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Due to the stochastic behavior of the wind speed, accessing the wind energy would be

problematic in some critical moments. One feasible solution lies in the use of wind tur-

bines to produce hydrogen through an electrolyzer and by using wind-hydrogen hybrid

systems. However, many of the issues related to these systems should be investigated to

make landmark decisions about their performance. For instance, there is a lack of study on

the reliability assessment of the wind-hydrogen systems; for this purpose, the main

objective of this study is to evaluate the reliability of a stand-alone wind-hydrogen energy

conversion system unconnected to the grid. The proposed system consists of two major

parts: the rectifier and the buck converter. The primary task of the rectifier is to rectify the

wind turbine output voltage to a constant DC voltage. Additionally, the buck converter is

responsible to reduce the voltage level to a 48 V voltage, which meets the voltage

requirement of the 3.6 kW electrolyzer. The results of the performed simulations showed

that the rectifier is under more thermal stresses than the buck converter. The predicted

mean time to failure (MTTF) of the hybrid system is approximately 7.6 years, and this

estimation can affect the maintenance and refurbishment costs.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
such as water electrolysis, fossil fuels, photovoltaic, and

Introduction

Wind is the most favorable renewable forms of energy among

different renewable resources. However, the uncertainty of

wind speeds causes several problems in long-term planning

and other aspects of wind project. Additionally, this issue will

limit the availability of energy, especially in stand-alone net-

works. Consequently, storing energy generated by the wind

turbine as a gas or liquid can be a solution to address this issue.

Hydrogen has various advantages compared to the other

flammable gases. It can be extracted using different methods,
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chemical reactions [1]. The use of hybrid energy systems can

be improved the overall performance so that each component

can overcome the weaknesses related to the other parts [2].

Nevertheless, the utilization of wind turbines in order to

produce and store hydrogen can highlight strengths of each

system.

There are many researches on the hydrogen production

from wind energy. Siyal et al. [3] performed an economic

analysis of a stand-alone wind-to-hydrogen system to refuel

vehicles and help road transportation. The evaluations of
evier Ltd. All rights reserved.
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three stations in Sweden were made by using the HOMER

software. They concluded that the used energy conversion

system will offer both economic and environmental benefits,

particularly in a large scale. Ref. [4] optimized the design and

operation of the complete wind-hydrogen-electricity net-

works using the general mixed integer linear programming

energy network model. The optimal wind turbine locations

were identified using the geographic information system (GIS)

by considering ten different environmental and technical

constraints. The obtained results confirmed that the utiliza-

tion of a well-designed wind-hydrogen energy conversion

system can satisfy the overall energy for Britain's domestic

transport.

Mostafaeipour et al. [5] evaluated the suitability of wind

energy for hydrogen production in the province of Fars, Iran.

Four different large-scale wind turbines installed in the

windiest station were analyzed to assess the ability of the

proposed wind/hydrogen system in fueling cars. The out-

comes showed that a 900 kW wind turbine will be sufficient

for fueling approximately 22 cars per week.

Olateju et al. [6] made a technical and economic assess-

ment for producing hydrogen from a large-scale wind turbine

installed in Western Canada. The size and number of the

electrolyzer units and also energy storage capacity were

optimized by minimization of the hydrogen production cost

based on the real-time wind data. After running the simula-

tions, they found that the minimum cost for a case study will

occur when the electrolyzer and battery capacity factors are

roughly equal. However, they concluded that the cost of

hydrogen production from wind energy would be prohibitive

compared to the fossil fuel-based systems.

Hacatoglu et al. [7] assessed the sustainability of a wind-

hydrogen system to supply the energy of a small-scale sta-

tion e including 50 households e in Ontario, Canada. They

used a new index for evaluating the best possible system

based on six category indicators and 20 sub-indicators. Addi-

tionally, the performance of the wind-hydrogen energy sys-

tem was compared to a gas-fired system. The results

demonstrated that the novel index shows a very little differ-

ence between the two systems. Nevertheless, they suggested

that multi-criteria and comprehensive analyses are necessary

to investigate the sustainability.

Ref. [8] studied the environmental impacts related to wind/

hydrogen hybrid systems. By considering all greenhouse gas

(GHG) emissions from wind energy harvesting to hydrogen

production, a life cycle assessment was carried out to specify

the emissions per amount of hydrogen production. In addi-

tion, the influence of the variations of several input parame-

ters on the GHG emissions was shown by performing an

uncertainty analysis. The results indicated that a wind/

hydrogen system can reduce approximately 94% of the emis-

sions in comparison with a conventional fossil fuel-based

system. Generally, the utilizing of a wind-to-hydrogen en-

ergy system can lead to a remarkable reduction in GHG

emissions.

Using the non-grid-connected wind/hydrogen energy

conversion systems can decrease the number of auxiliary

equipment for providing stable grid connection, increase the

rated wind power, and contribute to the further development

of massive wind farms. With these advantages, the use of this
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type of energy conversion system will increase efficiency and

reduce costs. In Ref. [9], thewind turbinewithout the presence

of the grid supplied the water electrolyzer directly. Theymade

some changes in order to improve the overall technical per-

formance. The adopted approach in that paper has been used

to create a balance between the current and voltage so that the

total current remains constant as well as the total capacity of

all wind turbines is used. The obtained results showed that

the variations of current density can only affect the gas

output, and its influence on the current efficiency and gas

quality is negligible.

