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Desejo igualmente agradecer a todos os meus colegas e amigos da graduação, do

GESEP e Casa Amarela, especialmente o William, Lucas, Paulo, Matheus e Dayane, cujo

apoio e amizade estiveram presentes em todos os momentos.



“A mente que se abre a uma nova ideia
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Resumo

A operação multifuncional de inversores fotovoltaicos consiste em fornecer serviços auxiliares

à rede, como injeção de potência reativa, compensação de correntes harmônicas, regulação

de frequência e outros. Uma vez que os inversores fotovoltaicos são normalmente projetados

para operar sob condições de carga parcial, isto é, possuem margem de corrente não

explorada, eles podem auxiliar a rede elétrica com injeção de potência reativa durante

operação de baixo carregamento para melhorar a qualidade de energia elétrica, auxiliar

na regulação de tensão e fator de potência. No entanto, essa atividade extra pode causar

estresse térmico nos componentes do inversor fotovoltaico, afetando sua confiabilidade.

Para medir a influência da injeção de potência reativa na vida útil do inversor, utiliza-se

um modelo térmico para estimar a temperatura da junção dos dispositivos de potência e

um modelo estat́ıstico de vida útil para avaliar o consumo de vida útil do sistema. Por fim,

uma análise estat́ıstica simula vários cenários de operação dos dispositivos de potência,

para os casos com e sem injeção de potência reativa. Este trabalho analisa a vida útil

dos inversores PV considerando a injeção de potência reativa baseada em um perfil de

carga real, comparado à operação tradicional do inversor. A avaliação foi realizada em um

sistema fotovoltaico, considerando perfis de irradiância e temperatura da Dinamarca. Os

resultados mostram que a injeção de potência reativa tem um impacto considerável na

confiabilidade do inversor PV, reduzindo em 3 vezes a estimativa da vida útil quando este

serviço é realizado.

Palavras-chaves: Sistema fotovoltaico; Inversor fotovoltaico multifuncional; injeção de

potência reativa; confiabilidade; vida útil; confiabilidade no ńıvel do componente; confiabi-

lidade no ńıvel do sistema.



Abstract

The multifunctional operation of photovoltaic (PV) inverters consists of providing ancillary

services into the grid, such as reactive power injection, harmonic current compensation,

frequency regulation and others. Once PV inverters are usually designed to operate under

partial load conditions for daily operations, i.e., the inverter has a current margin which

is not explored, they can assist the main grid with reactive power injection during low

load operation in order to improve the grid quality, assist in voltage regulation and power

factor. However, this extra activity can cause thermal stress in the PV inverter components,

affecting their reliability. In order to measure the influence of the reactive power injection,

an equivalent thermal model is used to estimate the junction temperature of the power

devices and a lifetime model is used to evaluate the system reliability. Finally, it is simulated

several operation scenarios of the power devices, and statistical analysis are performed

for the cases with and without reactive power injection. Therefore, this work analyzes

lifetime of the PV inverters, considering the reactive power injection based on a real load

profile, compared to a traditional inverter operation. The evaluation has been carried

out on the PV system, considering the irradiance and ambient temperature profiles from

Denmark. The results show that the reactive power injection has a considerable impact on

the reliability of the PV inverter, reducing by 3 times the lifetime estimation when this

service is performed.

Key-words: PV system; Multifunctional PV inverter; reactive power injection; reliability;

lifetime; component-level reliability; system-level reliability.
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1 Introduction

Electric energy is essential for maintaining the modern man’s lifestyle. Much of

the electricity generation is carried out based on non-renewable resources. However, the

limitation of natural reserves, the environmental impact and the increase in the price

associated with fossil fuels indicates the need for a diversification in the energy matrix.

These factors motivate researches in the renewable sources fields, such as solar, wind and

biomass energy (GANGOPADHYAY; JANA; DAS, 2013).

Photovoltaic (PV) solar energy has experienced one of the largest growths in recent

decades, among renewable energy sources. Renewable energy contributed with almost

two-thirds of new power capacity around the world in 2016 (165 GW), being 76 GW

of contribution of PV solar energy (AGENCY, 2018). In this scenario, the solar PV

capacity grew by 25% in 2017, reaching over 98 GW installed, for a cumulative total of

approximately 402 GW. On average, the equivalent of more than 40,000 solar panels was

installed each hour of the year (REN21, 2018). For the first time, the solar PV technology

rose faster than any other source, surpassing the coal net growth.

Solar PV global capacity in 10 years grew from 8 GW to 402 GW, an increase

of approximately 50 times, as shown in Fig. 1. This same figure illustrates the annual

addition, in GW, of this new technology in the power system.
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Figure 1 – Solar PV global capacity and annual additions, from 2007 to 2017. Adapted
from (REN21, 2018).

This scenario is directly related to reduced costs, increases in investment and

advances in PV technology (GAO et al., 2016; MAYER, 2015). Therefore, the PV systems

became a reality in the current energy market, with great potential to become one of the

major energy sources in the near future (SANGWONGWANICH et al., 2018; JäGER-
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WALDAU, 2017). PV systems became very attractive to produce sustainable electricity

for diversified purposes. Besides, these systems present lower environmental impacts and

reduced maintenance costs (ANDRADE et al., 2016; ANURAG; YANG; BLAABJERG,

2015b; LIBO; ZHENGMING; JIANZHENG, 2007).

The PV systems can operate in grid-tied or off-grid configuration. For the first

option, some international standards define technical requirements, such as IEEE 1547,

IEEE 929-2000 and IEC 61727 (ALMEIDA, 2011). The standard ABNT NBR 16149 is the

one that regulates the characteristics for connection of PV systems to the grid in Brazil.

The PV inverter is the component responsible for converting the direct current

(d.c) generated by the PV panels in alternating current (a.c) to inject into the grid. The

increasing penetration of PV systems (stochastic and intermittent renewable energy source)

into the grid has made it more vulnerable, decentralized and susceptible to disturbances,

which has led to the conductance of studies on their connection impacts (REIGOSA, 2014).

Moreover, with the advancement of the technology, the electric loads fed by the grid have

become non-linear, increasing the harmonic content in the Electric Power System (EPS)

(ZENG et al., 2015). Therefore, the harmonic and reactive current flowing in the grid can

cause extra power losses, vibration and noise in the electric machines and transformers.

In order to improve grid power quality, an interesting solution is to make some

changes in the philosophy of PV systems operation and control. In this context, some

works in the literature proposed the multifunctional use of inverters. This concept proposes

additions in the inverter control algorithm to provide ancillary services, such as reactive

power (Q) support, harmonic current compensation and others (LIU et al., 2015; PEREIRA

et al., 2015). Fig. 2 shows the main multifunctional features of the PV inverter currently

studied, focusing on the reactive power support advantages: voltage regulation at steady

state and transient state, reduction of power losses in transmission lines due to the supply

of reactive power near loads and power factor regulation.

Multifunctional
PV inverter

Reactive Power
Support

Harmonic
Compensation

Reactive power

to the loadsnear

Voltage regulation

(steady state) (transient state)

Voltage regulation

Active Power
Injection

Figure 2 – Main features of the multifunctional PV inverter.
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Once PV inverters are usually designed to operate under partial load conditions

for daily operations, i.e., the inverter has a current margin which is not explored, they

can assist the main grid with reactive power injection during low load operation, e.g. at

night or during low solar irradiance profile. Fig. 3(a) shows an operation curve of a real

PV inverter during a typical sunny day. The operation curve does not exceed 30% of the

total operation area. Thereby, it remains an area of 70%, which can be used for ancillary

services, as shown in Fig. 3(b). Improving the grid power quality is one of the reasons for

the growing interest of the use the multifunctional PV inverters.
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Figure 3 – Operation curve of a real PV inverter during a measurement day. (b) Available
operation area for ancillary services.

1.1 Motivation and Problematic

An important issue involving the impacts of the connection of PV systems to the

grid is the reduction of the power factor (PF) of the consumer units because they produce

their own active power demand. In this case, the load reactive power is only supplied by

the grid or by the addition of extra capacitor banks. Therefore, according to the grid code

requirements, the reduction of PF implies the application of fees by the electric utility,

which reduces the economic advantage of PV systems (PINTO; ZILLES, 2014). Currently,

two conventional techniques are used to solve this problem: synchronous machines and

capacitor banks. The former provides reactive power to the system, when overexcited. It is

economically viable in operations involving loads greater than 200 HP. Alternatively, the

latter is used for localized reactive power compensation. However, switching a capacitor

bank during a transient instability may not be fast enough to prevent damages to the

system (SARKAR; MEEGAHAPOLA; DATTA, 2018). These limitations suggest the need

for a new approach, so as to improve flexibility and reduce costs.

