters:

e Chapter 2 describes the link between an industrial environment and a grid-connected
PV system, highlighting the direct effects on power factor. It also includes the

modeling for the plant and control strategies involved in this implementation;

e Chapter 3 shows the physics of failure for semiconductors and capacitors and describe

the methodology for lifetime evaluation of power converters;

e Chapter 4 describes the case study used for the work, along with the figures of merit

and the cost analysis made for the system,;
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e Chapter 5 addresses the results of the theoretical analysis and a practical implemen-

tation and results for the control strategy proposed;

e Chapter 6 indicates the closure of this Thesis, consisting of the conclusions and

future works.
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2 PV Plants in Industrial Systems

In this chapter, the integration between an industry and a PV system is highlighted,
considering all components in this system. The capacitor banks are divided in fixed and
automatic; the control of the multifunctional PV inverter is described, along with the
proposed saturation structure for power factor correction; theoretical profiles are proposed
to analyze the effects of the PV system in the industry power factor; At last, the corrections

with an automatic capacitor bank and a PV inverter are demonstrated

2.1 Interconnection of a PV System to an Industrial Grid

Fig. 2 shows a typical grid-connected industrial system after a photovoltaic plant
installation. The system consists of a three-phase grid-connected PV system, which provides
active power in the traditional operating mode to supply industry demand and a capacitor

bank for PF correction.

PV system
Fig.6
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Figure 2 — Grid-connected industrial PV system.
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The PV system is based on photovoltaic panels which generate energy collected
from the solar irradiance. This energy is transferred to the dc-link and is injected into the
grid by the inverter. A three-phase voltage source inverter (VSI) is considered in this work.
This device can be based on IGBTs or MOSFETsSs, depending on the power and voltage
ratings. The voltage output is a PWM modulated signal, which is then filtered by the

LCL filter on the ac side of the converter. This process is a traditional operation of a grid
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connected inverter, following strict control strategies and grid codes to be commercially

usable.

The industrial system is described as a RL load representing the sum of active and
reactive power demanded from every machine and operating equipment within the factory.
This kind of load is considered almost constant since it comes from the power rating from

each equipment.

For its high demand of reactive power, industries are usually charged on the PF
value as an exceeding reactive energy fee. The correction of this PF is often made with
capacitor banks. These banks are normally constructed in delta configuration and are
designed based on the line-to-line voltage and the required capacitive reactive power (in
kvar) needed. Considering a constant active and reactive power for the load as Pr, and @y,

this capacitive power can be determined using:

Qc = Qp — Pp.tan(cos™ ' (PF™)), (2.1)

where PF™ is the reference power factor, which should be above 0.92. Fig. 3 shows a fixed

capacitor bank for a given voltage and kvar rating.

Figure 3 — Capacitor bank with fixed kvar rating. (WGR Ignitron, 2020)

These fixed banks are interesting for a fixed load, with a well known pattern, such
as transformers operating at no load. Normally, industrial loads tend to oscillate over a
mean value for active and reactive power. This means that a fixed capacitor bank can
correct the mean PF, but it is not effective on correcting it instantaneously. For this reason,

the automatic capacitor banks are normally used. Fig. 4 shows an automatic capacitor
bank.

These capacitor banks consist of tapped capacitive branches with different rated

kvar power. Through an automated system using relays and an automatic PF controller, this
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Figure 4 — Automatic tapped capacitor bank. (JHMppe, 2020)

system can measure instantaneous active, reactive and apparent power and continuously
correct the PF. This bank is designed through the rated voltage line and maximum Q¢

needed.

Also, these automatic capacitor banks demand automation and the construction
of a complex panel, composed by the capacitors, contactors to execute the maneuvers
and PF automatic controllers which implement the logical operation. As an example, an
automatic capacitor bank of 10 kvar is currently in a range of $§ 1500.00, changing this

price for each manufacturer.

2.2 PV Inverter Modeling and Control Strategy

The conversion to the ac output is made accordingly to Fig. 5. The inverter is
driven in order to generate three 120° phase-shifted sinusoidal signals, however the output
voltage is a PWM with amplitude —vg4. € +vg.. It is necessary a filtering process to obtain

the output waveform with the desired frequency.

Commonly, the filters used in the commercial inverters might be a second order
LC or a third order LCL filter. The LC filter presents great attenuation for high frequency,
however this topology presents high inrush currents in the output capacitance, with
possibility of resonance with the grid. On the other hand, the LCL filter have greater
attenuation of -60 dB/dec when compared to the -40 dB/dec of the LC filter by adding a
second inductance, which limits the inrush current in the capacitor. However, its complexity
and volume is increased due to the other inductor. Both filters also have an resonance

frequency, which can amplify harmonic currents (Gomes; Cupertino; Pereira, 2018).

The inverter is chosen through its rated power and voltage levels. However, for

simulation purposes, the LCL filter must be specified based on the rated power and
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Figure 5 — Grid-connected PV inverter.

the semiconductor switches must be defined in order to study the lifetime evaluation of
the inverter. The LCL filter project is made according to the methodology proposed in
(Pena-Alzola et al., 2014).

Fig. 6 shows the control strategy adopted in this work. This strategy consists of a

dg-coordinate control of the grid currents.
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Saturation lgq . 1
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Figure 6 — Control block diagram of a three-phase grid-connected PV inverter.

This control strategy is used for traditional and multifunctional inverter operation
modes. The control algorithm is implemented in synchronous reference frame (dq) in
two loops (Pereira et al., 2015). The inner loop controls the inverter injected current
using traditional PI controllers, what is made possible through Phase-Locked Loop (PLL)
structures. The PLL structure allows to synchronize the signals with the phase angle of

the grid, what can convert all of the ac signals to dc, enabling linear control.

All of the PI controllers used in the control strategy were implemented with an
anti-windup strategy. Since the control used have dynamic saturation, the PI controllers

are anti-windup to improve control response in cases of continuous saturation.

The PLL structure used is based on the Dual Second Order Generalized Integrator
(DSOGI) PLL, developed in (Rodriguez et al., 2006) and described in Fig. 7.

This structure consists of main three stages: in the first one, two SOGI filters are

used in order to generate signals in direct and quadrature axis for the previous transformed
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Figure 7 — DSOGI-PLL structure.

alpha-beta signals. This stage also attenuates the incoming signals, mitigating part of the

harmonics in the grid voltage.

In the second one, the Positive Sequence Calculator (PSC) takes the direct and
quadrature signals and calculates the positive sequence in af coordinates. This result
is obtained applying the Fortescue theorem along with af transformation. This stage
removes the unbalanced effects of the grid since it extracts only the positive sequence,

improving the performance of the further stage.

In the last stage, a common Synchronous Reference Frame (SRF) is applied to the
filtered and balanced positive sequence signal. In this stage, the angle of the input signal

is correctly extracted allowing to synchronize the control with the grid signals.