Chade et al. [10] investigated an integrated wind/hydrogen

system in order to support the infrastructure of fuel fossils for

a small Icelandic island. HOMER software was used to simu-

late energy balance and also determine the optimal size of the

system's components. The outcomes from this analysis

illustrated that the examined infrastructure can be a practical

solution with a payback period of four years.

Aiche-Hamane et al. [11] evaluated the suitability of

hydrogen production from a Bergey Excel 10 kWwind turbine

installed in the station at Ghardaia, Algeria. The results of

this study revealed that the hub height of wind turbines can

have a dramatic impact on the capability of hydrogen

production.

In Ref. [12], a study on wind-hydrogen energy conversion

systems was conducted. The performed analysis included

economic computations, hydrogen cost estimates, and sizing

the components. Additionally, two different systems e a grid-

connected system and an isolated system e situated in a

Norwegian island were selected as case studies. The grid-

connected system offered more economic benefits; however,

it requires frequent grid interaction.

By expanding the use of renewable energy sources, the

role of power electronic devices has become more impor-

tant. Today, power electronic converters are extensively

used in various household and industrial applications. One

of the most common power electronic converters is the

family of DCeDC converters, which is utilized frequently in

photovoltaic and wind energy conversion systems. In the

past six decades, DCeDC converters have undergone

tremendous changes and thus the result of this attention

was 500 types of these converters. There are several topol-

ogies for DCeDC converters; however, they can be divided

into three fundamental categories based on the input and

output voltage levels: buck, boost, and buck-boost con-

verters. What is important here is to provide a suitable

performance including high output quality, longer lifetime

and lower energy losses. These factors can be explained by

the concept of reliability.

The reliability of a power electronic converter as a com-

mercial product is important from an economic standpoint,

because higher reliability means increased useful life and

therefore exhibits better competition in the market. There

are various studies on the reliability related to the hydrogen

applications. In Ref. [13], a complete review of failure modes

and performance degradation for hydrogen-based polymer

electrolyte fuel cells (PEFCs) was conducted. It identifies 22

different frequent faults by considering all failure-prone

components. Also, the processes leading to performance

degradation are classified in terms of activation, mass
ent of a stand-alone wind-hydrogen energy conversion system
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transportation, ohmic, and efficiency losses. By continuing

this study, Whiteley et al. [14] made a reliability analysis of

PEFCs using the Petri-Net analysis and fuel cell modelling

techniques. Their work improved the previous methods for

estimating fuel cell reliability by adding operating parame-

ters, drive cycles, and dependencies betweenmultiple failure

modes. Several studies also evaluated the reliability of

hydrogen sensing devices (e.g., hydrogen safety sensors)

under different environmental conditions [15e17]. Among a

wide range of researches on the reliability of applications

related to hydrogen, there is certainly a lack of detailed study

on estimating reliability and lifetime of power electronic

devices used in hydrogen energy conversion systems. In

recent years, several examinations on the reliability of power

electronic devices are also carried out. To the best of our

knowledge, it is the first time that the reliability of wind-

hydrogen conversion systems is assessed based on an ac-

curate thermal model by considering feedback from the case

temperature.

The objective of this study is to evaluate the reliability of a

stand-alone wind-hydrogen energy conversion system based

on the thermal analysis. As the power electronic devices are

known as the most failure-prone components in the energy

conversion systems, themain focus of this paper is to perform

simulations on these parts. In this paper, a 3.6 kW water

electrolyzer was used in the performed analysis, and it needs

to be supplied by a 48 V voltage. The proposed system consists

of a three-phase rectifier and a buck DCeDC converter. The

rectifier side is responsible to rectify the wind turbine output

voltage to a regulated DC voltage. Then, the buck converter

will reduce the voltage level to 48 V. According to the direct

relationship between the reliability and the operating tem-

perature of the semiconductor devices (switch and diode), the

analysis will continue by determining the temperatures using

a thermal network modeling, and showing their thermal

behavior.

The rest of the paper is organized as follows. Section The

proposed wind-hydrogen hybrid system gives a brief

description of the proposed wind-hydrogen energy conver-

sion system. The principles of reliability and the employed

standard are explained in Section Methodology. The equa-

tions related to the different components' failure rate are also

addressed in this section. The methodology based on the

lookup table method and thermal analyses is discussed in the

second part of Section Methodology. The results and discus-

sion are presented in Section Results and discussion. Finally,

the conclusions are given in Section Conclusion.
Fig. 1 e The proposed wind-h
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The proposed wind-hydrogen hybrid system

Regarding the issues related to the uncertainty of wind tur-

bines due to the probabilistic behavior of the wind, converting

wind energy into hydrogen and storing it in a repository will

enhance the reliability and availability. There are different

topologies for hybrid wind-hydrogen systems. The Hydrogen

Research Institute (HRI) presented a stand-alone energy sys-

tem for hydrogen production by wind and solar energies.