Recently, the multifunctional PV inverter presents itself as a solution with high

effectiveness for the aforementioned limitations, since its control of the reactive power

injection allows the inverter to realize the PF correction and consequently the grid voltage

regulation. Nevertheless, this imply in a additional use of PV inverters and some impact is

expected in the PV inverters lifetime.
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Previous studies show that PV inverters are among the least reliable components

of PV plants (KAPLAR et al., 2011). About 32% of the inverter failures occur in the

power semiconductors (REIGOSA, 2014). In addition, the manufacturers of PV modules

guarantee lifetime over 20 years, while the typical guarantee period for PV inverters range

from 5 to 10 years (FERREIRA et al., 2017). Since the inverter will be operating on a

previously unexploited feature, an adequate assessment of reliability performance for the

multifunctional inverter is crucial to infer whether this new functionality is interesting

from the lifetime point of view, compared to the traditional inverter. Indeed, the extra

work-time with reactive power compensation during low irradiation profiles can causes

additional thermal stress and decreasing the inverter efficiency (MURAY; DAVOUDI;

CHAPMAN, 2011; ANURAG; YANG; BLAABJERG, 2015a).

1.2 Contributions and Objectives

Currently, studies on the multifunctional inverter have risen great interest from

academic researches, mainly regarding the design and control areas. For example, (ZHANG

et al., 2014) discusses the thermal control technique of the power device by means of the

reactive power that circulates between parallel converters, improving devices reliability.

(GANDHI et al., 2018) studies the effects of reactive power injection from PV inverters

on their lifetime. Besides, the author translates the reduction in inverter lifetime due

to reactive power injection into reactive power cost for PV system. The impact of PV

module characteristic on the reliability and lifetime of PV inverters is approached by

(SANGWONGWANICH; LIIVIK; BLAABJERG, 2018). On the other hand, (ANURAG;

YANG; BLAABJERG, 2015a) analyzes the reliability based on a long-term thermal loading

of the PV inverter with different values of Q injection at night.

Despite the efforts of multifunctional PV inverter researchers, few works in literature

analyze the effect of thermal stress on power modules, when the PV inverter injects reactive

power. Furthermore, the reactive power profiles considered in these works are theoretical.

The industries are interested in evaluating the impacts of reactive power injection according

to a real profile, which has not been investigated yet. Thus, this work aims to fulfill this void

in the literature, presenting a study on inverter lifetime when a real reactive profile obtained

from an industry is injected. Therefore, this work provides the following contributions:

• Reactive power compensation according to a real Q profile;

• Influence of thermal cycles due to climatic variations (measured solar irradiance and

ambient temperature profiles) and grid frequency in the multifunctional inverter

lifetime;
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• Lifetime analysis with the Monte-Carlo simulation for Q injection in comparison

with the conventional operation.

Besides, this work aims to achieve the following objectives:

• Present a simplified analytical model for the conduction and switching power losses

of the PV inverter power devices, injecting Q;

• Design and simulate a three-phase two-level PV inverter;

• Electro-thermal model description for the power modules;

• Compare lifetime prediction with and without reactive power compensation.

This work is divided in five chapters. In this first chapter was presented the

contextualization, the motivation, objectives and their contributions.

For the other chapters, this work is outlined as follows: Chapter 2 provides a

literature review with the multifunctional PV inverter control and design, i.e, description

of the modeling control strategy implemented to regulate the active and reactive power

flow. Besides, the failures types in the inverter critical elements (power modules) and

lifetime models are briefly presented.

Chapter 3 shows the methodology to study the lifetime analysis of the three-phase

grid-connected PV inverter power devices. The influence of the PF angle variation on

the conduction and switching power losses is also evaluated. In addition, this chapter

describes the equivalent thermal model used in the lifetime evaluation, it is also quantifies

accumulated damage in the power module over one year and introduces the effect of

parameter variation in PV inverter reliability by means of Monte Carlo simulation.

Chapter 4 presents a case study with and without reactive power compensation,

determining the lifetime consumption as a result. Finally, conclusions are stated in Chapter

5, as well as the proposals for continuity of this work.
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2 Literature Review

In this chapter, a theoretical review of the most relevant multifunctional PV inverter

concepts, design, control strategy and modulation, are presented.

2.1 Grid-connected Three Phase PV Inverter

The PV system considered in this work has a grid-connected three phase configura-

tion, as shown in Fig. 4. The PV inverter is a d.c-a.c converter responsible for transforming

the energy produced by PV panels, due to solar irradiance, in alternating energy. It consists

of six (6) Insulated Gate Bipolar Transistor (IGBT) semiconductor devices and six (6)

anti-parallel Diodes.
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Figure 4 – Structure of a three-phase grid-connected PV system.

The IGBTs in the same phase are activated in a complementary way. For example,

S1 is on-state when S2 is not activated and vice-verse. This analysis is analogous to the

other phases, i.e., S3 and S4, as well as S5 and S6.

Voltage and current harmonics are generated at the output of the inverter due

to the power devices switching characteristics (ZOU; WANG; CHENG, 2014; ANURAG;

YANG; BLAABJERG, 2015a). Thus, the use of a passive filter is necessary to mitigate the

circulation of these undesirable components to the grid. As shown in Fig. 4, the LCL filter

has two inductors (Lf and Lg) and one capacitor (Cf ). It has less bulky inductors than the

L filter and it has an attenuation of 60 dB/dec (3rd order filter) after the resonance peak.

In addition, the Lg inductance reduces transients from the inverter connection to the grid.

During the design of the LCL filter, special care must be taken for its resonant

frequency, since it tends to destabilize the inverter control (LISERRE; BLAABJERG;

HANSEN, 2005). Besides, damping techniques for the purpose of damping the filter

resonance must be implemented. Inserting the resistor rd in series with the filter capacitor
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provides passive damping. Increasing rd reduces the filter resonant peak, but reduces the

filter attenuation at high frequencies and increases power losses (GOMES; CUPERTINO;

PEREIRA, 2018). These factors require a cost-benefit ratio in the LCL filters with passive

damping design. Finally, the design methodology of the LCL filter is in agreement with

(PEñA-ALZOLA et al., 2014; GOMES; CUPERTINO; PEREIRA, 2018).

2.2 Control Strategy

The control algorithm is implemented in synchronous reference frame (dq). The

three-phase voltage vector vgabc, shown in Fig. 5(a), is translated from the natural reference

frame abc to the rotating reference frame dq by using Park’s transformation (RODRIGUEZ

et al., 2007). More details can be found in (TEIXEIRA, 2010; ALMEIDA, 2011).
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Figure 5 – (a) Structure of PV system studied, with the measured variables to implement
the PV inverter control. (b) Block diagram of control strategy.

The control strategy is developed in two cascade loops, as shown in Fig. 5(b). The

inner loop has a faster dynamic response and controls the current injected by the inverter.

The outer loop is slower and controls the inverter input voltage in the dc-link and the

reactive power injected into the grid (XAVIER; CUPERTINO; PEREIRA, 2018).

In order to guarantee the synchronization of the dq control with the grid, it is

necessary to accurately measure the angular frequency and the phase angle by means of a
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Phase-Locked Loop (PLL).

2.2.1 SRF-PLL

A Synchronous Reference Frame Phase-Locked Loop (SRF-PLL) structure is used

to synchronize the inverter output to the grid (GOLESTAN; GUERRERO; VASQUEZ,

2017), based on dq coordinates.

For a balanced three-phase system, the direct (d) and quadrature (q) grid compo-

nents are determined by the Park’s transformation, whose result is:







vgd = Vmcos(wnt + θ0 − ρ(t))

vgq = Vmsin(wnt + θ0 − ρ(t)),
(2.1)

where Vm is the amplitude in Volts, wn is the fundamental angular frequency (rad/s), θ0 is

the initial phase angle of the grid (rad) and ρ is the tracked angle.

Fig. 6 shows the block diagram of the SRF-PLL. If ρ = wnt + θ0, vgd = Vm and

vgq = 0. Therefore, it is possible to design a PI controller to cancel vgq in steady-state.

ρ
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Park’s Transformation

vgq

GPLL

w
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ρ
GPLL

w

1/sVm

w t +n 0θ

(  )b( )a

Figure 6 – (a) SRF-PLL block diagram. (b) Linearized SRF-PLL block diagram of (2.3).

