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ABSTRACT

This paper presents an extensive survey of the failure, and repair rates of wind, and solar-
PV energy conversion systems. Various practical layouts of these systems are presented
considering various operation modes (i.e. off-grid, and grid-connected), and load types
(i.e. deferrable, and non-deferrable). The presented layouts of wind and solar-PV energy
systems cover various energy solutions for various operation modes, and load types. The
overall structure of each system is separated into a set subsystems, then each subsystem
is separated into a set of subassemblies or items. Considering repairable, and non-
repairable items, the analyses of failure, and repair rates are then performed for
identifying the reliable performance, and weak items. The confidence of the results is
increased by collecting huge amounts of data. These data cover various configurations,
and meteorological conditions (i.e. stress factors) are analyzed and represented by their
confidence median values. Salient conclusions are reached from the analyses of the
collected data. The presented results are essential for performing a detailed Reliability,
Avalilability, and Maintainability (RAM) of wind, and solar-PV systems. In addition, they
are useful in identifying the weak items, for setting appropriate maintenance plans for
increasing the overall reliability of the considered systems.
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1. INTRODUCTION

Recently, renewable resources specially wind and solar generations have been
matured to a level of development where it is becoming ready to diffusion by larger
amounts in bulk power generation [1]. In addition, highly sustainable large scale
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hydrogen-based energy system for combined fuel, and electricity production are expected
to dominate in the future. The renewable energy and nuclear energy sources will provide
the input energy required for the production of hydrogen, and hydrogen-based fuels [2].
This is not only due to the increasing energy demands, but also due to the increasing of
carbon dioxide emissions (CDE) to the environment as a result of burning fossil fuels for
power production, and the reduced reserves of fossil fuels.

Wind and solar renewable sources come in the second and the third place after the
hydropower sources in the total worldwide installed capacity [3]. The installation of large
scale wind and solar-PV systems around the world appears as a result of increasing of
improvements in the wind turbine and PV system technologies. By the end of 2016, the
world installed capacity of the onshore wind turbines and the solar-PV systems
approximately reached 472 GW and 303 MW respectively, by an additional value of 52.4
GW for the wind and 75 GW for the Solar-PV [3].

At the same time, there are several problems which face the renewable energy
resources when compared with conventional energy sources [4 - 7]. The problems from
an operational point of view arise from the fact that these resources are variable, and
intermittent depending on the meteorological changes. These problems pose a major
challenge in the electrical energy production, especially, in the case of used variable
renewable energy as a main source for electrical power production [2]. These challenges
are extended to the grid stability, security, power quality, and behavior during fault
conditions in addition to the grid reliability [7 - 9].

The reliability of the renewable systems represents one of the major challenges to
the development and economy of these systems [10, 11]. There is an urgent need to
assess, and enhance the reliability of these systems.

Reliability is the probability of a system or a subsystem or a subassembly to perform
its function adequately, under the given operating conditions, for an intended period [10,
11]. This intended period is typically the lifetime of the system. Two relevant trends are
tracked in the literature [10, 12 - 19]. The first trend focuses only on the reliability of the
system vulnerable components, whereas the second trend studies the reliability of
renewable energy production. The literature that discussed the first trend is much less in
comparison with the literature of the second trend.

The reliability analysis of the system components depends on dividing the system
into subsystems which composed of subassemblies or items. Elaboration of the reliability
analysis is started from the subassemblies level to the subsystem level then the overall
system. The main problem which faced literature that discusses this trend is the rarity of
the related accurate reliability data of the subassemblies. This is not only due to the
unavailability of such data in many wind farms and solar-PV plants, but also due to
restrictions imposed on these data, and the high expenditure of retrieval of these data.
Previously, the available limited data were collected from different plants and the reliability
analysis has been completed without taking into consideration the impacts of various
configurations of wind turbine generators (WTGSs), and various layouts of the solar-PV
and wind energy systems. In other cases, some simplifications were introduced in order
to complete the reliability analysis when the reliability data of some subassemblies are
unavailable [10-20]. Therefore, some literature discusses the reliability of the WTG
system for the electrical subsystem only or the mechanical subsystem only.
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A summary of the previous literature findings is presented in the following. For WTGs
[21-23], it found that:

» The interruption of the energy production of WTGs relates mainly to the failures
of the electrical components where these failures represent the leading cause
of lost days per annum.