When the input energies are more than the required AC load,

the additional energy will be converted into the hydrogen

using an electrolyzer. Typically, all renewable components are

connected together on a 48 VDC bus [18]. In this study, a wind-

hydrogen energy conversion system shown in Fig. 1 is pro-

posed. This system serves as a stand-alone generation, and

does not have any connection to the grid.

It is evident from Fig. 1 that the output voltage of wind

turbine is AC that can supply any type of AC load. This is

despite the fact that the required voltage for producing

hydrogen by electrolysis should be direct current (DC). The

electrolyzer voltage must be fixed at 48 V DC. However, the

current through the electrolyzer should be sufficiently enough

to enhance the process of hydrogen production from water.

For this reason, the output power of the buck converter is in

range of kilowatts to generate a high output current at a low

output voltage. In the first stage, the AC voltage will be recti-

fied by using a three-phase AC-DC rectifier consisting of six

insulated-gate bipolar transistors (IGBTs) and six diodes.

Then, the buck converter reduces the generated DC voltage to

a fixed value of 48 V. The buck converter is composed of an

IGBT, a diode, and an LC filter. A sinusoidal pulse-width

modulation (SPWM) is responsible for producing switching

states of the rectifier side. Additionally, an open-loop scheme

is selected for the buck converter. The switching frequency is

considered to be equal to 5 kHz for both sides.

Hahn et al. [19] conducted a comprehensive study on the

causes of failure in the wind turbine's systems. This study set

out to examine the downtimes caused by the malfunctions

and damaged components based on the extracted data from

1500 operating wind turbines over a 15 years period. The

summary of this study was to emphasize the importance of

reliability of power electronic devices as primary source of

failure in wind turbine energy conversion systems. In addi-

tion, another similar study confirmed that blades, control

system and electric system are common causes of failure in

wind systems [20]. Nevertheless, ignoring the other
ydrogen hybrid system.
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mechanical failures and considering the output of the wind

turbine as a three-phase voltage source will be permitted. In

this paper, the output voltage of the wind turbine is 400 V AC

[21], and the output power of the buck converter is considered

3.6 kW. Hence, the electrolyzer current should be 75 A when

its voltage is 48 V. The output voltage level of the buck con-

verter has a direct relationship with its output voltage level

[22], and the conversion ratio is M(D) ¼ D. Where D represents

the duty cycle which demonstrates the ratio of on-time to the

cycle time.

The DC output voltage of the rectifier is almost 692 V,

because the line-to-line voltage will be appeared in the recti-

fier output. Thus, the value of the duty cycle must be 6.93%.
Methodology

Reliability assessment

To predict the failure rate of electronic components, there are

two widely used procedures, namely MIL-HDBK-217 [23] and

FIDES [24]. The MIL-HDBK-217 is the first reliability standard

and updated in 1995, while the FIDES was updated for the last

time in 2009. Nevertheless, the second standard due to the

high complexity and different information in various working

conditions of the electronic components has not been

welcomed. Therefore, the MIL-HDBK-217 is utilized in this

paper. In this standard, for the elements used in power elec-

tronic circuits, numerous relationships and conditions have

been considered to determine the failure rate, which thermal

analysis must be performed accurately for semiconductors.

One of the essential issues that requires attention and

conscious awareness is heat dissipation and heat transfer

through the power electronic device. During operation, the

components used in a power converter will never attain 100%

efficiency with regard to the switching and conduction losses.

The conduction losses occur when the component is turned

on and the current is passing through it. Additionally, the

switching losses represent power losses during the transition

between the switching-on and switching off. For instance,

approximately 2e10% of the power of an IGBT motor driver is

wasted as the heat dissipation [25].

Heat generated due to the power losses should be trans-

ferred from the equipment to the environment by a heatsink.

The selection of improper cooling system can affect on the

electronic equipment's performance, the device capability,

and also the reliability.

More efficient use of any device, has always been a goal of

manufacturers. In power electronics, this purpose will be

fulfilled with the utilization of several cases, such as high-

quality output, longer life, and lower energy consumption. In

fact, a converter with higher lifespan is more reliable, and

reliability also shows the possibility of system failure at the

specified time. Reliability of a system depends on various

factors; therefore, the system should be divided into smaller

parts to assess its reliability, and then the reliability of each

component should be estimated [26]. Generally, four different

indicators of failure rate, mean time to failure (MTTF), mean

time to repair (MTTR), and availability were considered to
Please cite this article in press as: Alavi O, et al., Reliability assessm
based on thermal analysis, International Journal of Hydrogen Energy
determine the reliability [27]. Thus, the basic concepts should

be defined.

Reliability is defined as the ability of an item to perform a

desired function under the stated conditions at a particular

time interval. The reliability is frequently measured as the

probability or frequency of failure [28]. Failure occurs when

the system cannot operate for any reason. Therefore, the

operation time without system downtime is generally a

random variable that can sometimes be long or short. In

addition, failures can be divided into two categories: cataleptic

and degradation [29]. The failure rate plays a prominent role in

evaluating the reliability of a system. Considering the symbol

of l as the failure rate and the exponential distribution for

failures, the reliability function will be as follows [30]:

Rðt; lÞ ¼ e�lt (1)

The value of the failure ratewill result in a suitable analysis

of reliability, and it is enough for the further evaluations.