From Fig. 6, it is possible to observe:

w =
dρ

dt
= vgqGP LL = Vmsin(wnt + θ0 − ρ(t))GP LL. (2.2)

A nonlinear dynamics of the synchronization circuit is observed. However, the

argument of the sinusoidal function is very small in steady state, since ρ ∼= wnt + θ0. Thus,

it is possible to linearize sin(wnt + θ0 − ρ(t)) by (wnt + θ0 − ρ(t)), as:

w =
dρ

dt
∼= Vm(wnt + θ0 − ρ(t))GP LL. (2.3)

The above equation is described by the block diagram of Fig. 6(b) and its closed

loop transfer function (TF) is given by:

P (s)

Θ(s)
=

VmGP LL(s)

s + GP LL(s)Vm

, (2.4)



Chapter 2. Literature Review 27

where GP LL is a PI controller, whose generic transfer function is:

GP LL(s) = kp1 +
ki1

s
= kp1

1 + τ1s

τ1s
, (2.5)

where kp1, ki1 and τ1 = kp1/ki1 are the proportional, integral and constant time gain of

the controller. Substituting (2.5) into equation (2.4) and comparing it with the rewritten

TF in canonical form,

P (s)

Θ(s)
=

2ξwnts + w2
nt

s2 + 2ξwnts + w2
nt

, (2.6)

provides,

wnt =

√

kp1Vm

τ1

, (2.7)

ξ =

√

Vmkp1τ

2
. (2.8)

By Wiener method, define ξ = 1/
√

2 and wnt = wn/3 is a good compromise

(CHUNG, 2000). Thus, the controller gains are described by:

kp1 =
2wntξ

Vm

, (2.9)

ki1 =
w2

nt

Vm

. (2.10)

2.2.2 Active and Reactive Power Injection Control

The active power injection is controlled by the direct-axis (d) current igd and the

reactive power (Q) injection, by the quadrature-axis (q) current igq in the internal loop, as

shown in Fig. 5(b). This fact can be explained by the action of SRF-PLL, whose the vgq

at the measurement point is zero. Therefore the expression of Q injected to the grid is

expressed by,

Q = −3

2
(vgqigd + vgdigq) = −3

2
(vgdigq), (2.11)

where vgd and igq are the direct grid voltage and the quadrature grid current, respectively.

Notably, without reactive compensation, the current igq is zero.

The block diagram representing (2.11) is given in Fig. 7(a). The controller tuning of

the inner loop takes into account the a.c side plant modeling. This approach can be found
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in (ALMEIDA, 2011), in the dq reference. Besides, the plants for the control of igd and igq

are equal and, therefore, the controller gains of both inner loop are the same. Due to the

current loop is sufficiently faster than the reactive power loop, it is possible to consider it

ideal, i.e., igq
∼= i∗

gq. Thus, Fig. 7(a) can be approximated to the Fig. 7(b) block diagram.
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Q
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2Loop

igq
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-3 vgdGQ

Q
* Q

_
2

( )b

igq igq
≈*

Figure 7 – (a) Q control block diagram. (b) Q control simplified block diagram.

The FT is given by:

Q(s)

Q∗(s)
=

−3vgd

2
GQ(s)

1 − 3vgd

2
GQ(s)

, (2.12)

where GQ(s) = kp,Q + ki,Q/s is the PI controller. Defining D = −3/2vgd and rearranging

(2.12), then:

Q(s)

Q∗(s)
=

1 + kp,Qki,Qs

1 +
1+Dkp,Q

Dki,Q
s

, (2.13)

Selecting the frequency fz,Q and fp,Q of the zero and pole, respectively, as 10 and

100 times lower than the inner loop pole frequency fi:

fz,Q =
ki,Q

2πkp,Q

=
fi

10
, (2.14)

fp,Q =
ki,Q

2πkp,Q

=
fi

100
. (2.15)

The above approach ensures that the current loop will be 10 times faster than the

Q loop. Therefore, using the methodology of poles allocation, the PI controller gains are:

kp,Q =
2πfp,Q

2πD(fz,Q − fp,Q)
, (2.16)

ki,Q = 2πfz,Qkp,Q. (2.17)



Chapter 2. Literature Review 29

The expression of the instantaneous active power P in synchronous reference frame,

considering the action of SRF-PLL, is:

P =
3

2
(vgdigd + vgqigq) =

3

2
(vgdigq), (2.18)

The PV inverter dc-side modeling indicates that the injected power is proportional

to the v2
dc (XAVIER; CUPERTINO; PEREIRA, 2018). The PI controller calculates the

reference P ∗, which divided by 3/2vd provides the reference i∗

gd to the direct inner current

loop.

All PI controllers were implemented in their discretized form. There are several

discretization methods, such as Forward, Backward, Tustin and others. The Tustin method

is used in this work, whose transformation from s to z is given by:

s = 2fsp

z − 1

z + 1
, (2.19)

where fsp is the sampling frequency.

2.2.3 Modulation Strategy

The pulse width modulation (PWM) is a widely used technique to determinate the

switching signals of semiconductor devices due to the low-harmonic distortion waveform

characteristics, fixed switching frequency and simple implementation (HAVA; KERKMAN;

LIPO, 1999).

The most common strategies are sinusoidal modulation (SPWM) and space vector

modulation (SVPWM). The SPWM consists of comparing a sinusoidal signal (to be

synthesized by the PV inverter) with a triangular carrier at the switching frequency fsw,

generating the pulse sequence for the conduction of the IGBTs (gate signals). The SPWM

modulator presents a linear region of operation, which is exploited in PV inverters. Thus,

a limitation of the maximum voltage to be synthesized by the SPWM technique is closely

related to the reference signal characteristic.

In three-phase applications, the neutral point is isolated and there is no neutral

current path (HAVA; KERKMAN; LIPO, 1999). In these cases, the insertion of zero-

sequence components becomes possible and allows greater utilization of the dc-link.

The SVPWM is based on the spatial phasors theory, which associates to each

semiconductor device conduction state a spatial vector, in the complex plane. However, in

this work, the SVPWM follows the methodology of (HAVA; KERKMAN; LIPO, 1999),

by calculating the zero-sequence (third harmonic odd multiples) to be added into the

sinusoidal signal to be synthesized by the inverter (reference). Fig. 8(a) shows the zero

sequence signal calculator v0, built by means of a smaller magnitude test.
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The reference signal with the smallest instantaneous absolute value among the

three reference signals is chosen and is multiplied by 0.5, such as:

v0 =







0.5v∗

ga, if |v∗

ga| = min(|v∗

ga|, |v∗

gb|, |v∗

gc|)
0.5v∗

gb, if |v∗

gb| = min(|v∗

ga|, |v∗

gb|, |v∗

gc|)
0.5v∗

gc, if |v∗

gc| = min(|v∗

ga|, |v∗

gb|, |v∗

gc|).
(2.20)

Finally, this zero-sequence component is added to the phase references. Fig. 9(a)

shows the input comparator signal after the addition of the zero-sequence component, as

well as the respective gate signals, in Fig. 9(b).

Fig. 9(c) shows a zoom of the zero-sequence signal, the phase reference signal

(v∗

ga) and the sum of v0 and v∗

ga. Besides, the spectrum analysis of v0 shows zero-sequence

components, i.e., third harmonic odd multiples.

2.3 Physics-of-Failure of IGBT Modules

The power modules reliability is defined as the ability to perform their function

under rated conditions for a certain period of time (WANG et al., 2014). Currently, several

efforts in the literature are focused in the reliability of power systems, i.e. PV inverters

connected to the grid.
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There are several PV inverter components that can cause system failure. The

d.c-link electrolytic capacitors and the power modules (IGBTs and anti-parallel diodes) are

the main sources of failure in the PV inverter. A complete analysis of all these components

would be very complex, since they may have a cross-effect of the reliability on each other

(YANG; SANGWONGWANICH; BLAABJERG, 2016). In order to simplify the reliability

analysis, only the temperature-related failure mechanisms of the IGBT are considered in

this work.

Understanding the physical of failure (PoF) mechanisms in power modules is

essential to infer in the devices reliability. The PoF approach is based on the analysis of

each device failure mechanism. There are two predominant failure mechanisms: wear-out

and catastrophic failures, as shown in the flowchart of Fig. 10.

PoF

Baseplate Solder

Joints Cracking

Wear-out FailureCatastrophic Failure

Bond wire
lift-off

Chip Solder

Joint Cracking

Figure 10 – Flowchart of IGBT physics failure types.

Catastrophic failures occur caused by single event overstress, such as short-circuits

(WANG et al., 2014). Besides, it is difficult to predict and often lead to serious consequences
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for PV inverter, for example.

Unlikely catastrophic failures, wear-out failures are more predictable, since the

IGBT operating conditions are known. There are three main wear-out failure mechanisms

on the IGBT modules due to thermal stress: the bond wire lift-off, solder joints cracking

under the chip and solder joints cracking under the baseplate (WANG et al., 2014; CHUNG,

2000).