The currents are cascaded controlled by using an outer loop for the control of the
dc-link voltage and the injected reactive power. In normal conditions, the PV inverter
operates with zero reference for the reactive power injection, and supports the grid with
reactive power only in the cases of Low-Voltage Ride-Through (LVRT) where it has to
support the grid momentarily. Several control strategies addressed in the literature can be

implemented (Xavier; Cupertino; Pereira, 2018).

The internal current loop gains are calculated considering that this control is
slower than the PWM modulator implemented. This guarantee the system stability in the

presence of the computational delay of digital control implementation.

The external loops are calculated in a frequency lower than the one used in the
internal loops. In this control strategy, the external loops control the dc-link voltage and
the reactive power delivered by the inverter. The dc-link controllers gains are calculated
based on the capacitor stored energy and the reactive power is determined through the

PQ theory. The gains and their deductions are derived from (Sousa, 2011).

During multifunctional operation, a current dynamic saturation strategy is required
to avoid that the inverter operates beyond its rated current. With both reactive and

active power reference calculated in the external loops this algorithm can be implemented,
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as described in Fig. 8. The dynamic saturation strategy is employed to ensure that the
converter power capacity is not extrapolated: active power injection is the priority, followed

by the reactive power injection if the converter still has a power margin.
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Figure 8 — (a) Dynamic power saturation algorithm. (b) Power calculation scheme based
on PQ diagram.

The algorithm saturates the active power reference Pjy, according to (2.2):

|Pivy| < S, (2.2)

where PI*]'VV is the saturated active power reference and S,, is the rated apparent power.

Subsequently, the new reactive power reference Q?INV is calculated by:

|Qiwv| < V82— Py, (2.3)

Reactive power compensation is total if \/ Q?’NVQ + Py 2 < S,, otherwise, reactive
power compensation is partial. Also, the graphical representation of the PQ values behavior
is shown in Fig. 8(b). The vector sum of the PQ) values is saturated considering the rated
power of the converter, represented by the dashed semicircle. If the active power reference
is equal to S, then there is no margin to perform reactive power injection. However, if
| Pinw| < S, the reactive power reference is calculated, ensuring that the injected apparent
power does not exceed the rated apparent power. The dynamic saturation algorithm is
computed online and is updated at each control cycle, according to the flowchart shown in
Fig. 9.
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Qi

Figure 9 — Flowchart of the dynamic saturation algorithm.

2.3 Theoretical Analysis of PF Reduction with PV Plants
Installation

The installation of a PV plant in an industrial environment contributes to drop the
PF generating extra fees over exceeding reactive power. Considering Pryy as the active
power injected by the PV system and P the load rated active power, it can be seen
that the active power demanded by the grid Ps; changes over the day after the PV plant

installation, according to:

Ps = P, — Pryv. (2.4)

A bidirectional energy flow is observed, since the energy demanded from the grid
can be positive or negative, depending on the production of the PV plant. A case study is
carried out to clarify this behavior. Fig.10 shows the active (Pr) and inductive reactive

(Q1) power profiles requested by an industry on a hypothetical day.
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Figure 10 — Rated load powers. (a) Daily active power. (b) Daily reactive inductive power.

Moreover, Fig.11 shows the active power produced by the PV plant on a sunny
day, estimated considering the theoretical solar irradiance curves of (Ribeiro et al., 2013).
This curve is estimated using the equations of irradiance according to the azimuth and
altitude angle from the sun coordinates. This model is very useful to estimate the theoretical
irradiance (clean sky approach) at any location and it allows to predict the power generation
of PV systems. (Masters, 2004).
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Figure 11 — PV active power delivered by the inverter on a typical sunny day.

Fig. 12 shows the power triangle behavior over time. The active power demanded
from the grid is reduced as the PV plant production increases. In such case, the installation
PF decreases considerably and can generate charges to the company when it is smaller
than the threshold defined by the standards (0.92 was used in this work). It shall be
noticed that the triangle to the left is the region where P is negative and the triangle to

the right represents a positive Pg, being evident the bidirectional power flow. The positive
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inductive reactive power convention is downward.

Q.

Qs

Figure 12 — Effects of the PV plant on the power factor.

An amount of reactive capacitive power (Q¢) is required to regulate the PF within

the stipulated range and avoid the PF drop, according to:

Qc = Qr — |Pg|tan[cos ! (PF)]. (2.5)

The shape of the necessary capacitive power is shown in Fig.13. The equation to
determine this capacitive power uses the absolute value of the grid active power Pg. Even
if the power flow can be reversed, the PF must be corrected in either direction since the

electric companies use bidirectional meters at the connection point.
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Figure 13 — Demanded reactive capacitive power for correction to 0.92.

Fig. 14 shows the difference in the power factor caused by the PV plant insertion,
PFpy, in contrast with the previous power factor of 0.92. The insertion of the changing
active power according to irradiance causes harsh drop, even if the reactive power of the

industry remains unchanged.

The power factor drops abruptly between 9 a.m and 3 p.m, when there is consider-
able active power injection by the PV plant. Theoretically, the power factor falls to zero
when P;, = Pjyy (critical points), where the necessary capacitive power must be equal to

the load inductive power for correction to unitary power factor.
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Figure 14 — Change observed in the power factor after the implementation of the PV plant.

2.4 Solutions for dynamic PF correction

2.4.1 Solution based on tapped capacitor banks

A method to correct the PF after PV plant installation is required. Since the profile
changes over the day, static solution as fixed capacitor banks are not suitable for this
situation. Automatic tapped capacitor banks can do more dynamic profiles by rounding

the original curve to fixed steps.

These tapped banks are projected with parallel capacitor branches. By inserting
each one, the total capacitive power is changed in a staircase shape. Considering a step

size AQ¢, the number of taps is:

_ Qc
Nigp = round (AQC> : (2.6)

and the approximation of the original curve (Qcr) is:

Qo1 = NipAQc. (2.7)

Fig. 15(a) exemplifies an approximation of the curve, considering a capacitor bank
with 5 identical taps. The rounded curve tends to follow the mean value of the original
curve, which makes the corrected PF tend to a mean value of 0.92. Instantaneously, on
the points that Q)¢ is unequal to the original curve Q)¢, the power factor will not be
corrected to exactly 0.92, instead it will oscillate to values higher and lower than this
one. This makes this kind of solution inherent quantization errors due to physical step

limitations.

Also, instead of using fixed steps, the tapped capacitor bank can be divided in
steps with different values to achieve better performance. For example, if it has 5 taps of:
1, 2, 3, 4 and 5 kvar, the total capacitive power combination can go from 1 to 15 kvar, in
steps of 1 kvar. It is equivalent to a fixed step bank with 15 taps. The correction generates

some errors in the PF correction due to the quantization error, as seen in Fig. 15(b).
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Figure 15 — Correction with tapped capacitor bank. (a) Approximated capacitive power.
(b) Corrected power factor.