MTTF expresses the average time between starting time

and the first of its failure. This failure is such that the device is

not able to continue their expected functions. MTTF is usually

estimated in an hour or thousand hours. The relationship

between the MTTF and the reliability function is as follows:

MTTF ¼
Zþ∞

0

RðtÞdt (2)

By substituting Eq. (1) in Eq. (2), the MTTF will be equal to

the inverse of the failure rate [31].

MTTF ¼ 1=l (3)

In recent decades, several procedures for estimating reli-

ability have been introduced by different organizations. The

first reliability procedure (TR-1100) was published by the

United States and under the Rome Air Development Center

(RADC) in 1956. The standard provides the failure rate models

for computer and electronic components [32]. After the pub-

lication of this standard, MIL-HDBK-217 as a reliability

guidebook was released and become the most popular stan-

dard among various procedures.

The MIL-HDBK-217 provides the failure rates of all elec-

tronic components. The standard introduces two methods for

assessing the reliability: parts count and parts stress. The re-

sults from the parts count method will lead to a higher failure

rate or lower reliability. In other words, the parts count

method is more conservative than the parts stress approach.

The parts stress method when the design phase is completed

and components' stress are available, is applicable [26].

The related formulas of the failure rates consist of the base

failure rate for each component. The failure rates will change

by applying pi factors, which show the operation conditions.

Thus, the exact determination of these factors would make

the analysis more accurate, especially in the semiconductors.

With respect to the standard's approach, the following

equation can be employed to identify the total failure rate of a

system [33]:

lTotal ¼
Xn
i¼1

Nili (4)
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where n is the number of independent elements, Ni presents

the number of the similar elements. li and lTotal are respec-

tively the components' failure rate and the total failure rate.

IGBT failure rate
Nowadays, using the metaleoxideesemiconductor field-

effect transistors (MOSFETs) and IGBTs as the switch in

power electronic devices is preferred. Both of these types of

switch are power semiconductors used in high efficiency and

fast switching circuits. Although the structure of theMOSFET

and IGBT looks very similar, their substrates are different

and this difference has led to enormous impact on their

performance. MOSFETs are preferred in output powers less

than 500 W, while IGBTs are typically utilized in low-

frequency and high output power applications. Another

feature that provides IGBT more proper than the MOSFET is

its ability to operate at high junction temperatures (more

than 100 �C). Considering the circuit used in the study, the

IGBT will be employed [34].

IGBT is not directly mentioned in the MIL-HDBK-217 stan-

dard; thus, the popular approach of using MOSFET relations

for IGBT has been used for finding p-factors [35]. The IGBT

relationships have been proposed as low-frequency Si FET

transistors in Chapter 6 of the used standard.

The failure rate of IGBT is as follows:

lp ¼ lbpTpApQpE (5)

where pT, pA, pQ, pE, lb, and lp are the temperature factor, the

application factor, the quality factor, the environment factor,

the base failure rate (failures/106 h) and the predicted failure

rate of IGBT, respectively.

According to the standard, the base failure rate of IGBT is

considered 0.012 failures/106 h. The temperature factor is one

of the most influential factors in determining the reliability of

semiconductors. Therefore, appropriate estimation of this

factor, which is dependent on the junction temperature ac-

cording to the following equation, seems crucial.

pT ¼ exp

�
� 1925

�
1

Tj þ 273
� 1
298

��
(6)

where Tj is the junction temperature.

Quality and environment factors also have great impact on

calculating the reliability, and their values can be considered

5.5 and 1.0, respectively.

Additionally, the application factor is only related to the

power output level, and its value is equal to 10 for the rated

output powers above 250W. Thus, the failure rate of IGBT can

be mentioned as follows:

lp ¼ 0:66� exp

�
� 1925

�
1

Tj þ 273
� 1
298

��
(7)

where Tj is the steady state junction temperature.

Diode failure rate
The failure rate of diode is as follows:

lp ¼ lbpTpSpCpQpE (8)

where pS and pC are electrical stress and contact construction

factors, respectively.
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Generally, diodes are utilized as power rectifiers in power

electronic circuits. In industry, the diode with reverse recov-

ery rate of less than 500 ns is chosen as fast. For times less

than 100 ns, the diodewould be ultra-fast [36]. Hence, the base

failure rate of diode, in accordance to the MIL-HDBK-217

standard, is 0.025.

To estimate the temperature factor of the diode, the

following equation can be used:

pT ¼ exp

�
� 3091

�
1

Tj þ 273
� 1
298

��
(9)

where Tj is the junction temperature in terms of Celsius

degree.