Among the three mechanisms of wear-out failure, this study focuses on bond wire

lift-off, whose failure is usually due to three factors (REIGOSA et al., 2016):

1. Heel fractures: an irreversible deformation is induced by the temperature swings

and the material enters into the plastic region, leading to stress formation in the

packaging and continuous degradation;

2. Wire bond lift-off: As the wire is made of aluminum (Al) and the power devices are

made of silicon (Si), mechanical stresses are induced at the Al-Si interface due to

the different thermal expansion coefficient of these two materials;

3. Metallurgical damage: caused by thermal stresses during the manufacturing process.

2.4 Lifetime Models

(REIGOSA et al., 2016) reviews the lifetime prediction study of semiconductor

devices and divides them into three categories:

1. Lifetime prediction based on constant failure rate models, from various handbooks

(MIL-HDBK-217E, 1991);

2. Lifetime prediction based on empirical lifetime models developed by means of

accelerated tests (HELD et al., 1997; NORRIS; LANDZBERG, 1969; BAYERER et

al., 2008);

3. Lifetime prediction based in the physical failure mechanisms.

The first category is no longer used due to its limitations and the improvement of

the other two. The second one is the most widely used method for the lifetime prediction

of IGBT modules, while the third one is limited due to the lack of detailed information of

the IGBT modules materials.

Several empirical lifetime models of the IGBT module (2nd category) can be found

in the literature.
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2.4.1 Coffin-Manson Model

It was proposed by (MANSON, 1966) and is the simplest lifetime model:

Nf = A(∆Tj)
−n, (2.21)

where Nf is the number of cycles to failure; A and n are empirical constants. This model

only considers the junction temperature fluctuation ∆Tj as input parameter, not taking

into account the frequency of cycles which may lead to inaccuracies.

2.4.2 Coffin-Manson-Arrhenius Model

The description of the lifetime model can be found in (HELD et al., 1997). This

model additionally considers the effect of the average junction temperature Tjm when

compared to the previous model. Thus,

Nf = A(∆Tj)
−nexp

(

Ea

kbTjm

)

, (2.22)

where kb is the Boltzmann constant and Ea being the activation energy.

2.4.3 Coffin-Manson-Arrhenius-Landzberg Model

(NORRIS; LANDZBERG, 1969) verified that the lifetime model would best fit

considering the inclusion of frequency of thermal cycling f . Therefore, the collection of

contributions from previous models provides the following model:

Nf = Afα(∆Tj)
−nexp

(

Ea

kbTjm

)

, (2.23)

where α is an empirical constant.

2.4.4 Bayerer Model

The Bayerer’s model is the most complete lifetime model (FERREIRA et al., 2017)

explained until here and can be found in (BAYERER et al., 2008). This model includes

the cycle heating time ton effect together with the impact of other bond wire parameters:

Nf = A∆T β1
j exp

(

β2

Tjm + 273

)

tβ3
onIβ4V β5Dβ6 , (2.24)

where A and β coefficients are obtained via accelerated thermal tests. I is the current per

bond foot, V is the blocking voltage and D is the bond wire diameter.
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2.5 Reactive Power as Ancillary Service of the Multifunc-

tional PV Inverter

Basically there are three important reasons for reactive power injection as ancillary

service by PV inverter, listed below:

1. During operation under low solar irradiance, the PV inverter has a current margin

to provide reactive power to the load, reducing the Q consumption from the grid,

reducing transmission losses and improving the system stability and power quality.

2. The Q injection control allows voltage regulation at the point of common coupling

(PCC) of the PV inverter with the grid;

3. In transient disturbances, such as overvoltages or voltage sags, the Q injection control

assists the recovery of the PCC voltage.

Due to the above advantages, many countries are updating their grid codes, such

as Japan, Germany, Italy, Spain and others (XAVIER; CUPERTINO; PEREIRA, 2018).

Before, the inverter should immediately disconnect from the grid during a fault. With the

new updates, the grid code allows the PV inverter to inject reactive current to support

voltage recovery during a grid fault.
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3 Methodology

In this chapter, the methodology used to evaluate the lifetime of semiconductor

devices will be presented. In addition, a power losses analysis in power modules using

mathematical models will be provided to justify some results in the next chapter.

3.1 Power Losses Analysis in Electronics Devices with Re-

active Power Injection

Under perfectly balanced conditions and disregarding the effect of the switching har-

monics, the apparent power S injected into the grid increases according to the compensated

reactive power, as demonstrated by:

S =
√

P 2 + Q2 =
√

3VgIg. (3.1)

where Ig and Vg are the rms values of the grid current and voltage, respectively. Considering

the grid as an infinite bus, then the increased S implies in increased injected current Ig.

These results are presented in Fig. 11 for the two cases: with 8kVAr and zero Q injection.
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Figure 11 – Phase current injected into the grid with and without reactive power injection.

The amplitude of the current increases by 41.42% when 8 kVAr is injected into the

grid. In addition, the currents with and without Q compensation are not in phase, reducing

the PF. The operation under non unitary PF condition can directly impact the thermal

loading in the inverter semiconductor devices, e.g., diode and IGBT. Thus, the relationship

between apparent power injection and power losses will be evaluated analytically at first.
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The total power losses (Ptot) on power module is described as a sum of switching

and conduction losses, as follows:

Ptot = Pc + Psw, (3.2)

where Pc and Psw refer to the sum of IGBT and diode conduction and switching losses,

respectively. The IGBT and diode conduction losses are modeled considering that the

current and voltage waveforms are displaced by an angle θ. The current and voltage of the

phase a at the inverter output are defined by:

iga = Icmsin(α), (3.3)

vga = Vcmsin(α + θ), (3.4)

where α = 377t, Icm and Vcm are the current and voltage phase amplitude, respectively.

As shown in Fig. 12(b), the typical collector-emitter voltage vce and collector current ic

of the IGBT can be approximated by a linear equation in its operating range, as well as

the forward voltage vf and forward current if of the diode in Fig. 12(a) (CASANELLAS,

1994):

Vce0
Vf0

0

ic

0

Eq. (     )3.6

Eq. (     )3.5

Diode

Icn
Ifn

if

vf
vce

( )a (  )b

Figure 12 – The characteristic curves: (a) vf x if of the diode, (b) vce x ic of the IGBT
and the linear approximation for both.

vce =
(

Vcen − Vce0

Icn

)

ic + Vce0 = riic + Vce0, (3.5)

vf =
(

Vfn − Vf0

Icn

)

ic + Vf0 = rdiic + Vf0, (3.6)
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where Vcen, Vce0, Vfn, Vf0, Icn, ri and rdi are collector-emitter voltage for rated operating

condition, IGBT on-state zero current collector-emitter voltage, forward diode voltage for

rated condition, on-state zero current voltage across the diode, rated collector current,

collector-emitter on-state resistance and diode on-state resistance, respectively. All these

parameters are easily found on component manufacturers’ datasheets.

In (BIERHOFF; FUCHS, 2004), the authors show that the conduction losses

for SVPWM may be computed in the same way as a sine-triangular PWM (SPWM),

representing a good approximation. However, for a more accurate approach, it is considered

the insertion of zero sequence components (odd harmonics multiples of 3) in the sine

modulation function h(α + θ) (CASANELLAS, 1994), as follows:

h(α + θ) = sin(α + θ) +
1

6
sin [3(α + θ)] . (3.7)

It is important to note that the zero-sequence component of (3.7) is not the same

as that applied to the SVPWM modulator described in the previous chapter, but it is an

approximation to facilitate the modeling. Furthermore, the duty cycle δ of the voltage

pulses is obtained by comparing the modulation signal h(α + θ) with the carrier signal,

given by:

δ =
1

2
[1 + mh(α + θ)] , (3.8)

where m =
√

3Vcm/vdc is the modulation index. Fig. 13 shows the current ic flowing

through the IGBT S1. It is possible to express the ic as the product of the inverter output

phase current ia and the duty cycle (3.8), as follows:

ic = iaδ = Icmsen(α)δ. (3.9)

From α = 0 to α = π, S1 conducts for a time δTs, where Ts is the switching period.

After this time, ia is still positive and current has to flow through the lower diode in phase

a, D2, for (1 − δ)Ts.

3.1.1 Analytical Mathematical Model of Conduction Power Losses

The IGBT conduction losses Pc,I are calculated by (BIERHOFF; FUCHS, 2004):

Pc,I =
1

2π

∫ π

0
vceicδdα. (3.10)
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Figure 13 – Collector currents ic of IGBTs S1 and S2. Zoom in the typical waveforms of
switching and conduction current of IGBT S1.

Similarly, the diode conduction losses Pc,D are given by:

Pc,D =
1

2π

∫ π

0
vceic(1 − δ)dα. (3.11)

Substituting (3.5), (3.6), (3.9) and (3.8) and resolving (3.10) and (3.11) applying

several math manipulations, the conduction losses obtained for IGBT and diode are given

by (3.12) and (3.13), respectively:

Pc,I =
[
1

8
+

m

3π
cos(θ) − m

30π
cos(3θ)

]

I2
cmri +

[
1

2π
+

m

8
cos(θ)

]

Vce0Icm, (3.12)

Pc,D =
[
1

8
− m

3π
cos(θ) +

m

30π
cos(3θ)

]

I2
cmrdi +

[
1

2π
− m

8
cos(θ)

]

Vf0Icm. (3.13)

3.1.2 Analytical Mathematical Model of Switching Power Losses

In contrast to the conduction losses, the switching losses do not directly depend

on the modulation function (BIERHOFF; FUCHS, 2004). The energy required to switch

the IGBT is presented as graphs in the datasheets provided by the device manufacturer.
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Reference (CASANELLAS, 1994) analyzes a typical switching curve of an IGBT, approach-

ing some parameters to simplify the calculations. The average switching power losses

(Pon,I and Poff,I), considering the angle θ between the voltage and the current, follow the

methodology applied in (CASANELLAS, 1994) and are given by (3.14) and (3.15). More

details can be found in Appendix A.