2.4.2 Solution based on the multifunctional PV inverter

Correction can also be performed by means of multifunctional PV inverters. The
PV inverter can inject inductive or capacitive power limited by its rated apparent power

Sp- The reactive power which can be injected by the inverter is given by:

Qinv| < \/(kS,)? — Phyy, (2.8)

where k is the oversizing value, initially set to 1. If the available power is greater than
the demanded curve, the inverter can inject the exact amount demanded. Otherwise, the
inverter injects reactive power according to its power margin, which results in partial
compensation. Thus, £ > 1 must be employed when the inverter reactive is not able to

compensate the total capacitive power.

Fig.16(a) and (b) show the available power of the inverter and the corrected power
factor for different values of k, respectively. Due to favorable weather conditions around
12 a.m, the inverter has no power margin to inject the reactive power required by the load
for k = 1. Inverter oversizing is applied under these conditions in order to allow total PF

compensation, as long as the inverter available power exceeds Q¢.

However, additional costs of the multifunctional inverter must be considered due
to the use of higher current capacity components. The lifetime of the inverter is directly

affected by the amount of processed power, since this increase the operating temperature
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Figure 16 — Correction using the multifunctional inverter. (a) Demanded and available
power of the inverter. (b) Corrected power factor.

for every component of the PV inverter, decreasing the total lifetime of the inverter.

By means of oversizing, the PV inverter is able to process more power needed by
maintaining lower drop on the total lifetime. In fact, one of the proposals of this work is
to determine a value of the constant k in the PV inverter design used to achieve the same

lifetime as if it was not processing extra reactive power.

2.5 Chapter Conclusions

In this chapter, the link between the grid connected PV systems and industrial
loads were presented. The control strategy is based on modifications in the traditional
operation of the PV inverters, considering the dynamic saturation of the power ratings.
Also, it is shown how the active power production by the PV plant affects directly the PF,

causing harsh drops and generating unexpected fees to the industry.

This PF drop must be corrected in order to reduce these fees, which can be done
either by capacitor banks or the multifunctional operation of the inverter. The tapped
capacitor banks can achieve good results by using different taps achieving the total
needed kvar, but this solution presents rippled correction due to quantization errors. The
multifunctional PV inverter can make an accurate correction, however it has limitations in
the power injection, since its main focus is in the active power injection into the grid. For

the latter solution, an oversizing factor must be included and this parameter is proposed
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to be obtained by lifetime evaluation.

In the next chapter, the main aspects of reliability theory for capacitor and semi-
conductors is presented. Also, the methodology used in this work is presented with its

characteristics and the lifetime models description.






47

3 PV Inverter Lifetime Evaluation

In this chapter, the Physics of Failure in semiconductors and capacitors are pre-
sented, along with the lifetime methodology implemented in this work. The thermal
loading analysis is described on how to change an one-year mission profile into losses in
the components and junction or hotspot temperature; the empirical lifetime models are
shown, considering their main parameters; at last, the statistical Monte Carlo simulation

is described.

3.1 Physics of Failure of Semiconductors and Capacitors

When processing active and reactive power, more current pass through the inverter
components, generating extra heating and higher temperatures. Fig. 17 shows thermal
images of a commercial PV inverter operating with different power levels. In Fig. 17(a)
and (c) the inverter is injecting 600 W of active power. With this condition, the maximum
temperature in the two images is 50 °C and 37 °C. In Fig. 17(b) and (d), the inverter is
injecting 600 W of active power and 600 var of inductive reactive power. In this situation,
the maximum temperature increases to 56 °C and 40 °C, due to the higher currents
processed. These higher temperatures decrease the total lifetime of the inverter, which

makes this analysis important to this application.

Among the several components present in a PV inverter, the capacitor and power
devices are the most fragile components, as can be seen in Fig. 18. Considering both
capacitor and power devices, they sum more than 50 % of the occurring failures in the

inverter.

The lifetime evaluation of a power converter consists into analyze the behavior of
its components in the normal operation. Each component reduces its useful lifetime due
to the temperature variations caused by the operation of the converter. The most fragile
components in the PV inverter are the semiconductor switches and dc-link capacitors
(Reigosa et al., 2016). This leads to the importance of knowing the physics of failure (PoF)

for these components.

3.1.1 PoF for Semiconductor Switches

Fig. 19 shows the internal structure of an IGBT module. The main causes of the

wear-out failures that occur in this module due to thermal cycling are (Wolfgang, 2007):

e The baseplates joint cracking;
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Figure 17 — Thermal images of a commercial PV inverter under different power injections.
(a) Active power injection of 600 W, superior view, (b) lateral view. (c) Active
and reactive power injection of 600 W + 600 var, superior view, (d) lateral
view.
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Figure 18 — Percentage of failures in the several components in a PV inverter (Yang et al.,
2011).

e Chip solder joint cracking;

e The bond-wires liftoff.
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Since the converters operate injecting alternating current based on switching of
power devices, there are temperature changes in the module within each cycle of the grid
signals. The module is compound of different materials with different thermal constants
and this continuously physically bends the inner parts of the module structure, as shown
in Fig. 19 (Wolfgang, 2007).
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Figure 19 — Structure of an IGBT module (Cupertino, 2019).

Normally the materials in the module operate in an elastic behavior, where they
bend, restoring to the original characteristic at each thermal cycle (McPherson, 2010).
After many cycles, the materials tend to deteriorate and eventually have a plastic behavior
when there is an irreversible deformation causing the module to fail, as shown in Fig.

20. These are known as wear-out failures because they take time to occur and are more

predictable.
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Figure 20 — Stress-strain curve for a material.

Also, there are conditions known as catastrophic failures, caused by imprevisible
and highly damaging events, such as short circuit or high-voltage breakdown. These events
lead to immediate failure of the module and are very difficult to predict. For these reasons,

only the wear-out failure is considered in the lifetime analysis (Wang et al., 2014).
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3.1.2 PoF for Capacitors

The dc-link capacitors operate draining energy from the PV arrays, delivering
energy to the inverter and, therefore, to the grid. This continuous charge and discharge
also wears-off the capacitor in some time of utilization. Also, the constant electrolyte
vaporization and electrochemical reactions inside the capacitor contributes to reduce its

capacitance and lifetime (Wang et al., 2014). The main capacitors used in the dec-link are:

e aluminum electrolytic capacitors;
e metalized polypropylene film capacitors;

e high capacitance multilayer ceramic capacitors.

Among these three, the aluminum electrolytic capacitors (Al-Caps) are the most
used in the commercial inverters. For this reason it is the capacitor focused on this lifetime
analysis. Each capacitor has particular parameters to monitor its lifetime consumption

and determine when it is completely damaged.

The electrolytic capacitors are compared based on the capacitance value (C) itself
and the equivalent series resistance (ESR), which is inherent to the capacitor and usually
changes with the frequency. These capacitors are considered in the end of their lifetime
when C drops to 80 % of the original value or when ESR increases to 200 % of the original

values.

3.2 Thermal loading analysis

When processing reactive power, the multifunctional inverter is subject to higher
current and, consequently, higher temperature levels in its components. References (Vernica;
Wang; Blaabjerg, 2018) and (Andresen et al., 2018) show that the thermal stress is the
main cause of aging failure in the inverter components. Besides, according to (Reigosa,
2014), the inverter critical components are the power semiconductors and de-link capacitors.
In both components, power losses are the main causes of temperature rise due to the

thermal impedance of each component layer.