Another factor for the diode is electrical stress factor,

which applies the voltage level in the failure rate. If the voltage

stress is defined as the ratio of the applied voltage to the rated

voltage, we will have:

VS ¼ Voltage Applied
Voltage Rated

(10)

According to the standard, the electrical stress factor of

diode can be obtained as follows:

pS ¼
�

0:054 ðVS � 0:3Þ
ðVSÞ2:43 ð0:3<VS � 1Þ (11)

where VS is the voltage stress.

The values of pC, pQ, and pE are 1.0, 5.5 and 1.0 for the diode,

respectively. Thus, the equivalent formula for the diode fail-

ure rate is as follows:

lp ¼ 0:1375� pS � exp

�
� 3091

�
1

Tj þ 273
� 1
298

��
(12)

Capacitor failure rate
The failure rate of capacitor can be obtained from Eq. (13).

lp ¼ lbpCVpQpE (13)

where pCV exhibits the capacitance factor.

The base failure rate of the capacitor can be expressed as

follows:

lb ¼ 0:00086

"�
S
0:4

�5

þ 1

#
exp

 
2:5

"�
TA þ 273

273þ TRðmaxÞ
�18
#!

(14)

In Eq. (14), S is the ratio of the operated voltage to the rated

voltage, TA is the ambient temperature, and TR(max) is the

maximum allowable temperature for capacitor (85 �C or

125 �C).

Additionally, the capacitance factor can be indicated by

pCV ¼ 1:2C0:095 (15)

where C is the capacitance in microfarad.

The quality and environment factors for capacitor are 7.0

and 1.0, respectively. Nevertheless, the failure rate of the

capacitor can be represented by Eq. (16).

lp ¼ 8:4� lb � ðCmFÞ0:095 (16)

Inductor failure rate
The formula of the inductor failure rate has an operation

temperature which requires testing procedures and
ent of a stand-alone wind-hydrogen energy conversion system
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complicated processes [26]. Therefore, the total failure rate of

the inductor can be considered approximately 1.05 � 10�8

failures/hours.

MATLAB simulation

Typically, losses in the semiconductor components can be

divided into three categories [37]:

� Conduction losses

� Switching losses

� Blocking losses

The blocking loss is very low and negligible. Nevertheless,

the total losses of semiconductors are the sum of the con-

duction and switching losses. The approach used in this

research is the practical outcomes presented in the datasheet

of the intended IGBT module. In accurate models for esti-

mating the power losses, any parameter will be temperature-

sensitive parameter (TSP) which should be considered in the

calculations. The IGBT conduction losses can be illustrated by

a series connected DC voltage source (VCE0) and a collector-

emitter on-state resistance (rC) [37]:

VCEðiCÞ ¼ VCE0 þ rCiC (17)

This relationship demonstrates the dependency between

the Collector-Emitter voltage and the Collector current. The

IGBT conduction losses can be obtained by

PCIGBT
¼ VCEðiCÞ � iC (18)

The graphs provided in the datasheet represent the de-

pendency of VCE to the junction temperature. Therefore, the

above relationship will change as follows:

PCIGBT
¼ VCE

�
iC;Tj

�� iC (19)

By taking the effect of temperature, the diode conduction

losses will be as follows:

PCD ¼ VF

�
iF;Tj

�� iF (20)

The on-state energy losses in the IGBT can be determined

as the total switch on-state energy regardless of the reverse

recovery and on-state energy of freewheeling diode reverse

recovery.

EonIGBT ¼ EonTi þ EonTrr (21)

The on-state diode energy is often included reverse re-

covery energy.

The IGBT turn-off energy losses are determined in the

same manner. The turn-off losses in the diode are usually

negligible. Thus, the IGBT and diode switching losses can be

obtained by multiplying energies by the switching

frequency.

According to the figures provided in the datasheet of the

nominated module, the turn-on and turn-off energies of the

IGBT and diode reverse recovery energy are presented in

terms of the Collector current and different temperatures. The

curves and values provided in the datasheet are specified for a

particular supply voltage (VCC). Therefore, these energies are

related to the mentioned parameters as follows:
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PSIGBT ¼ �EonIGBT

�
iC;Tj;VCC

�þ EoffIGBT

�
iC;Tj;VCC

��
fsw (22)

And for diode, we have:

PSD ¼ ErecD

�
iF;Tj;VCC

�
fsw (23)

To determine the switching and conduction losses of diode

and switch, the lookup table method is used so that 2D and 3D

lookup tables must be utilized in the MATLAB environment.

Detailed explanations of the procedure for identifying these

power losses can be found in Ref. [38].

Usually, thermal conductivity is the dominant in compar-

ison to the heat transfer process so that it is assumed that

convection and thermal radiations are negligible [39]. There

are two different approaches for modeling resistance-

capacitance (RC) thermal networks of the semiconductors:

Foster and Cauer [40]. The manufacturers are identified four

optimal RCs in the datasheet of the semiconductors, and the

values of Ri and ti have been determined to make the calcu-

lations easier.

In this study, a one-cell Cauer thermal model was used to

show the thermal behavior of the IGBT and diode. Fig. 2 il-

lustrates this thermal model.