Pon,I =
fswvdc

2π

[

πI2
cmtrn

4Icn

+ 2Qrrn

(

0.28π + 0.38
Icm

Icn

+ 0.015π
I2

cm

I2
cn

)

+

(

1.6Icm + 0.1π
I2

cm

Icn

)

trrn

]

.

(3.14)

Poff,I =
fswvdcIcmtfn

2π

(
2

3
+

πIcm

12Icn

)

, (3.15)

where Icn gives the IGBT rated collector current, trn is the rated IGBT current rise time,

Qrrn is nominal reverse diode recovery load, trrn is the diode nominal reverse recovery

time and tfn is the rated IGBT current fall time. Finally, the IGBT total switching losses

is the sum of Pon,I and Poff,I .

The turn-on switching energy of diodes is usually negligible (ANURAG; YANG;

BLAABJERG, 2015b), while the turn-off switching losses (Poff,D) can be approximated

by (CASANELLAS, 1994):

Poff,D =
fswvdcQrrn

2π

[

0.28π + 0.38
Icm

Icn

]

. (3.16)

Equations (3.12)-(3.13) and (3.14)-(3.16) demonstrate that the conduction power

losses strongly depend on θ, while the switching power losses are not influenced by θ. Tab.

1 presents the typical values used to obtain the power losses curves in Fig. 14.

Table 1 – Typical values of the parameters from power losses equations found in the IGBTs
and diodes datasheets.

Parameter Label Value
IGBT collector-emitter voltage for rated operation Vcen 2V
IGBT on-state zero current collector-emitter voltage Vceo 0.8 V
IGBT rated collector current Icn 25 A
Forward diode voltage for rated condition Vfn 1.7 V
On-state zero current voltage across the diode Vfo 0.5 V
Rated IGBT current rise time trn 30 ns
Rated IGBT current fall time tfn 70 ns
Diode nominal reverse recovery time trrn 200ns
Nominal reverse diode recovery load Qrrn 2.3 µC

Fig. 14(a) shows the conduction losses for variations of θ when the converter injects

fixed 8kVA with different modulation indexes (0.70 to 1). With S constant, the current
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amplitude injected in the grid is also constant. In the subsequent analyzes, the amplitude

of the current and the apparent power injected are no longer kept constant.

When 0 < |θ| < π/2, the converter operates as an inverter and if π/2 < |θ| < π,

the converter operates as a rectifier. Fig. 14 (b) shows the switching power losses with θ

variation.
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Figure 14 – Analysis of (a) conduction power losses, and (b) switching power losses, for
variations of θ from −π to π and Sbase = 8 kVA.

Regarding the power devices, the IGBT presents higher power losses than the diode

during the inverter operation mode. In addition, the maximum conduction power losses

occur when θ = 0, i.e., PF is unitary. On the other hand, the diode conduction losses

increase considerably when the reactive power injection increases. Furthermore, the greatest

stress of the diode occurs in the rectifier region, which is not explored in PV inverters. The

IGBT conduction power losses tend to reduce when the inverter operates under PF < 1,

regardless of whether the FP is inductive or capacitive. This fact can be explained due to

the presence of cosines (even function) in these equations, since cos(θ) = cos(−θ).

Another interesting fact is the low sensitivity of the diode reverse recovery losses

and the IGBT switching power losses with the operating PF variation. Although the

proposed model does not show variations of the switching power losses with the PF, it

should be clear that small variations in these power losses are noticed for an experimental
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study, since there are voltage fluctuations in the dc-link, distortions in the current injected

in the utility grid, dead time, minimum pulse filter and others, which were not considered

in obtaining the above equations.

Despite some peculiarities observed in the switching losses, the Q injection affects

the dynamics of semiconductor devices. A case study is performed in the next sections to

evaluate the reliability of power modules and the entire system (group of six modules) for

this case.

3.2 Thermal Modeling of PV Inverter

There are two packaging methods for IGBT: press-pack packaging and module

packaging. For historical reasons, the second method is the widely used due to its lower

cost, simpler maintenance and mounting. However, the power module has large thermal

resistance due to soldering and bond wire of internal chips. As a consequence, greater

thermal stress in the module layers is observed, which impacts its failure rate (XIONG et

al., 2008; REIGOSA, 2014).

The structure of a common IGBT module is composed of several layers of different

materials, as shown in Fig. 15. Zth(jc)
refers to the transient thermal impedance between the

junction of the IGBT chips and the case module, Zth(ch)
refers to the thermal impedance

between case module and heatsink and Zth(ha)
is the transient thermal impedance between

heatsink and ambient.

THeatsink

Base plate

DCB
Ceramic bed

DCB

IGBTDiode

Thermal
grease

Solder joint

Zth(jc)

Zth(ha)

Zth(ch)

a

Th

Tc

Tj

Bond wire

Figure 15 – Structure of a standard IGBT module.

As seen in the previous chapter, there are are three main wear-out failure mech-

anisms on the IGBT modules due to cyclic thermal stress: the bond wire lift-off, solder

joints cracking under the chip (diode and IGBT) and solder joints cracking under the

direct copper-bonded (DCB). In this work, the bond-wire failures are treated due to
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thermal cycling. Thus, it is necessary to estimate the junction temperature Tj of the device

obtained from the considered mission profile.

3.2.1 Thermal Equivalent Circuit Models

The thermal behavior of the semiconductor components can be described by several

circuit models, as the Foster and Cauer models.

The Cauer model reflects in the actual physical configuration of the semiconductor

based on capacitances with intermediate thermal resistances, as observed in Fig. 16(a). The

circuit nodes allow access to the internal temperatures of each layer of the semiconductor

device.

The Foster model does not have any physical representation, been a fitting of the

temperature transient curve provided by the manufacturers. This configuration is used in

datasheets and is shown in Fig. 16(b).

R4 jc( )

C4 jc( )

R1(jc)

C1(jc)
Tj

...

TcC1 jc( )

Tj

...

Tc

R1 jc( )

C4 jc( )

R4 jc( )

(a)
(  )b

i = 1~4 i = 1~4

Figure 16 – Thermal (a) Cauer-model. (b) Foster-model.

Ri(jc) represents the thermal resistance of the device layers and Ci(jc) represents the

thermal capacitance. The first one determines the steady-state mean value of the junction

temperature and the second dictates the dynamic change or fluctuation of the junction

temperature, by means of the time constant τ , defined by:

τi = Ri(jc)Ci(jc). (3.17)

Regarding the PV inverter design, a 1200V/25A IGBT, with part number IKW25T120

from Infineon, was selected once the three-phase PV inverter under analysis is rated at

12.15 Arms. In addition, the 0.5 K/W heatsink is designed to achieve an average junction

temperature of 100 ◦C at the rated conditions of the PV inverter without reactive power

compensation, for safety operation reasons. The thermal parameters, found in datasheet,

are presented in Tab. 2.
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Table 2 – Foster thermal impedance for IKW25T120 power module from Infineon.

Thermal impedance
Zth(jc) Zth(ch)1 2 3 4

IGBT
R (K/W) 0.229 0.192 0.174 0.055 0.65

τ (s) 0.11 0.0156 0.00135 0.000152 0

Diode
R (K/W) 0.282 0.317 0.294 0.107 1

τ (s) 0.101 0.0115 0.0013 0.000153 0

3.3 Lifetime Evaluation Procedure

The mission profile of solar irradiance (G) and ambient temperature (Ta) are

obtained from Aalborg, Denmark. Besides, the reactive power profile is obtained from a

real food industry. These profiles are sampled at one second with one year duration, as

shown in Fig. 17.
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Figure 17 – Mission profile of: (a) Solar irradiance 1-year profile. (b) Ambient temperature
1-year profile. (c) Reactive power injection 1-year profile, according to the
load requirement. (d) Zoom of reactive power injection 1-week profile.

Knowledge about the PV inverter operating conditions is essential in the lifetime

study (SANGWONGWANICH et al., 2018; YANG; SANGWONGWANICH; BLAABJERG,

2016; MA et al., 2015; MA; BLAABJERG, 2012). During reactive power compensation, the

inverter may be operating under higher thermal stress conditions. Therefore, the mission

profile has a strong impact on the PV system reliability. In order to obtain the junction

temperature Tj of the power modules, the mission profile must be translated into a thermal

loading (YANG; SANGWONGWANICH; BLAABJERG, 2016).