Fig.21 shows the methodology to evaluate the reliability of power modules and
capacitors, which consists of three steps: thermal loading analysis, lifetime evaluation
and Monte Carlo simulation. A one-year mission profile (MP) of solar irradiance (G) and
ambient temperature (7,) is used to evaluate the converter reliability. The active power
produced by the PV array is calculated using the model from (Villalva; Gazoli; Filho,
2009).
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Figure 21 — Flowchart for the lifetime evaluation of power devices and dc-link capacitors.

During reactive power compensation, the inverter operates under higher thermal
stress conditions, due to higher current operation. Therefore, the mission profile (based
on solar irradiance profiles, ambient temperature and reactive power demanded by the
industry) has a strong effect on the PV system reliability. The mission profile must be
translated into a thermal loading to obtain the junction temperature (7'7) of the power

module and hot-spot temperature of the capacitors.

The block called thermal loading analysis of Fig. 21 shows the main steps to
translate the profile into thermal loading. The active power P is obtained from the PV
system model considering the mission profile as input. The calculation of the total power
losses is implemented with a look-up table, obtained from a certain set of operating
conditions: reactive and active power injection as well as fixed junction temperature.
This procedure is performed at PLECS simulation environment. The look-up table of the

capacitor power losses is developed according to (Wang et al., 2019).

Therefore, the power losses under other conditions given by the mission profile can
be interpolated from the look-up table. Once the look-up tables are constructed, the power
losses of the devices are estimated. Then, the thermal loading of the semiconductors is
determined by means of the equivalent circuit, shown in Fig. 22. All the semiconductors
are coupled at the same heatsink, sharing the same thermal network. Therefore, they have
the same heatsink temperature. This thermal coupling directly influences the junction
temperature of the devices. Also, the Hybrid model is used in this work since the extra

Cauer Model grants better prediction of the case temperature (Ma, 2015).

The junction temperature dynamics is affected by (i) weather variations (thermal
long-cycles); and (ii) grid frequency (thermal short-cycles). In order to detect the thermal
long-cycles, the Rainflow counting algorithm is used to find the heating time (¢,,), junction
temperature fluctuation (AT;) and average junction temperature (7},). These three

parameters are determined according to reference (Ma; Blaabjerg, 2012) for the thermal
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Figure 22 — (a) Hybrid thermal model implemented to determine the 7} for the semicon-
ductors. (b) Thermal model for the Al-Capacitor.

short-cycles.

On the other hand, the dc-link capacitors hot-spot temperature 7}, are estimated
by the thermal model used in (Cupertino et al., 2019). The capacitor ohmic losses are
computed by considering the sum of the contributions of the capacitor current spectrum,
from 60 to 100 kHz. Then, the capacitor hot-spot temperature is obtained using a thermal

model by means of:

Ty =To+ R. Y ESR(hfn, Th)IZ (R fn), (3.1)
h

where R, is the equivalent thermal resistance from hot-spot to ambient, h is the harmonic
order, ESR(hf,,T)) is the equivalent series resistance at frequency hf, and at hot-spot
temperature T}, and, finally, I.(hf,) is the RMS value of the ripple current at frequency

hfo.
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3.3 Lifetime models

The lifetime models for semiconductors and capacitors are given in (3.2) and (3.3),

respectively (Scheuermann; Schmidt; Newman, 2014).

@ ton"/ Eq
Ny = ANT} ar T A0 = ot f, (32)
Vage N " To-Ty
L =1 () 2710, 3.3
o[ 33

where Ny is the number of cycles to failure for each MP stress condition. f; is defined
as 1 for IGBT and 0.6204 for diode. L and Ly are the lifetime under operating and
testing conditions, respectively. vy, is the operating dc-link voltage and Vj is the voltage
at test condition. Ty is the temperature under test condition. n refers to the voltage stress
exponent, defined between 1 and 5. The other parameters are defined in (Scheuermann;
Schmidt; Newman, 2014).

Equation 3.2 is known as Scheuermann Model and this lifetime model includes
the cycle heating time t,, effect together with the effect of other bond wire parameters.
Eq. 3.3 includes the total voltage of the bus, showing that higher voltage at the dc-link

decreases the lifetime of the capacitor.

Moreover, it is assumed that the damage contribution in both components due to
each thermal cycle is accumulated by means of the Miner’s rule (Sangwongwanich et al.,

2018b), according to (3.4) for the semiconductors and (3.5) for the capacitors.

long—cycles  short—cycles

- T
LC = " (3.4)
Ek: Ny, N(s),
, T,
LC =) T (3.5)
k k

where f, is the grid fundamental frequency; T is the MP sampling time; Ny and Ny
is the number of cycles to failure due to the contribution of thermal long and short-cycles,

respectively, and L; is the time-to-failure for each MP sample.

3.4 Monte Carlo simulation

The lifetime consumption (LC') obtained through the Miner’s rule suggests that
the components degrade equally and fail at the same time, which is not observed in field

experiments. In order to consider the tolerances of the manufacturing process and the
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different levels of thermal stress experienced by the components, a Monte Carlo statistical

simulation is applied as seen in Fig. 23, based on (Reigosa et al., 2016).
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Figure 23 — Monte Carlo statistical evaluation. (Callegari, 2018)

Firstly, it is necessary to find the static equivalent parameters of the lifetime models
in order to obtain the same LC'. Subsequently, the Monte Carlo analysis is simulated for
N samples and a fit is performed using the Weibull probability density function (PDF)
f(z). The cumulative density function (CDF) F'(x) represents the component unreliability
of the PDF f(z), while the system unreliability is given by:

Fays(x) =1 —=[1 = Fi(2)]"[1 = Fa(2)]™[1 = Fo()]™, (3.6)

where F;(x), Fy(z) and F.(z) are the unreliability functions of the n; IGBTSs, ny diodes
and n. capacitors, respectively. Eq. (3.6) considers that all devices converge to the same

cumulative density function.

The survey (Falck et al., 2018) shows an expected lifetime target of 20 years for
traditional PV applications. In this work, By, is the reliability metric used to evaluate
the system lifetime, which refers to the time when 10 % of the samples have failed

(Sangwongwanich et al., 2018a).

3.5 Chapter Conclusions

In this chapter, the Physics of Failure for semiconductor and capacitor were
described. Also, the methodology for detecting the lifetime consumption for these two
types of components is shown. The total lifetime of these components is directly affected by
the thermal cycling, whether it is for physical tension on the semiconductors or electrolyte

vaporizing for the capacitor.

The first step of the methodology consists on the thermal loading analysis. It
consists of simulating the PV system with a mission profile consisting of irradiance and
temperature and obtaining a lookup table with inputs for: irradiance, temperature and

junction temperature, with the semiconductor losses as output. For the capacitor, the
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currents on the capacitor are collected. Then, the junction temperature (7;) for the

semiconductors and the hotspot temperature (7}) for the capacitors are collected.