» The gearbox availability in the geared WTGs represents the critical item that
affects the overall availability of WTGs. This is due to that the longest outage
duration caused by gearbox failures, although its failure is rare.

» Generators in direct-drive WTGs (i.e. gearless WTGs) have a failure rate
greater than and approximately twice the failure rate of indirect-drive
generators. The generator used in direct drive WTGs has a number of stator
and rotor coils larger than the generator that used in the indirect drive WTGs.
Therefore, the disparity in failure rates is due to the larger number of coils used
in the direct drive WTGs.

» The synchronous generator based WTGs have a failure rate greater than the
failure rate of induction generator based WTGs operating in the fixed speed
mode.

» The WTGs with full-scale converters (FSCs), suffer from high failure rates due
to the failures in the electronic switches.

For Solar-PV systems [16-18, 24] it is found that:

» The inverter is the leading cause of failures in grid-connected solar-PV
systems, while the second and third causes are respectively the failures of the
string protection, and solar-PV modules.

» The reliability of each subsystem decreases with time and with the number of
subassemblies comprising the subsystem.

» The decreasing rate of reliability in some subsystems is lower than other
subsystems. This is due to the number of series and parallel subassemblies
that represents the subsystem.

» From the energy balance reliability point of view, the reliability of the grid-
connected solar-PV systems with battery storage is greater than the reliability
of the off-grid solar-PV systems with battery storage, which has reliability
greater than off-grid solar-PV systems without battery storage.

» From the system structural reliability point of view, there is a lack in the literature
handling this issue. Therefore, this research focuses on this point.

The main objective of this paper is to introduce a detailed survey of the failure and
repair rates of various subassemblies, subsystems, and systems for the energy
production from solar-PV and wind energy systems. Various load types, and various
operation modes take into consideration. This paper classifies the WTGs into three
configurations; according to the operation modes, and operating concept. These
configurations are fixed speed squirrel cage induction generator (FS-SCIG), the doubly
fed induction generator which utilizes a partially rated converter (DFIG) and direct drive
electrically excited synchronous generator with a fully rated converter (DDSG-FRC). The
solar-PV systems in this paper are classified, according to the operation modes, into two
configurations. These configurations the grid-connected and off-grid solar-PV systems.
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Deferrable and non-deferrable load types are introduced. In addition, the situations where
the battery storage is required are carefully considered in the analysis.

2. LAYOUTS OF SOLAR-PV AND WIND ENERGY SYSTEMS

The selection between the appropriate layouts of the systems has a significant impact
on the reliability. The selection of an appropriate layout depends on many factors such
as the operation and control capabilities, and operating mode (i.e. off-grid, or grid-
connected).
The grid-connected systems are ideally located close to the grid and its output is directly
fed the grid. In fact, there are no needed for storage devices with grid-connected systems
provided that the reliability of the grid is sufficient for supplying local loads. In this case,
the power balance constraint for supplying the local load is secured by the grid, which
acts as an energy storage with unlimited capacity. Based on the grid reliability level, the
grid-connected systems are classified into two categories; grid-connected systems
connected to either grid with insufficiently low reliability, or grid with sufficiently high
reliability.

From consequent impacts of power interruptions, power system loads can be
classified into three categories; non-essential, essential, and critical loads. The
classification is mainly based on the techno-economic impacts of interrupting a specific
load. Long power interruptions are acceptable in the case of non-essential load, while
very short power interruptions are allowed in the case of essential loads. The critical loads
should be interrupted even for very short durations. Consequently, in grid-connected
solar-PV or wind systems where the grid reliability is insufficient, the energy storage is
required for supplying essential and critical loads in the case of the grid outage [25-29].
The overall system, then acts as the Uninterruptable Power Supply (UPS).