It can be seen that this model can be as a bridge between

the power losses and the junction temperature. By employing

the state-space equations, these equations will be listed ac-

cording to the following:

x0 ¼
�
� 1
RthCth

�
xþ

�
1

RthCth

1
Cth

��
Tcase

Ploss

�
(24)

�
Tjunction

Pcase

�
¼
2
4 1�

1
Rth

�35xþ
2
4 0 0

� 1
Rth

0

3
5�Tcase

Ploss

�
(25)

where Pcase is the heat flow from the junction to the case, Ploss
is the total semiconductor losses. Rth and Cth are the junction-

to-case thermal resistance and capacitance, respectively.

The values of Rth and Cth are 0.25 and 0.178 for the IGBT, 0.46

and 0.1023 for the diode, respectively. To complete the ther-

malmodel, the heat transfer from the case to the environment

through the heatsink should be added. Thismodel is shown in

Fig. 3.

In order to implement this part, the thermal elements in

the MATLAB environment are used; thus, heat transfer re-

lations must be defined. To provide model, the thermal ele-

ments can be attributed to thermal resistance (R) and

capacitance (C). The thermal mass is used instead of thermal

capacitors, and its energy relationship can be presented as

follows [41]:
ent of a stand-alone wind-hydrogen energy conversion system
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Fig. 3 e The thermal model from case-to-ambient.
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Q ¼ CthDT ¼ mcpDT (26)

wherem is themass, cp is the specific heat of thematerial, and

DT is the temperature difference. If the specific heat capacity

is assumed to be 1, the thermal energy will change as follows:

Q ¼ Cthc�h
DT (27)

Thermal energy transfer from the case to the heatsink is as

heat conduction between two solid materials. Therefore, the

transferred energy will be as follows [42]:

Q ¼ kADT
s

(28)

where k is the thermal conductivity of the material, A shows

the heat transfer area, DT is the temperature difference, and s

is the thickness. Thermal resistance exhibits the material's
ability to resist heat flow, and the opposite is true for the

specific thermal resistance [43]. If the values of A and s are

equal to 1, the energy relation will be as follows:

Q ¼ DT
Rthc�h

(29)

The case-heatsink thermal resistance has been inserted

from the module's datasheet, and is equal to 0.05 K/W for the

studied module.

Heat transfer between a surface and a moving fluid at

different temperatures is known as convection. This convec-

tion can occur naturally or by external factors. For thermal

energy transfer between the heatsink and the ambient, a

convective thermal model is used [44]:

Q ¼ hADT (30)
Fig. 4 e The implemented the
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where h is the heat transfer coefficient, A is the surface area,

and DT is the temperature difference between the material's
surface and the ambient. According to the inverse relationship

between the heat transfer coefficient and thermal resistance

as well as neglecting the surface area [45], the energy will be

determined as follows:

Q ¼ DT
Rthh�a

(31)

In addition, the implemented MATLAB simulation related

to the thermalmodel from the case to the ambient can be seen

in Fig. 4.

In Fig. 4, the block of PS-Simulink (PS S) should be used to

turn physical signals to the output MATLAB signal and vice

versa. Additionally, attention to the conversion of the tem-

perature from Celsius into Kelvin is absolutely essential. Each

physical model connected to the Simscape diagram requires

the settings that are provided by f(x) ¼ 0.

As previously mentioned, the heat transfer from the

heatsink to the ambient will be made so as to reduce the

module temperature and is shown by an external resistor,

Rth(h-a) ¼ 1/lA. This resistance is quite influenced by the size

and type of the cooling system.

In this study, a heatsink e manufactured by Wakefield-

Vette e is used, and Fig. 5 depicts the dimensions and the

characteristics of the considered heatsink.

For the cooling system, a forced air cooled (500 fpm) heat-

sink was examined in the analysis. According to [46], the

following approximate and simplified relationship can be

inferred to calculate the heatsink-ambient thermal resistance

for a forced air cooling heatsink:

Rthh�a
¼ Performance Factor

Profile Perimeter
(32)

where the performance factor is determined in terms of the

heatsink length and the airflow based on Table 1. The profile

perimeter is also the perimeter of the heatsink.

By considering the airflow of 500 fpm and the heatsink

length of 10 inches, the heatsink-ambient thermal resistance

can be obtained by
rmal model in MATLAB.

ent of a stand-alone wind-hydrogen energy conversion system
(2017), http://dx.doi.org/10.1016/j.ijhydene.2017.04.006

http://dx.doi.org/10.1016/j.ijhydene.2017.04.006
http://dx.doi.org/10.1016/j.ijhydene.2017.04.006


Fig. 5 e The used heatsink in the analysis.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 7 ) 1e1 28
Rthh�a
¼ 12:95

128:83
¼ 0:1005 �K=W (33)

If the value of this resistance is lower, the heatsink per-

formance will be better.

With regard to the electro-thermal modeling, the thermal

capacitors prevent the sudden temperature changes under

transient conditions, and its variations will be exponential. All

module manufacturers only provide the thermal resistance in

the datasheet; thus, the capacitor values can be only deter-

mined experimentally by measuring the thermal time con-

stant [47]. For simplicity, the case-heatsink thermal

capacitance is assumed to be equal to 0.25 J/�K. Also, the

heatsink thermal capacitance is selected 0.01 J/�K in accor-

dance to [48].