These temperatures are fed in the empirical lifetime models to obtain the number
of cycles to failure for each element. The damage contribution for both components is

them accumulated using Miner’s rule considering long and short cycles.

At last, the Monte Carlo simulation is used implementing statistical models based
on a Weibull distribution calculating the LC of N different samples. In the end, the
unreliability function of the system is obtained. Through this function, the probability of

10 % of the components fail is defined as its useful lifetime in years.

In the next chapter, the case study for this work is presented. The parameters for

simulation, mission profiles and figure of merits are described.
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4 Case Study

In this chapter, the collected data from real installations is considered in the
previous described methodology. The active and reactive power profiles are presented,
along with the irradiance and temperature profiles; the PV plant is sized through this data,
determining the number of panels and inverters which would be used in this application;
the economical parameters used in this work are described, showing the parameters that

are evaluated; at last, the thermal parameters that are used in the lifetime evaluation are
addressed.

For further analysis, the data from the active and reactive powers were measured
at the point of connection of a food industry to the grid, located in the city of Vigosa, MG.
These one-week data were measured with a one-second sample time and was extended to
complete one year of power profiles, as presented in Fig. 24. As a remarkable improve in
this work, a one-year entirely measured P(Q profile can be used. Using this approach, the
annual variations on the industry production can be addressed as well. The irradiance and
temperature data were collected from the online generation data available from the UFG

PV plant installation.
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Figure 24 — Active and reactive power data of the industry in 2017. (a) Active power. (b)
Zoomed view of July 3. (c¢) Inductive reactive power. (d) Zoomed view of June
3.
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Figure 25 — Mission profile of: (a) Solar irradiance 1-year profile. (b) Ambient temperature
1-year profile.

4.1 PV plant sizing

A PV plant was designed to reduce the electricity bill of this industry, according
to the ambient temperature and solar irradiance profiles shown in Fig. 25. The PV plant
can be sized using the solar irradiance and active power data. The daily energy generated

through a PV panel is given by:

24GA,n

anel — kWh 5 4.1

where G is the average local irradiance in W/m?(fromFig.25(a)),A, is the area of the
panel and 7 is the efficiency of the panel. The average irradiance in Vigosa is about
4.918 kWh/m?.day.

Using the profile of active power for the industry, the daily average energy consumed
Eindustry, in kWh/day, can be calculated. Using both energies, the number of panels N
can be determined by rounding Eq. 4.2 to the next integer.

N — FWJ—‘ _ (4.2)
Epanel

The PV panel used in this work is the 395 Wp from Canadian Solar. Its parameters

are shown in Tab. 1.
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Table 1 — PV panel characteristics (CanadianSolar, 2018).

Symbol Parameter Value
Pox Rated Maximum Power 395 W

Vinp Maximum Power Voltage 38.5V
Iy Maximum Power Current 10.26 A
Ve Open Circuit Voltage 47V
Iy Short Circuit Current 10.82 A
n Module Efficiency 17.88 %
Ap Area of the Module 2.21 m?
N Number of Cells 72

With the given data from Tab. 1 above, and using Eq. 4.1, the energy generated

by one panel is determined to be:

kWh
m2day

kWh
) (2.21m) 0,1788 = 1,94 z: . (4.3)
y

Epanel = (4.918

The energy demanded from the industry is calculated directly from Fig. 24(a).
The mean value of active power is calculated and is given by 23.25 kW. Thus, the energy
demanded by the industry is given by:

h kWh
Eindustry = (23.25K 24— | = . 4.4
industry = (23 5W)< day> 558day (4.4)

Therefore, the number of panels required is:

958

N= |22
[1.94

} — [287.63] = 288. (4.5)

Thus, using the given data, 288 panels of 395 W each are required. With these
panels, the total dc power generated by the arrays is 113.75 kWp. The active power
generated is converted to ac power by using 4 inverters with rated power of 25 kVA each.
The manufacturer’s datasheets show that the inverter can work with up to 15 % overload
connected on its dc side (phbSolar, 2016), which expand their capacity to over 115 kVA in

total. The inverter parameters are shown in Tab. 2.

The PV power delivery by the inverter is determined applying the mission profile
to a PV simulator, along with the inverter itself. The active power delivered is shown on
Fig. 26.

As seen in Fig. 26, the active power delivered by the PV inverter is subjected to a
dynamic saturation on the rated capacity of the 4 inverters, considering the 15 % margin.
This occurs as explained in the control strategy. The controller gains are calculated and

shown in Tab. 3. These gains were calculated with the equations mentioned in Chapter 2.
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Table 2 — Parameters of the three-phase grid-connected PV system.

Parameter Label Value
Rated apparent power Sh 25 kVA
Switching frequency fsw 16 kHz
LCL filter inductance Ly, L, 0.14 mH
LCL filter capacitance Cy 12.6 pF
LCL filter damping resistor rq 1.5 Q
Grid voltage (RMS) Vy 380 V
dc-link voltage (vgc) Vde 630 V
Grid fundamental frequency fn 60 Hz
dc-link capacitance Cae 1.7 mF
135 T T T T T T T T T T T
120 E_ , 115 kKW _ —
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Figure 26 — Active PV power delivered by the inverter.

Table 3 — PI controllers tuning gains.

Parameter Value
Current proportional gain (K, cur) 1,131
Current integral gain (£ cyr) 42,64
Bus control proportional gain (K, pys) -5,06
Bus control integral gain (K pys) -318,17
Reactive control proportional gain (K ,eq) -0,0011
Reactive control integral gain (K ,eq) -0,4284

In the Results Chapter, experimental data is demonstrated as a form of proof of
concept, describing how the control of reactive power is made in a PV multifunctional

inverter.

4.2 Economical evaluation

On the first term, the fees charged over low power factor are compared using the
tapped capacitor bank. In accordance to the Brazilian standard (ANEEL, 2010), the fee

due to low power factor is given by Eq. 1.2.

The cost of implementing a multifunctional inverter is defined by the initial invest-

ment given for this correction method. Due to the need for oversizing, it is necessary to
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obtain a new inverter with higher rated power, which means a higher investment cost.
The market prices of several different rated inverters were gathered to describe a curve of
oversizing factor vs investment. The main focus of describing this curve is to show how
much the cost is added by using a higher rated inverter to preserve the lifetime while

correcting the power factor.

Also, an inverter with higher rated power has more losses associated, due to more
power processing by its components. These losses are calculated based on the lifetime
methodology, using the conduction and switching losses for the semiconductors and the
total loss of the capacitor. This energy lost is associated with the oversizing factor plotting

curves with comparison between power factor correction and loss cost.

4.3 Thermal Parameters

The thermal parameters consist mainly of the thermal resistances within each layer
of the components. The lifetime models are empirically determined and its parameters are
described by the manufacturer. The foster resistance and thermal constant for the IGBT
and Diode are described in the Tab. 4 (Infineon, 2013).