The Fig. 18 shows the main steps to translate the profiles into thermal loading. The

active power Pin is obtained from the PV system model considering the mission profile as
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input (VILLALVA; GAZOLI; FILHO, 2009).
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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. Therefore, the power losses under other conditions given by the mission

profiles can be interpolated from the look-up table.

3.3.1 Electro-Thermal Hybrid Model

The thermal model of power semiconductors devices can be modeled as series

thermal resistance R and capacitance C networks (MA, 2015). The total power losses

Ptot flow through the semiconductor junction to the power device case. In the sequence,

the power losses flow through the case to the heatsink, where there is heat exchanged by

convection with the environment.

According to (ANDRESEN et al., 2015), the thermal Foster and Cauer-model

described previously have their limitations to correctly estimate the case and junction

temperature of power semiconductor devices. Thus, in (MA, 2015) is proposed a new

thermal model which combines the advantages of these two thermal models, as shown in

Fig. 19.

The thermal model presents two paths. The lower path is used to estimate the

junction temperature, by means of the multilayer Foster network based on the semicon-

ductor devices datasheets. The case temperature in this path is determined by the Tc of
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the upper path. This ensures that the Foster network is correctly used, avoiding abrupt

case temperature changes.

The upper path is responsible for estimating the case and heatsink temperature

and not the junction temperature. The multilayer Foster network is mathematically

transformed into a single-layer equivalent Cauer network. As a result, this electro-thermal

model estimates the case temperature Tc in the upper path and feed it into the Foster

equivalent circuit, in order to obtain a better estimate of Tj (MA et al., 2015). Thus, with

the values of the devices total power losses estimated from the mission profile conditions,

it is possible to obtain the junction temperature profile with the model of Fig. 19.
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Figure 19 – Thermal model to estimate junction temperature. Adapted from (MA et al.,
2015).

3.3.2 Lifetime Evaluation for Different Time Constants

The use of lifetime models requires three factors that directly affect the degradation

of semiconductor devices, such as: heating time during the cycling period ton, mean junction

temperature Tjm and cycle amplitude ∆Tj . It is important to note that the thermal stresses
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in the power devices present different behaviors, according to two time constants (MA et

al., 2015):

1. Thermal cycling due to climatic variations (referred to as long-term); and

2. Thermal cycling due to grid frequency (referred to as short-term).

Fig. 20 shows that the long-term time constant (with index l) does not have

well-defined thermal cycles. This is explained by an irregular mission profile dynamics

(SANGWONGWANICH et al., 2018; YANG; SANGWONGWANICH; BLAABJERG, 2016;

MA et al., 2015; MA; BLAABJERG, 2012). Thus, a counting algorithm (e.g. rainflow

algorithm) is employed in order to find regular thermal loading cycles. It allows obtaining

ton(l), ∆Tj(l) and Tjm(l), which are applied to the lifetime model (GOPIREDDY et al.,

2015).
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Figure 20 – Thermal cycling due to the grid frequency (index s) and due to climatic
variations (index l).

The short-term time constant (represented with index s) has well-defined thermal

cycles caused by the grid frequency oscillations. Thus, ton(s) = 1/(2fn) (MA et al., 2015).

Therefore, it is not necessary to use thermal cycling counting algorithms in this case (MA

et al., 2015). The junction temperature Tj obtained from the equivalent thermal model is

the average junction temperature Tjm(s) and can be directly applied to the lifetime model.

In order to calculate ∆Tj(s), it is necessary to find the maximum and minimum values of

the Tj thermal cycles. However, this is not an easy task, since deriving the equation that

describes the junction temperature (deducted by (MA; BLAABJERG, 2012)) to find the

maximum and minimum of Tj is not simple.

It is known that the current flowing through the IGBT is pulsed, i.e, the IGBT is

activated by a half-cycle, while the diode is activated by the complementary time. In the
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same way, the IGBT power losses have the same shape as the current, as shown in Fig. 21(a).

Therefore, a simplification to determine ∆Tj(s) is proposed by (MA; BLAABJERG, 2012).

The methodology consists of approximating the waveform of the IGBT power losses by

a known waveform defined by a sum of pulses, with the same original PI,tot area. In this

case, the time when Tj is maximum can be determined, in order to calculate ∆Tj(s).
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Figure 21 – (a) Real pulsed power losses and two steps power losses pulses approximation.
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The time-based expression of device thermal impedance Zth is expressed as (INFI-

NEON, 2015):

Zth(t) =
4∑

i=1

Ri

[

1 − exp
(−t

τi

)]

(3.18)

where R is the thermal resistance, which can be found in the component datasheet, and τ

is calculated by (3.17). The time expression of the junction temperature variation is given

by the product of the thermal impedance and the power losses of the semiconductor device.

Once the steps times are set at t1 = 1/(8fn) and t2 = 3/(8fn), the cycling amplitude

caused by the grid frequency of the junction temperature can be analytically determined
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by (MA et al., 2015; MA; BLAABJERG, 2012):

∆Tj(s) = PI,totZth

(

t2 =
3

8fn

)

+ 2PI,totZth

(

t2 − t1 =
1

4fn

)

, (3.19)

The Fig. 21(b) shows the respective approximate and real junction temperatures,

calculated according to the waveforms shown in Fig. 21(a). The approximate Tj calculation

methodology shows an acceptable consistency of junction temperature fluctuation with

the original loss distribution.

The number of cycles to failure Nf is estimated by the Bayerer lifetime model,

presented earlier, is used:

Nf(l,s) = A∆T β1

j(l,s)exp

(

β2

Tjm(l,s) + 273

)

tβ3

on(l,s)I
β4V β5Dβ6 . (3.20)

This equation can be applied to both time constants and is used to quantify the

wear-out bond wire lift-off due to thermo-mechanical stress in the the power device bond

wire. In addition, long-term analysis is carried out by limiting thermal cycles in the range

of 1-15s, according to the parameters defined in Tab. 3.

Since (3.20) is defined to ton from 1-15s, the estimated number of cycles for short-

term analysis Nf(s) may be incorrect. (TECHNOLOGIES, 2010) shows the dependence of

Nf(s) = f(ton(s)), given by:

Nf(s)(ton(s))

Nf(s)(1.5s)
=
(

ton(s)

1.5s

)
−0.3

, 0.1s < ton(s) < 60s. (3.21)

Thus, Nf(s) is calculated correctly for selected ton(s) in the range of 0.1-60s (in this

case, 1.5s) and the correction for ton(s)=1/120s can be performed using (3.21). Although

the heating time for the real application is not in the range of (3.21), it is the best approach

found in the literature.

Table 3 – Parameters and limits for the calculation of Nf based on the Bayerer Model
after the correction (REIGOSA, 2014).

Parameter Label Limits Coef. Value
Technology factor A - - 9.341014

Temp. fluctuation ∆Tj 45-150 ◦C β1 -4.416
Min. junction temp. Tj,min 20-120 ◦C β2 1285
Cycling period ton 0.1-60s β3 -0.463
Current per bond foot I 3-23A β4 -0.716
Blocking voltage V 6-33V β5 -0.761
Bond wire diameter D 75-500µm β6 -0.5
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3.3.3 Lifetime Consumption Evaluation

The total 1-year lifetime consumption (LC) is a cumulative sum of the thermal cycle

contributions due to the grid fundamental frequency (short-term) and climatic variations

(long-term), represented by (3.22). As the grid frequency is 60 Hz and the data is sampled

at 1 second, there are 60 cycles per sample to be counted in the short-term contribution.

LC =
∑

k








long−term
︷ ︸︸ ︷

1

Nf(l)k

+

short−term
︷ ︸︸ ︷

60

Nf(s)k








. (3.22)

3.4 Monte Carlo Reliability Analysis

The total LC for one year is considered under a specific profile and it is understood

that all the power devices will failure at the same time. However, depending on the

manufacturing process and thermal stresses, the power devices can fail at different times

due to uncertainties in the device parameter variations and the statistical properties of

the applied lifetime model (REIGOSA, 2014). Thus, the insertion of random variations in

the power devices parameters is a way of approaching their actual operating conditions.

Therefore, a statistical analysis based on Monte-Carlo simulation is proposed, as illustrated

in Fig. 22 (SHEN et al., 2016; SANGWONGWANICH et al., 2018; ANURAG; YANG;

BLAABJERG, 2015b; REIGOSA et al., 2016).
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Figure 22 – Flowchart of the Monte Carlo reliability analysis.

In the first step, the stochastic and dynamic parameters of ∆Tj, ton and Tjm have

to be converted into equivalent deterministic and static ones, referred as ∆T
′

j , t
′

on and T
′

jm

(SANGWONGWANICH et al., 2018). The main goal is obtaining the parameters which

provide the same LC calculated in (3.22). Reference (SANGWONGWANICH et al., 2018)

suggests taking T
′

jm as the mean value of the junction temperature Tj and t
′

on = 1/(2fn)

to reduce the number of degrees of freedom, since it is the most stressful heating time in

the power devices.