The overall procedure for reliability assessment of the

examined wind-hydrogen system is shown in Fig. 6.
Fig. 6 e The flowchart of reliability assessment of the

examined wind-hydrogen system.
Results and discussion

Due to the direct application of power electronic devices in

wind-hydrogen systems, estimation of the reliability of the

system will significantly reduce the risk of components' fail-
ure. This paper reveals a reliability assessment of a nominated

wind-hydrogen energy conversion system. According to the

importance of the junction temperature in the reliability
Table 1 e . The heatsink performance factor in terms of the airflow and the heatsink length [46].

Heat sink length
in inches

Velocity in linear feet per minute (fpm)

100 200 300 400 500 600 700 800 900 1000

1.00 91.60 64.77 52.89 45.80 40.96 37.40 34.62 32.39 30.53 28.97

2.00 64.77 45.80 37.40 32.39 28.97 26.44 24.48 22.90 21.59 20.48

3.00 52.89 37.40 30.53 26.44 23.65 21.59 19.99 18.70 17.63 16.72

4.00 45.80 32.39 26.44 22.90 20.48 18.70 17.31 16.19 15.27 14.48

5.00 40.96 28.97 23.65 20.48 18.32 16.72 15.48 14.48 13.65 12.95

6.00 37.40 26.44 21.59 18.70 16.72 15.27 14.13 13.22 12.47 11.83

7.00 34.62 24.48 19.99 17.31 15.48 14.13 13.09 12.24 11.54 10.95

8.00 32.39 22.90 18.70 16.19 14.48 13.22 12.24 11.45 10.80 10.24

9.00 30.53 21.59 17.63 15.27 13.65 12.47 11.54 10.80 10.18 9.66

10.00 28.97 20.48 16.72 14.48 12.95 11.83 10.95 10.24 9.66 9.16

11.00 27.62 19.53 15.95 13.81 12.35 11.28 10.44 9.76 9.21 8.73

12.00 26.44 18.70 15.27 13.22 11.83 10.80 9.99 9.35 8.81 8.36

15.00 23.65 16.72 13.65 11.83 10.58 9.66 8.94 8.36 7.88 7.48

16.00 22.90 16.19 13.22 11.45 10.24 9.35 8.66 8.10 7.63 7.24

17.00 22.22 15.71 12.83 11.11 9.94 9.07 8.40 7.85 7.41 7.03

18.00 21.59 15.27 12.47 10.80 9.66 8.81 8.16 7.63 7.20 6.83

20.00 20.48 14.48 11.83 10.24 9.16 8.36 7.74 7.24 6.83 6.48
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Fig. 7 e The output voltage of the considered wind turbine.
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evaluations, an accurate thermal model can provide accept-

able results in the analyses. For this reason, the used approach

for determining the junction temperature of the switch and

the diodewas based on a one-cell Cauermodel, which exhibits

high-speed simulations as well as high precision in the

calculations.

The proposed hybrid system was simulated in MATLAB/

Simulink. Fig. 7 illustrates the line-to-line output voltage of

the wind turbine for phase A.

It is obviously clear that the peak of the wind turbine

output voltage is equal to 400√3. In the rectifier side, the

switching state is opposite for upper and lower switches, and

they work in 180� towards each other. This means that at any

given moment, only one of the switches on each arm is either

on or off. This aligns perfectly with the fact that the output

voltage of small wind turbines is in the range of 100e400 V (AC

or DC) with fixed or variable frequencies [49].

The capacitor between the buck converter and the three-

phase rectifier can reflect a DC link, which offers a DC

voltage in its two sides. A value of 460 mF was considered for

the DC capacitor in the simulation. The output of the rectifier

should be a bit smaller than its input. Thus, it can generate

almost 600 V, and Fig. 8 demonstrates this consequence. With

respect to the duty cycle of the examined buck converter, the

fixed output current and voltage of the buck converter can be

shown in Fig. 9(aeb). Due to the lack of ideal components in

the converter, the voltage and current values have been

slightly less than expected.
Fig. 8 e The rectifier output voltage.
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The used lookup-table method for determining the semi-

conductors power losses can express the experimental results

extracted by the manufacturer. In this analysis, a Fuji 600 V/

150 A IGBT module was utilized. Fig. 10 shows the power

losses of the diode and the IGBT in the buck converter. The

changes of the power losses curves are very similar with the

graphs in Ref. [50].

It is obvious that the diode power losses are more than the

IGBT, and the diode will handle more stress. Regarding the

linear structure of the buck converter, it can be concluded that

an increase in the output current leads to a higher junction

temperature and also less lifespan.

The diode and IGBT junction temperatures, case temper-

ature, and heatsink temperature can be obtained from the

simulation using the considered Cauer model (Fig. 11).

As expected, the junction temperature of the diode is

roughly 50% more than the IGBT's junction temperature. All

temperatures are fixed at the times above 1.2 s. Additionally,

the heatsink is able to cool the case and the module temper-

atures at the beginning of the operation. However, the used

heatsink was not capable to reduce the overall temperature in

the futuremoments of time, and its temperaturewill be raised

to a value of 41 �C. A limitation of 55 �Cwas also considered for

the maximum allowable temperature of the heatsink. The

junction temperature curves for the DCeDC converter were

validated with regards to [51].