Table 4 — Foster model parameters for the 75 A IGBT Module.

Parameter 1 2 3 4
Ry (IGBT) [K/W] 0.032 0.062 0.312 0.543
7:(IGBT) [s] 0.0005 0.005 0.05 0.2
Rypi(Diode) [K/W]  0.059  0.137 0.502 0.602
7:(IGBT) [s] 0.0005 0.005 0.05 0.2

The capacitance on the table above is calculated through the expression of the

thermal constant, described by:

T;

Coni = 75—
thi

(4.6)

Also, the thermal resistances for the case-to-heatsink were derived from the
datasheet of both components. Being determined as R._;, = 0.35 K/W for the IGBT
and Diode. The heatsink was dimensioned to present about R;_, = 0.5 K/W due to the
high dimension of the inverter. The hotspot-to-ambient resistance is determined through
(Cupertino et al., 2019), being R. = 2,3 K/W. Also, the ESR curve through each frequency
is extracted from the datasheet of the capacitor, with the rated temperature of 85 °C
(EPCOS, 2016).

For the physical semiconductors and capacitors used in this work and for lifetime

evaluation were designed for the according application. The considered inverter was
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designed with 1200 V/75 A power module, with part number FS7T5R12W2T4 from Infineon

as shown in Fig. 27.

Figure 27 — IGBT and Diode power module.

The dc-link capacitor bank was designed with 10 capacitors (B435*2A6687M0) of
680 uF, arranged in 5 branches of 2 capacitors in series (5x2). These capacitor are arranged

in order to endure the voltage and current applied to the dc-link. They are shown in Fig.
28.

Figure 28 — Capacitors of the dc-link.

In the results section, the temperature of the components are shown, along with
their lifetime distribution. The lifetime is compared with P only and PQ injection, with
the latter decreasing the total lifetime of the converter. Also, an oversizing of the IGBT
module is done to increase the lifetime with PQ injection to the same level as the P only
case. The oversizing is done in two distinct cases: in the first one, the rating of the inverter
will be increasing by a k factor to increase its capacity of correction and reducing its
operating temperature; in the second one, the 75A /1200V IGBT module is changed to the
100A/1200V module (F3L100R12W2H3). This new module has higher current capacity,
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heating less for the same operating point. Also, in the second one, one more capacitor
branch is added to increase the total respective lifetime of the capacitors. The foster model

parameters of the second IGBT module is described in Tab. 5

Table 5 — Foster model parameters for the 100 A IGBT Module.

Parameter 1 2 3 4
Ry (IGBT) [K/W] 0.084 0.195 0.587 0.584

7:(IGBT) [s] 0.0005 0.005 0.05 0.2
Rypi(Diode) [K/W]  0.036  0.156 0.324 0.684

7;(IGBT) [s] 0.0005 0.005 0.05 0.2

4.4 Chapter Conclusions

This chapter describes numerically the case study from which the present method-
ology is applied. Also, it describes how the values of the parameters used in the inverter
simulation are described based on present methodologies of the literature and the main
necessary parameters used in the thermal simulation. For the latter, most of them come

directly from the manufacturer’s datasheet being experimental and empirical data.

The figures of merit are the power factor corrected by the capacitor bank and the
inverter, the total fee without and with correction, the price of the inverter according
to the oversizing factor implemented, the cost of the loss in the PV inverter for a range
of oversizing factors and lifetime and temperature analysis for active power (P) and

active+reactive power (PQ).

The next chapter brings the results to the methodology applied. The results
demonstrate graphically and numerically the capacity of power factor correction by the
solutions and the effects on cost and lifetime evaluation. An oversizing on the PV inverter
is done to achieve same lifetime (expected to be over 20 years) while correcting the power

factor.
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5 Results

In this chapter, the results of this Master Thesis are shown. The fee is calculated
considering tapped capacitor banks for different power factor references; the multifunctional
PV inverter cost and losses are described for oversizing factor variations; an experimental
setup is made to test and validate the saturation structure and the reactive power injection;
at last, the lifetime results are addressed through the analysis of the devices temperature
and the total lifetime reduction and increment for different oversizing factors and different

modules, respectively.

5.1 Simulated Analysis

5.1.1 Power factor correction: tapped capacitor banks

Fig. 29 shows the industry power factor with the implementation of the PV plant.
The y-axis shows the fraction of the total hours in one year (8,760h) distribution for the
new power factor PFpy without any correction. It is possible to observe that the PF
operates mostly in the range between 0.5 and 1, which are considerably low power factors

since they are mostly below 0.92.
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Figure 29 — Power factor after the implementation of the PV system, without power factor
compensation strategies.

The maximum value of the demanded capacitive power reaches 21 kvar, which
must be achieved with a tapped capacitor bank. The bank received 5 taps. If all of them
had the same value, the profile would be approximated in step values multiples of 4.2 kvar,
which generates high quantization errors and affects the power factor correction. However,
by choosing different taps, more combinations can be achieved. In this work, it is used a
capacitor bank with 5 taps of 1,2,4,6 and 8 kvar. These different taps allow combinations

which range from 0 to 21 kvar, at intervals of 1 kvar, resulting in an equivalent bank of



66 Chapter 5. Results

21-tap capacitors. Therefore, a better approximation of the original curve is obtained and,

consequently, a better PF correction.

Fig. 30 shows the PF correction result using this 5-tap capacitor bank for different
references of PF. Considering a reference of 0.92, this solution does not correct adequately
all power factor at the critical points. In order to correct these points, the bank should
exhibit the exact value of the original curve, which is difficult to achieve because of the
quantization error. The tapped capacitor bank was designed to achieve 0.92 power factor.
However, this reference can be changed as well. Fig. 30 shows, also, the number of hours
in which the correct power factor is distributed, in a histogram, conducting different

references of power factors for the capacitor bank based solution.
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Figure 30 — Distribution for each reference of power factor, using the capacitor bank
correction.

The quantization errors caused by the approximation ()¢ in discrete steps make
the power factor oscillate around the desired reference. By increasing this reference, the
corrected power factor gains a margin to oscillate without trespassing the 0.92 limit.

Therefore, the correction is more effective as the desired reference increases.

The power factor charges with the capacitor bank correction for 0.92 reference
are around $ 6.00 per year. This value is insignificant, compared to the power factor
charge before correction, which was $ 8,253.00 per year. The charges are almost zero when
reference 0.93 is considered, which validates the results shown in Fig. 30. It is considered a
base tax of $ 0.0807 per kWh.

5.1.2 Power factor correction: multifunctional PV inverter

The multifunctional inverter can entirely correct the power factor to 0.92 if its
available power surpasses all the necessary reactive power for correction. In fact, the design

of the inverter is mainly target at determining the oversizing factor, if needed.