On the other hand, off-grid renewable systems cover distinct situations where
remote loads are difficult to reach electricity from the utility grid, or the traditional sources
of electricity. The energy storage requirements in these systems depend on the load
instantaneous power balance constraint. Two main load types are classified based on
their instantaneous power balance requirements. The first type is the non-deferrable
loads which required instantaneous power balance for their proper operation. Therefore,
energy storage is required in off-grid systems that supply non-deferrable loads. On the
other hand, the deferrable loads refer to a load type at which its energy requirements can
be postponed to another nearby time. Water irrigation pumping systems present a popular
example of deferrable loads [1]. Generally, off-grid systems supplying deferrable loads
do not require electric energy storage; however, storage tanks may be used for utilizing
the surplus power for water storage in irrigation water pumping systems. Fig. 1 illustrates
the energy storage requirements for various operational modes, and load types.
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Fig.1l. Energy storage requirements for various operational modes, and load types

2.1 Solar PV systems

Based on the previous discussion, and Fig. 1, Table 1 lists the various layouts of
the solar-PV systems. In layouts without battery storage, the DC-DC converter acts as a
charge controller, while it acts also as Maximum Power Point Tracker (MPPT) in layouts
with battery storage. Grid-connected systems that are connected to a low reliability grid,
the Automatic Static Transfer Switch (ASTS) is used for securing immediate proper
islanding of the solar-PV system through its sensing, and switching control logics. In the
island mode, the grid is disconnected due to either an outage, or a sever power quality
problem. In this case, the non-essential load is isolated from the solar-PV system, while
the energy required by the essential, and critical loads is produced from the solar-PV. The
power balance is the island mode is secured by the battery energy storage.
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Table 1. Layouts of solar-PV systems

Grid-connected PV systems

With reliable grid

With low reliability grid

Solar-PV UPS
PV array
DC/DC | | DCIAC
PV array Converter J7 Inverter Essential
DC/bC DCIAC @ ‘ ‘ Essential and critical
T —L=] and critical AC Loads
Converter Inverter T an
_H DC Loads
AV Batteries
DC Loads L
AC Loads SATS | @
AC/DC
(a) Non—' : ! !
essential nverter & Non-
DC Loads essential
AC Loads
(b)

Off-grid PV systems

With deferrable loads

With non-deferrable loads

PV array

PV array ' DCIDC | | DCIAC
pcbc | | beiac Converter L Inverter
Converter Inverter
Non- Non-
e
Deferrable Deferrable I deferrable deferrable
DC Loads AC Loads T DC Loads AC Loads
Batteries
(c)
(d)

2.2 Wind energy systems

The same concepts of the layouts presented in this section are applied to solar-
PV as well as the wind energy system. Considering the previous discussions, and Fig. 1,
Table 2 lists the various layouts of the wind energy systems. The shown WTGs will be
considered in details in the next section where the FS-SCIG, DFIG, and DDSG-FRC are

considered.
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Table 2. Layouts of wind energy systems

Grid-connected wind energy system

With reliable grid With low reliability grid
Wind UPS
WTGs
AC/IDC | | DCIDC DC/AC
Inverter Converter l Inverter Essential
WTGs Eeential aX\g Ifritigal
=L | and critical oacs
8: AC/DC I DC Loads
Inverter L Batteries
7 DC Loads SATS| @ P
AC Loads Inverter T
(a) <& Non-essential DC Loads
Non-essential AC Loads
(b)
Off-grid wind energy system
With deferrable loads With non-deferrable loads
WTGs
WTGs AC/DC| | DC/IDC | |DCIAC
AC/DC Inverter Converter L Inverter l
8: Inverter l7
J7 DC Loads L DC Loads  AC Loads
AC Loads I
—F.
(C) Batteries
(d)

3. FAILURE AND REPAIR RATES OF SOLAR-PV AND WIND ENERGY SYSTEMS

There are two factors used for measuring the reliability, availability, and
maintainability of any system. The first factor that demonstrates the reliability is either
Mean Time Between Failure (MTBF) for repairable systems, or Mean Time To Fail
(MTTF) for non-repairable systems. The major components comprising wind energy
systems are considered repairable, while most of the components comprising solar-PV
systems are non-repairable components. Therefore, the MTBF is used for demonstrating
the reliability of wind energy systems, and the MTTF is used for demonstrating the
reliability of solar-PV systems. The reciprocal of MTBF, or MTTF is the failure rate.
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Given that the maintainability is the measure of the ability of an item under given
conditions of use, to be restored to a state in which it can perform its intended function(s)
due maintenance actions. The maintainability is usually demonstrated by the repair rate,
which is the reciprocal of the mean time to repair (MTTR). Therefore, the failure and repair
rates are used in this paper to measure the reliability and maintainability of the
subassemblies comprising solar-PV, and wind energy systems.