Three legs of the rectifier indicate similar behaviors. Thus,

only one of the legs is sufficient for the analysis. The junction

temperatures of two IGBTs and two diodes related to phase A

are shown in Fig. 12.

As seen, the applied temperature on the diodes is also

more than the IGBTs in the rectifier side. In addition, all

temperatures in Fig. 12 experience fluctuations, and it hap-

pens to the rectifier, but others do not. These fluctuations are

due to the sinusoidal pulse-width modulation (similar results

are given in Ref. [52]). It also can be concluded that the tem-

perature stress on the rectifier's semiconductors is more than

the buck converter, which means the rectifier will require

more attention to the maintenance.

As mentioned earlier, a Fuji 600 V/150 A dual-pack IGBT

module was used in this study. Therefore, the calculation can
ent of a stand-alone wind-hydrogen energy conversion system
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Fig. 9 e The supplied (a) current and (b) voltage of the electrolyzer.

Fig. 10 e The IGBT and diode power losses.

Fig. 11 e The obtained temperatures for the buck converter.
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be performed based on this module. Table 2 lists the

requirement parameters and their values for predicting the

reliability of each component (the quantity for all components

is also given).

Assuming the values of 0.8, 25 �C, and 125 �C for the pa-

rameters of S, TA and TR(max), respectively, the failure rate of

the capacitor will depend only on the value of the capacitor.

The total failure rate will be obtained by multiplying the

components' failure rates by their quantity, and then the sum
Fig. 12 e The estimated junction temperatures of the IGBTs

and diodes in the rectifier side.
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Table 2 e The predicted failure rate of each circuit's component.

Tj Failure rate (failures/106 h) Quantity

IGBTs Buck DC-DC Converter IGBT 63.25 �C 1.376 1

Three-Phase Rectifier Upper IGBT 85.43 �C 1.961 3

Lower IGBT 85.43 �C 1.961 3

Diodes pS Tj Failure rate (failures/106 hours)

Buck DC-DC Converter Diode 0.078 93.60 �C 0.075 1

Three-Phase Rectifier Upper Diode 0.113 108.34 �C 0.149 3

Lower Diode 0.113 108.34 �C 0.149 3

Capacitors Capacitance Failure rate (failures/106 hours)

C1 470 mF 0.434 1

C2 750 mF 0.453 1

Inductor Inductance Failure rate (failures/106 hours)

L 0.45 mH 0.011 1

i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 7 ) 1e1 2 11
of all values. Therefore, the failure rate and MTTF for the

overall energy conversion system are respectively provided as

follows:

lTotal ¼ 1:376þ ð3� 1:961Þ þ ð3� 1:961Þ þ 0:075þ ð3� 0:149Þ
þ ð3� 0:149Þ þ 0:434þ 0:453þ 0:011

¼ 15:009 failures
	
106 hours

(34)

MTTFT ¼ 1
lTotal

¼ 66;629 hours (35)

The calculated MTTF shows that the overall system can

operate approximately 7.6 years without any risk and failure.

However, the approach mentioned in the MIL-HDBK-217 is

conservative with military applications and the system's life-

time may be more than the determined value. Also, it can be

found that the rectifier side is under more stresses or failure-

prone, and perhaps needs a condition monitoring in order to

mitigate the unexpected problems.
Conclusion

In recent years, different renewable resources have been used

in order to produce hydrogen as a clean fuel. However, many

issues related to hydrogen hybrid systems particularly wind-

hydrogen energy conversion systems are not discussed pre-

viously. The reliability of a stand-alone wind-hydrogen sys-

tem was evaluated in this paper, which can be tremendously

useful for further studies. The MIL-HDBK-217 was considered,

and its relationships were used to calculate the reliability of

each system component. Additionally, it was stated that the

temperature of semiconductor devices will be the most sig-

nificant factor in the overall system reliability. Therefore, an

accurate thermal network was utilized in order to model the

thermal behavior of the semiconductors. Model was simu-

lated by the MATLAB software. The outcomes illustrated that

the diode junction temperature is approximately 50% more

than the IGBT in the buck converter. Also, the results showed

that the thermal stresses of the rectifier components are

higher than those of the buck converter. This means that the
Please cite this article in press as: Alavi O, et al., Reliability assessm
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possibility of failure in the rectifier is much higher than the

buck DCeDC converter. Nonetheless, the MTTF of the wind-

hydrogen system was conservatively estimated to be 7.6

years.

The issue of reliability is very important to the manufac-

turers, because it will have positive effects on competition on

the market. Thus, an accurate estimation for the power elec-

tronic devices' lifetime (as the most failure-prone component)

can provide the possibility to compare the different types of

energy conversion systems, particularly hydrogen energy.

Additionally, the reliability assessment and comparison of

different topologies for power electronic circuits (e.g., syn-

chronous buck converters) can be made as future work.
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