As observed in Fig. 31, the multifunctional PV inverter is described by the number
of hours that the corrected power factor remains below 0.92 according to its respective

oversize value. For k = 1, the inverter cannot compensate the entire demanded capacitive
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power. If k >= 1.3, the inverter can provide full reactive power compensation. However,
there is an inherent cost for the use of higher power inverter, since its investment increases

as its rated power increases.
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Figure 31 — Investment of the inverter considering the total oversize. The investment curve
was made gathering market prices for different rated PV inverters, using a
base of 25 kVA for k =1

This is indeed a suitable solution, since the increase in the inverter investment is
about $ 500.00 to make it possible to compensate all of the exceeding reactive power. This
value is seen in Fig. 31 when comparing the difference in investment for k = 1 and k = 1.2.
A commercial automatic capacitor bank costs around $ 1500.00, almost 3 times the extra
cost. This increased PV inverter rated power allows it to adequately correct the power

factor while occupying less volume than the capacitor bank solution.

Fig. 32(a) shows the total cost of the energy losses in the inverter by increasing the

oversizing factor.

These losses were determined through the semiconductors and capacitors in the
inverter, considering conduction and switching losses. Higher levels of current generate
higher losses and extra costs. The total amount of the P(QQ injection cost does not exceed
$ 283.00 per year, which is a low value, considering the time range analyzed. Besides, in
Fig. 32(b), the power losses due to active power injection only tend to stabilize at the
oversize factor in which the PV inverter can inject all active power, i.e, higher values does

not affect these total losses.

In summary, the PV multifunctional inverter is an adequate choice for power factor
correction. Besides, the higher levels of current in the inverter tend to reduce its lifetime
span due to increased losses and temperature. Since the inverter has proved to be a better

correction method, a lifetime analysis should be carried out to solve the remaining issues.

5.2 Experimental Proof of Concept

An small scale experimental setup was implemented in order to test the methodology

and control proposed and used in this work. The inverter control is programmed in the
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Figure 32 — Cost of the energy losses in the inverter: (a) injecting active and reactive
power and (b) injecting only active power. These cost were calculated using a
base tax of $ 0.0807 per kW h.

Texas Instruments TMS320F28034 digital signal processor (DSP). The de-link voltage is
supplied by a PV array emulator source, while a grid emulator is connected to converter
ac output. The signals are measured using the oscilloscope Tektronix DPO 2014B, with
A612 current probe and P5200A differential voltage probes. An overview of the small-
scale prototype can be seen in Fig. 33. Moreover, the experimental setup parameters are

presented in Tab. 6.
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Figure 33 — Experimental setup.

Also, the setup uses a single-phase PV inverter, which demanded small adaptations
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for the control; they can be seen in (Callegari et al., 2020). Its main focus is to validate
the reactive injection using this control in practical aspects. The experimental tests consist
of active and reactive power injection variations by the multifunctional inverter to analyze
the control dynamic behavior and the applicability of this functionality while the converter

has power margin.

Table 6 — Parameters of experimental system.

Parameter Label Value
Inverter rated power Sh 1.5 kVA
PV array rated power Py, 1.0 kW
Solar irradiance conditions G 500 W/m?
Switching frequency fsw 20 kHz
LCL filter inductance L¢, L, 2 mH
LCL filter capacitance Cy 3.3 uF
Grid voltage (RMS) Vy 200 V
dc-link capacitance Cae 1.17 mF
dc-link voltage reference Ve 350 V

Fig. 34 shows the performance of the PV inverter under three different conditions.
The traditional operation of the converter is evaluated in the first test, seen in Figs.34(a)

and (b). Injected current and grid voltage are in phase as shown in Fig. 34(a).

Under such conditions, the inverter is injecting about 448 W of active power and
20 var of reactive power into the grid. This small amount of reactive power is due to filter
impedance, since the current control is made in the inductor before the LC filter. This

reactive power is drained by the grid-side capacitor.

Reactive power compensation is enabled in the second experimental test. The
inverter is initially injecting active power and a reactive power step is applied, as shown
in Fig. 34. No significant transients are observed in the dc-link voltage when the inverter
operates in multifunctional mode. The injected current, previously in phase, presents a
phase shift ¢ in relation to the grid voltage, when reactive power injection is performed.
Moreover, the current amplitude synthesized by the converter increases by 115 % compared
to the conventional operation in such conditions. Regarding the power, about 448 W
(unchanged with @ step) and 880.8 var are being processed by the inverter after the
reactive power step, resulting in an apparent power of 986 var. These results can be seen
in Fig. 34(e).

The last experimental result is shown in Figs.34(c) and (f). The active power
processed is 30.68 W (simulating a cloudy day) and the inverter is fully enabled to inject
reactive power. In such case, about 880 var are being injected by the inverter and the dc-link

voltage is perfectly controlled. Finally, the angle ¢ is approximately 90°, as expected.

The experimental results showed the PV inverter can flexibly inject reactive power
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Figure 34 — Experimental results of the setup (grid voltage [170 V/div]; injected current
[5 A/div]; de-link voltage [250 V/div] and time [10 ms/div]). Grid voltage,
injected current and dc-link voltage waveforms, considering (a) active power
injection only, (b) active and reactive power injection and (c) reactive power
injection only. Active, reactive and apparent power injected by the converter,
considering (d) active power injection only, (e) active and reactive power
injection and (f) reactive power injection only.

to perform PF correction, without harming the dc-link voltage control dynamics. However,
the injected current amplitude increases when performing this feature, which may lead to
overheating of the inverter components. This is the motivation for the converter reliability

evaluation in the following section.

5.3 Lifetime Resulis

5.3.1 Temperature analysis of the devices

The variation of temperature with the change of power injection is a fine indicator of
the lifetime. Fig. 35 shows the temperature in the components of interest to this work: the

Diodes, IGBTs and capacitors, without oversizing. The temperatures on the components
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tend to rise with more power processing, due to higher currents, what decrease their total

lifetime. Even a slight increase in the temperature tends to reduce greatly the total lifetime.
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Figure 35 — Junction and hotspot temperatures for only active power (P) injection and
active+reactive (PQ) power injection. (a) Diode’s junction temperature, (b)
IGBT’s junction temperature and (c) Capacitor’s hotspot temperature.

As can be seen, the variations on the temperature increase slightly, with the
greater one being respective to the IGBT junction temperature, for about 15 °C. With
the oversizing of the inverter or the IGBT module, these operating temperatures can be

decreased, recovering the original lifetime of the inverter.

The hotspot temperature for the capacitors is confined in the range of 20-40 °C as

seen in Fig. 35(c). This component have small variation in temperature, what leads to the
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a great lifetime in general. However, it has also great sensibility on temperature rise as

well.

5.3.2 Multifunctional PV inverter reliability evaluation

The inverter is not able to completely inject the reactive power profile requested
by the industry if it has no current margin due to dynamic saturation. Thus, two analysis

were performed:

e Overload the inverter to inject all the power required, through the oversizing factor

k. If k > 1, the inverter power margin to perform the compensation is greater;

e PV inverter oversizing by increasing the current capacity of the semiconductor devices

and dc-link capacitor bank.