This part introduces through two stages. The first stage covers system
decomposition whereas the second stage covers failure, and repair analyses.

3.1 System decomposition

In this stage, the main system will be decomposed into subsystems, according to
their functions, which may be divided into subassemblies. Wind energy system is divided
into three main subsystems; electrical, mechanical, other subsystems. On the other hand,
the solar-PV system includes five subsystems; PV array, DC-DC converter, DC-AC
inverter, balance of system (BOS), and battery storage subsystems. Each of these
subsystems also contains subassemblies as shown in Fig. 2 and Fig. 3 for wind, and solar-
PV systems respectively.

Wind energy
system
[
[ | |
Electrical Mechanical Others
subsystem subsystem subsystem
I I I
e Generator e Gearbox e Anemometer
e Converter e Yaw Sys. e Sensors
e Electrical e Blades e Hub
parts.  Pitch e Structure
e Mech. Br. » Others
e Air Br.
e Main Shaft
e Hydraulic

Fig. 2. Subsystems and subassemblies of a generic WTG.
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Solar PV
system
[
[ [ | [ |
PV array BOS Inverter Storage Converter
subsystem subsystem subsystem subsystem subsystem
\ \ [ \ \
e Solar cell e Bypass diode ¢ |GBT module e Charge
e Front glass e DC switch e DC-link controller
e Encapsulate e AC Switch Capacitor e Battery *DC-DC conv.
(EVA) e AC CB e Microcontroller e Control unit
e Interconnect e Differential e AC contactor
e Solder bond CB  DC contactor
e Junction box e Grid e Cooling fans
Protection *PCB
e Connector
(Coupler)
e DC combiner

Fig. 3. Subsystems and subassemblies of a generic solar-PV system.

In order to obtain layouts simplification, some of these subassemblies are not
notable on the layouts of the solar-PV system that listed in Table 1; however, these
subassemblies have a significant impact on the reliability assessment, and they will be
considered in the failure, and repair analyses. On the other hand, there are some
subassemblies of the WTGs are absent from the considered configurations such as
Converter, Air brake, and Gear box in FS-SCIG, DFIG-PRC, and DDSG-FRC
configurations respectively.

3.2 Failure and Repair Rates

Collecting more realistic and accurate reliability data is very important for the whole
RAM analysis. The Largest numbers of repair and failure data are collected from the
literature. The obtained data cover various technologies, and layouts. In addition, the
collected data are characterized by different scan times. These data are classified
according to the various configurations and layouts of WTGs and solar-PV systems. The
median value of the sorted data of each subassembly is then calculated. It noted that the
use of the median values instead of the average values statistically decreases the
uncertainties of the collected data per subassembly.

3.2.1 Failure and Repair Rates of WTGs

Fig. 4 shows the failure, and repair rates of the WTGs. The reliability data of the
subassemblies of WTGs show in Fig. 4 are to show the difference between the various
WTGs configurations used. It is depicted from Fig. 4 that:

» The failure rate of all electrical subassemblies in the DDSG-FSC configuration
is higher than the others configurations (Fig. 4(a)). This is attributed to the
larger number of windings on the stator, and rotor of the DDSC [22].
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» Among the electrical subassemblies, the electrical parts show the highest
failure rates in FS-SCIG and DDSG-FRC whereas they show the lowest failure
rate in the DFIG configuration (Fig. 4(a))

> ltis also clear from Fig. 4(b) that, the converter in the DDSG-FRC shows the
highest repair rate among all the electrical subassemblies of the considered
configurations. In addition, the electrical parts of the FS-SCIG and the DDSG-
FRC configurations show higher repair rates in comparison with the electrical
subassemblies of each configuration. On the other hand, they show the lowest
repair rate among the electrical subassemblies of the DFIG configuration.