By setting t
′

on, it is possible to calculate the number of cycles of the device per

year as NC
′

= 365 × 24 × 60 × 60 × 60. In addition, with the LC value, it is possible to
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determine N
′

f by means of the Palmgren-Miner’s rule:

LC =
NC

′

N
′

f

. (3.23)

Finally, the equivalent static junction temperature fluctuation ∆T
′

j is obtained by

applying (3.20) using the defined deterministic parameters:

∆T
′

j = β1

√
√
√
√
√
√

N
′

f

kexp
(

β2

T
′

jm
+273

)

t
′β3
on

, (3.24)

where k = AIβ4V β5Dβ6 . Once the equivalent static values are obtained, a variation of 5%

is applied in these parameters and in all the coefficients of Tab. 3. Then, the Monte-Carlo

simulation is performed with a population of 10000 samples.

The output values from the Monte-Carlo simulation can be arranged in a histogram.

The distribution of the power devices lifetime generally follows the Weibull function f(x)

(ZHOU et al., 2016), given by:

f(x) =
β

ηβ
xβ−1exp



−
(

x

η

)β


 , (3.25)

where η is the scale parameter, β is the shape parameter and x is the operation time

(SANGWONGWANICH et al., 2018). All these parameters are estimated for a maximum

likelihood with the Weibull distribution. Therefore, it is possible to fit the Probability

Density Function (PDF) f(x) in the histogram generated with the n = 10000 samples

(REIGOSA et al., 2016).

Finally, the reliability of one power device can be evaluated by considering the

Cumulative Density Function (CDF) F (x) of the Weibull distribution, given by the PDF

area, as:

F (x) =
∫ x

0
f(x)dx. (3.26)

F (x) is called unreliability function. In addition, from F (x) it is possible to obtain

the lifetime Bx, which refers to the time when x% of samples have failed (REIGOSA et al.,

2016). B10 is the common reliability metric used by manufacturers and project engineers.

With the Monte-Carlo analysis, the failure of one power device can occur at a

different time than another. However, the system fails when any device fails (redundancy
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is being neglected in this case). Therefore, the unreliability function of the three-phase

system Fsys can be obtained by,

Fsys(x) = 1 −
6∏

i=1

(1 − Fi(x)). (3.27)

Due to the uniform distribution of power between the inverter phases, all devices

converge to the same cumulative density function Fi(x). Then, it is possible to simplify

(3.27) by,

Fsys(x) = 1 − (1 − F (x))6. (3.28)
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4 Results and Discussion

The motivation of this chapter is to provide the lifetime evaluation of switching

devices based on long-term and short-term realistic thermal stress. The final goal of

this work is to evaluate the trade-off between a possible reduction of the lifetime of the

PV inverter compensating reactive power and the advantages and flexibility of its new

functionality.

4.1 Case Study

The Q injection impact is evaluated by means of the simulation of a 8 kVA

three-phase PV inverter, whose parameters are presented in Tab. 4.

Table 4 – Parameters of the PV system.

Parameter Label Value
Rated power S 8kVA
Rated rms grid voltage Vg 380V
Dc-link voltage vdc 630V
Nominal grid frequency fn 60Hz
Dc-link capacitor Cdc 1mF
Filter inductance Lg 0.2mH
Filter inductance Lf 0.2mH
Filter capacitance Cf 15.6µF
Filter damping resistor rd 0.4Ω
Switching frequency fsw 12kHz

The parameters of the controllers are shown in Tab. 5. The proportional integral

controllers are discretized by Tustin method, with sampling frequency equal to the switching

frequency.

Two scenarios are evaluated:

1. Component and system-level lifetime evaluation for the PV inverter injecting only

active power, according to the conditions of the mission profile;

2. Component and system-level lifetime evaluation for the PV inverter injecting active

and reactive power, according to the conditions of the mission profile.
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Table 5 – Controllers gains.

Controllers gains Value

PLL
ki1 50.895
kp1 0.572

Inner loop
kp,i 1.531
ki,i 14.432

Q loop
ki,Q -0.405
kp,Q -0.0005

v2
dc loop

ki,bus 14.212
kp,bus 0.226

4.2 Total LC based on Mission Profile

Before performing lifetime analysis of the semiconductor devices, Fig. 23 shows

simulated diode and IGBT switching and conduction losses for varying P and Q injection

conditions. As expected, the total power losses are directly affected by the Q compensation.
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Figure 23 – Power losses in the semiconductors devices considering different injections of
active and reactive power. Diode: (a) conduction losses, (b) switching losses,
(c) total losses. IGBT: (d) conduction losses, (e) switching losses, (f) total
losses.

According to Fig. 23 (a), the diode conduction losses when the PV inverter injects

only Q (θ = ±90◦) are approximately 5 times higher than the power losses with only P

injection (θ = 0). Fig. 23 (d) shows that the IGBT power conduction losses behavior is

opposite, considering the points analyzed above. Thus, these power losses are twice as low

as the power losses caused by P injection.
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The diode and IGBT switching power losses have the same behavior: they are

higher for high values of S injection. This can be explained by the increase in current

amplitude. However, note that for rated apparent power injection, i.e., keeping the current

amplitude constant, the IGBT and diode switching power losses suffer little fluctuation

with θ variation, as discussed in previous chapter. The combined injection of Q and P

increases conduction and switching power losses, since it is directly related to the current

flowing in the power devices.

Fig. 23 (c) and (f) show the total power losses of the diode and IGBT, respectively.

For the conditions of Q = 8kVAr and P = 8kW, the IGBT total power losses are 6

times greater than the diode total power losses, which causes the extra heating of these

components. At this point of the operation, the system apparent power is 41.4% higher

than the operation without reactive power injection. For a safer and more reliable operation,

strategies to limit S to its curtailment value can be adopted. However, this work focuses

on evaluating the damage caused in the semiconductor devices due to the injection of the

reactive power requested by the load.

The junction temperature of the power devices is a consequence of the power

losses. Thus, it is observed that the Q injection impacts the PV inverter through the

junction temperature profile Tj, as shown in Fig. 24 (a) and (c), for the IGBT and diode,

respectively. In addition, the cycle amplitude ∆Tj is also affected, as shown in Fig. 24

(b) and (d) for the IGBT and diode. Tj and ∆Tj for the Q compensation case are always

higher, compared to the case without reactive power compensation.
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Figure 24 – (a) IGBT junction temperature behavior with and without Q injection. (b)
IGBT junction temperature fluctuation with and without Q injection. (c)
Diode junction temperature behavior with and without Q injection. (d) Diode
junction temperature fluctuation with and without Q injection.

It is interesting to analyze the device that is being more thermally stressed. From

the results observed in Fig. 23 and 24, the IGBT showed higher power losses, junction
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temperature and junction temperature variation compared to the diode. Therefore, the

IGBT is expected to be the most critical component of the system and, due to the reasons

present above, it was selected to evaluate the system lifetime.

The power devices of the PV inverter injecting reactive power are subject to higher

thermal stresses over a traditional PV inverter. This extra stress can cause more damage to

the power devices and impact their reliability and lifetime. The one year thermal loading

distribution obtained for the power modules under the mission profile conditions was used

as an input to calculate the accumulated damage per year. These results are shown in

Tab. 6. It can be noticed that the reactive power compensation according to the load

requirements causes greater damage to the devices (0.1377), when compared to the base

case, i.e., without Q compensation (0.0461).

Table 6 – Lifetime consumption due Ta, G and Q profiles, based on the Palmgren-Miner’s
rule (3.22) for one year.

Time Constant
Lifetime Consumption (LC)

w/o Q injection with Q injection
Long-term 0.000004355 0.000001347
Short-term 0.0461 0.1377
Total 0.0461 0.1377

It is important to point out that a filtering of the rainflow algorithm output data

for the long-term analysis was done aiming to select only the ton within the Bayerer

model validity range. For a dynamic and realistic analysis, all parameters of the system

under study must be modeled by means of probability distribution functions. Therefore,

the lifetime distribution f(x) is obtained for two cases: with Q injection and without Q

injection, as shown in Fig. 25 (a).

The results in Fig. 25 demonstrate that the injection of Q strongly impacts the

lifetime distribution of the power module. With Q injection, there is a higher concentration

of the distribution f(x) in the range of 5-10 lifetime years. On the other hand, without Q

injection, a considerable distribution is present in the range of 15-30 lifetime years.

The reliability of the power module can be evaluated by considering the CDF of the

Weibull distribution. However, to evaluate the lifetime of the entire system, it is necessary

to consider the interaction between the reliability of each component.