Fig. 36 shows the unreliability curves for the first analysis, considering k£ = 1,1.1,1.3
and 1.4. The component-level unreliability functions of the semiconductors and dc-link
capacitors are shown in Fig. 36(a) and (b), respectively. The impact on system lifetime
is not significantly affected by inverter diodes. Therefore, they will not be thoroughly
analyzed. Besides, the analyses for £ > 1 consider the injection of active and reactive

power.

Regarding the IGBT reliability for k = 1 (base case), the By of the traditional
operation is 37 years, while the B of the multifunctional operation is 27.2 years. A
reduction of 26.5 % is observed. Using the same comparison, a 13.33 % reduction is

observed for dc-link capacitor (from 33 to 28.6 years).

Fig. 36(c) shows the system-level unreliability function with k variation. There
is a reduction of 17.86 % between traditional and multifunctional operation for k = 1
(from 22.4 to 18.4 years). By increasing k, a lifetime reduction of both components and
system is observed, since the inverter has a higher upper limit of power injection. For
10 % overload (k = 1.1), 7.61 % reduction of system lifetime is observed, compared
to the multifunctional inverter rated operation (k = 1). When this range is increased
(1.1 < k < 1.4), the system lifetime is not changed, since the inverter is able to inject
almost the entire required power profile at 10 % overload. These results show that the
total reactive power compensation requires the overloading of the converter, which reduces
the system Bjg by 24.1 %, compared to the traditional operation for k£ =1 (from 22.4 to
17 years).

The second study proposed in this section aims to oversize the inverter components
to avoid strongly affecting the system reliability due to reactive power compensation. The
75 A/1200 V power module (part number FS75R12W2T4) was replaced by the 100 A/
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Figure 36 — PV inverter overload for different values of k: Unreliability curves of (a)
semiconductors, (b) dc-link capacitors; (¢) system. Monte Carlo simulations
were performed considering a maximum variation of 10 % in AT} and A, 2.5
% in T}y, 20 % in Lo and 15 % in Tp,.

1200 V module (F3L100R12W2H3). Both of these IGBT modules share the same heatsink,
since they have the same package. Moreover, a branch was added to the dc-link capacitor
bank, i.e., the configuration changed from 5 branches containing 2 capacitors in series each
(5x2) to the (6x2) configuration. For this analysis, the unreliability curves are shown in

Fig. 37, considering k = 1 for all cases.

Fig. 37(a) and (b) show the component-level unreliability functions of the semicon-
ductors and dc-link capacitors, respectively. In both cases, the oversizing of the components
guarantees higher Bjq reliability. Traditional inverter operation with semiconductors of 75

A and dc-link bank (5x2) is considered as the base case. The comparison between the base
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Figure 37 — PV inverter oversizing: Unreliability curves of (a) semiconductors, (b) dc-link
capacitors; (¢) system.

case and the multifunctional operation with 75 A and dc-link bank (5x2) reveals a 17.86
% reduction in the system reliability (from 22.4 to 18.4 years), as shown in Fig. 37(c). The
Bjo drops to below 20 years (base case target), considering the reactive power injection.
When considering the oversizing of semiconductors from 75 A to 100 A while maintaining
the same dc-link bank (5x2), the reduction in system reliability drops to 4.46 % (from
22.4 to 21.4 years), which satisfies the base case Bjg target. Finally, the system reliability
decreases 0.04 %, compared to the base case, considering the 100 A semiconductors and the
dc-link bank (6x2) (from 22.4 to 22.3 years). This last result shows that multifunctional
inverter oversizing allows to obtain almost the same base case reliability and to perform

the PF correction, by means of reactive power injection.
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5.4 Chapter Conclusions

The results detailed in this section show how the PF can be corrected effectively
and the consequences on making this correction. The capacitor banks correct the average
value to the reference specified and presents rippled correction. It is more interesting to fix
this PF reference above the threshold to grant less trespassing and better correction. Also,
different taps can achieve more combinations of capacitive power than using fixed taps

optimizing the utilization of this method of correction.

Using a multifunctional PV inverter brings several advantages, since it corrects the
PF with precision limited only by its rated power and does not demand the purchase of an
expensive and complete capacitor bank. If its rated power is not enough for active power
generation and correction, an oversizing will be needed. This oversizing of the inverter
demands a more expensive PV inverter and increases the losses in the system. Over a
research made in this work, it can be seen that this oversizing is not highly expensive and

is still more viable than the capacitor.

Also, when the PV inverter is injecting reactive power, its injected current is higher
and degrades its lifetime for about 5 years with the case study of this work. This is
perceptible by the increase of the temperature on the components, which causes more
degradation of the lifetime with slight increase in its value. The oversizing of the PV
inverter increases the durability of the semiconductor devices and capacitors increasing
again the total lifetime of the system. In fact, the optimum value of £ increases its new

lifetime to be the same it would be if it only injected active power.

Finally, these results bring the closure of this Master Thesis in the next chapter.
The oversizing of the inverter show great advantage in substituting the capacitor bank on
effective PF correction in industrial environments. In fact, the economy in the total invest-
ment is greatly increased when using the multifunctional PV inverter while maintaining

the same total lifetime.
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6 Closure

6.1 Conclusions

This work carried out a study on the effects of a PV plant on industrial companies.
By generating local active energy to equal the consumed energy, the electricity bill presents
the minimum value possible. However, there is a degrading effect on the power factor,
which leads to low values. The power factor must be corrected in order to avoid fees over
exceeding reactive power. This correction can be performed using either capacitor banks

or the multifunctional inverter.

The tapped capacitor bank presented a traditional solution to correct the industrial
power factor. Problems were observed mostly at the critical points (P, = P;), which
require an exact representation of the demanded curve. There is an extra cost for its
implementation besides its greater volume. However, the capacitor bank does not demand
the use of the inverter for reactive power compensation, which preserves the lifetime of the
PV system. This can also create margin to use both equipments for power factor correction

while preserving the lifetime for both.

The multifunctional inverter allows a suitable correction of the power factor while
increasing the total investment. However, by compensating the reactive power, the inverter
must process a higher level of current, which decreases its lifetime and increases power
losses. Total reactive power compensation according to industry requirements reduces
the system lifetime by 24.1 %, compared to traditional operation. However, the system
reliability can be preserved by means of PV inverter oversizing. The cost increase of 14%

due to the use of the inverter in the multifunctional mode was offset by the benefits.

6.2 Future Works

This work demonstrates a recent problem in PV plants installation, particularly in
plants with high rated power. Since it is a new study over this topic, many future works
can be done in order to research the effects of PV plants in the power factor. Future works

might address:

e a more detailed economic analysis approach for this kind of investment;

e precise algorithms for reactive power prediction to calculate the capacitive power in

real time;

e other control algorithms for the multifunctional PV inverter;
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e an analytical estimation for the hotspot-to-ambient temperature for the capacitor in

a PV inverter, since this topic lacks in the literature;

e the use of capacitor bank along with the multifunctional PV inverter, using the bank

when the PV inverter alone cannot compensate the entire ()¢ profile.
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