The unreliability functions of one component (i.e. component-level) for the cases

without and with Q injection are indicated in Fig. 26 (a) and (b), respectively. The B10

lifetime of the power device for the first case is 14.5 years. On the other hand, for the

second one, B10 lifetime of the power device declined to 5 years, which reduces power

devices lifetime by 65.5%.
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Figure 25 – Damage distribution analysis of the power module with and without Q injection.
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Fig. 26 (a) and (b) show the system-level unreliability function without and with

Q injection, respectively.
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It can be seen that the system-level B10 differs significantly from the component-

level lifetime, for both cases. The system level B10 lifetime of the PV inverter, considering

the mission profile in Denmark, is 9.5 years if the reactive power injection is not considered.

Considering it, the system level B10 lifetime declines to 3.2 years. This means that,

considering the reactive power injection, the PV inverter has a lifetime reduction of 66.3%
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when compared to the PV inverter without Q injection.

Therefore, the results demonstrate that the reactive power injection has a strong

impact on the lifetime prediction of the PV inverter. Therefore, it should be taken into

consideration in the evaluation of the PV inverter lifetime.
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5 Conclusion

The lifetime impact on a multifunctional PV inverter compensating reactive power

was provided in this work. It was verified that the reactive power injection implies in the

additional increase in the junction temperature and consequently in the thermal stress of

the power devices. Thus, the Monte-Carlo analysis reveals that the lifetime consumption

of the PV inverters decreases considerably with the reactive power injection, according

to the Q profile. As a result, it was observed that the multifunctional PV inverter failure

time is almost 3 times lower, compared to the traditional PV inverter.

One-year simulations with mission profile data were conducted to analyze the

lifetime effects of PV inverters with reactive power compensation. The results of this work

were obtained for the location of the PV plant in Denmark and the reactive power profile

requirement by a food industry. For installation in another industry or other country, the

PV inverters lifetime will differ from those presented. Therefore, it is important to consider

these aspects in the PV inverters reliability design.

The PV inverter with reactive power support can improve the quality of the power

system as it reduces power losses in the distribution and transmission lines, provides

voltage regulation and aids in events such as transient voltage sags. However, despite the

great attractiveness of the multifunctional PV inverter, a considerable reduction in the

PV inverters lifetime is observed when providing this new functionality.

There is a trade-off between the advantages and impacts of reactive power injection.

In summary, some obstacles related to the reliability and lifetime of the PV inverter still

have to be overcome to make it even more attractive, in order to aid in making decision.

5.1 Final Considerations

It is difficult to precisely estimate the lifetime of a power device. It involves several

other factors that are beyond the scope of this work. For example, in the lifetime calculation,

only the thermal cycles induced by the mission profile in the range of 0.1-60s are considered.

Even with high oscillations in min-hour time constants present in the reactive power profile,

any long-term cycle outside this range was ignored due to the lifetime model limitation. In

order to mitigate these errors, all analyzes were presented using the same methodology, by

means of comparation of the estimated system lifetime with and without Q injection.

The current grid code requirements request reactive power injection during voltage

sag events ranged at sec-min intervals. In this context, the PV inverter may not be severely

damaged. In other words, only a control update on the software firmware is required to
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convert the conventional PV inverter into a multifunctional operation.

Unfortunately, with a continuous Q injection as a consequence of low PF (i.e.

reactive power profile), a hardware upgrade is required. Therefore, a PoF-oriented design

of the components must be performed in order to ensure a highly reliable operation of the

PV multifunctional inverter. The choice of new IGBT module technologies, made from

silicon carbide (SiC) for example, can be an interesting option. Another alternative is

improving the cooling of the power modules, since their average temperature increases

with the reactive power injection.

5.2 Continuity Proposals

For future developments of this research, the following studies may be suggested:

1. Evaluate the lifetime of dc-link capacitors under mission profile conditions;

2. Take into account the dynamic saturation of the PV inverter;

3. Propose a junction temperature control, i.e., if the junction temperature exceeds a

certain range, the PV inverter should disable the Q injection functionality. In this

way, it will always operate under controlled thermal stress, improving reliability and

lifetime;

4. Estimate the cost of reactive power compensation in terms of energy.
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APPENDIX A – Switching Power

Losses Modeling

The study of conduction and switching power losses in semiconductor devices is

an indicative of the thermal stress to which they are subjected. Thus, a greater detail in

obtaining the mathematical models of switching power losses when the PV inverter injects

reactive power is fundamental for the understanding of this work.

A.1 IGBT Switching Power Losses Modeling

The switching power losses are accumulated when the IGBT and diode are turned

on and when they are turned off. The energy Ei,on and Ei,off required to perform the device

switching are usually presented as graphs in the datasheets provided by the manufacturer.

In addition, this energy can be calculated from the typical characteristic of power devices

current and voltage.

A.1.1 Turn on Switching Power Losses

Fig. 27(a) show this typical curve and Fig. 27(b) shows the linear approximation

performed to make the calculations feasible.
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Figure 27 – (a) Typical IGBT turn on curve. (b) Linearized approximation.

The total instantaneous energy Ei,on can be approximated by the areas A and B

calculation, as highlighted in Fig. 27(b). Thus, EiA,on is obtained by the dc-link vdc product
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with the current area:

EiA,on =
∫ tr

0
vceic

t

tr

dt =
vdcictr

2
, (A.1)

where tr is the IGBT current rising time. However, some of the parameters described by

(A.1) are not found on datasheets. It is possible to write:

tr =
trn

Icn

ic, (A.2)

where trn is the rated IGBT current rise time and Icn is the rated collector current when

t = trn. Both parameters are easily found on datasheets. Applying (A.2) into (A.1):

EiA,on =
vdctrn

2

i2
c

Icn

. (A.3)

The IGBT current has an increase over the nominal current due to the loads stored

in the anti-parallel diode. A depletion region is formed and the diode begins to support the

voltage. The stored loads disappear by recombination and the collector voltage begins to

decrease (region B). The instantaneous energy can be calculated, considering the following

approximations found in (CASANELLAS, 1994):

Irr ≈
(

0.7 +
0.3ic

Icn

)

Irrn, (A.4)

trr ≈
(

0.8 +
0.2ic

Icn

)

trrn, (A.5)

where Irr and trr are defined on Fig. 27(b). Irrn is the diode nominal reverse recovery

current and trrn is the diode nominal reverse recovery time, both found on datasheets. The

linear equation describing the region B current behavior is:

iB =
Irrt

trr

+ ic, (A.6)

where trr ≈ ta, since almost all power losses are generated in the interval ta. Therefore,

the region B instantaneous energy is:

EiB,on =
∫ trr

0
vdciBdt = vdc

[

Qrrn

(

0.28 + 0.19
ic

Icn

+ 0.03
(

ic

Icn

)2
)

+ ic

(

0.8 + 0.2
ic

Icn

)

trrn

]

,

(A.7)
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and Qrrn = trrnIrrn/2 is the nominal reverse diode recovery load. Finally, the total

instantaneous energy is:

Ei,on = EiA,on + EiB,on, (A.8)

or,

Ei,on = vdc

[

i2
ctrn

2Icn

+ Qrrn

(

0.28 + 0.19
ic

Icn

+ 0.03
(

ic

Icn

)2
)

+ ic

(

0.8 + 0.2
ic

Icn

)

trrn

]

.

(A.9)

Once the instantaneous energy is determined, the calculation of the average power

according to the switching frequency fsw can be performed as:

Pon,I =
fsw

2π

∫ π

0
Ei,ondα. (A.10)

Finally, considering ic as defined in Chapter 3,

Pon,I =
fswvdc

2π

[

πI2
cmtrn

4Icn

+ 2Qrrn

(

0.28π + 0.38
Icm

Icn

+ 0.015π
I2

cm

I2
cn

)

+

(

1.6Icm + 0.1π
I2

cm

Icn

)

trrn

]

.

(A.11)

A.1.2 Turn off Switching Power Losses

Fig. 28(a) show the IGBT turn off typical curve and Fig. 28(b) shows the linear

approximation performed to make the calculations feasible.
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Figure 28 – (a) Typical IGBT turn off curve. (b) Linearized approximation.



APPENDIX A. Switching Power Losses Modeling 69

According to (CASANELLAS, 1994),

tf ≈
(

2

3
+

ic

3Icn

)

tfn, (A.12)

where tfn is the rated IGBT current fall time. Analogously,

Ei,off =
vdcictf

2
, (A.13)

and,

Poff,I =
fswvdcIcmtfn

2π

(
2

3
+

πIcm

12Icn

)

, (A.14)

A.2 Diode Switching Power Losses Modeling

Diode blocking power losses are proportional to its recovery characteristic. As

discussed in Fig. 27, the behavior of the diode reverse recovery current is directly related

to the turn off power losses of this component. Besides, the diode turn on power losses are

negligible.

The diode blocking losses correspond to a portion of the IGBT switching power

losses and, therefore, they are always smaller. As previously calculated,

Poff,D =
fswvdcQrrn

2π

[

0.28π + 0.38
Icm

Icn

]

. (A.15)
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