» Regarding the mechanical subassemblies shown in Fig 4(c) and Fig 4(d),
blades, pitch control, and air brake show the highest failure rates among the
mechanical subassemblies of the FS-SCIG, DDSG-FRC, and DFIG
configurations. The electronics components (i.e. the converter) in the gearless
DDSC-FRC configuration almost have a failure rate greater than the failure rate
of the gearbox in the FS-SCIG, and DFIG configurations. It is also found that
the failure rate of the gearbox in FS-SCIG is greater than that of DFIG-PRC. In
the same subsystem, the repair rate of air brake, mechanical brake, and pitch
control show the highest values in all configurations.

» Regarding the last subsystem (i.e. others subsystem shown in Fig. 2), it is
shown in Fig 4(e) and Fig 4(f), the hub and tower show significant failure rates
or low reliability among the rest of the subassemblies in a given configuration,
and among all configurations. In that subsystem, the other items also show high
values of failure rates.

WFSSCIG  BDFIG EDDSG-FRC| | BFS-SCIG  BDFIG EDDSG-FRC|
0.6 > 400
2 0.45 g 2 300
© B 7
£ 03 77 77 Z 200 Z
£ 0.15 g g ® 100 I I
I N 37 m7
1 2 3 1 2 3
Subassemblies Subassemblies
(@) (b)

10
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Fig. 4. Summary of failure rate and repair rate of subassemblies for WTGs. (a) Failure
rates of electrical subassemblies, (b) Repair rates of electrical subassemblies, (c)
Failure rates of mechanical subassemblies, (d) Repair rates of mechanical
subassemblies, (e) Failure rates of others subassemblies, and (f) Repair rates of
others subassemblies. 1: Generator, 2: Converter, 3: Electrical parts (fuses, switches,
and cables/connections), 4: Gear box, 5: Yaw system, 6: Blades, 7: Pitch control, 8:
Mechanical brake, 9: Air brake, 10: Main shaft, 11: Hydraulic system, 12:
Anemometer, 13: Sensors, 14: Hub, 15: Tower, and 16: Other items
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Fig. 5. Summary of failure rate and repair rate of subassemblies for solar PV systems.
(a) Failure rates of BOS subassemblies, (b) Repair rates of BOS subassemblies, (c)
Failure rates of storage subassemblies, (d) Repair rates of storage subassemblies, (e)
Failure rates of subsystems, and (f) Repair rates of subsystems. 1: Bypass diode, 2:
DC switch, 3: AC Switch, 4: AC CB, 5: Differential CB, 6: Grid Protection, 7:
connectors (couplers), 8: DC combiner. 9: Charge controller, 10: Battery, 11: Control
unit, 12: PV array, 13: DC-AC Inverter, and 14: DC-DC Converter.

3.2.2 Failure and Repair Rates of Solar-PV Systems

Fig. 5 shows the failure, and repair rates of solar-PV systems. As shown in Table
1, the battery storage, and its charge controller is absent in from the grid-connected
system with reliable grid, and off-grid systems with deferrable loads. On the other hand,
these systems include the DC-DC converter for providing the MPPT function.
Unfortunately, the decomposition of all subsystems to their subassemblies in solar-PV
systems could not be performed due to the lack of the required failure, and repair data;

12
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however, the available data are associated with the whole subsystems. These
subsystems include the solar-PV array, and inverter. It is depicted from Fig. 5 that:

>

The highest failure rate in the BOS subsystem is associated with the bypass
diode (Fig 5(a)). This is may be due to the stress factors for the electronic
components that increase the failure rate. These factors are temperature stress
factor, quality stress factor, environmental stress factor, voltage stress factor,
and contact construction stress factor. The AC CB represents the second
highest failure rate after bypass diode in BOS subsystem.

The repair rate of DC combiner is the highest repair rate between all
subassemblies of the BOS subsystem, while the repair rate of the connector
subassembly is the lowest repair rate among all of the same subsystem as
illustrated in Fig 5(b). This means that, the DC combiner has a highest
maintainability and the connector has a lowest maintainability. This is due to
that the ability of restoring the DC combiner its original state easier than the
connectors which need difficult effort to reach the failed connector.

Although the failure rate of the charge controller represents the highest failure
rate of the storage subsystem, it has the highest maintainability as shown in
Fig 5(c), and Fig 5(d). This means that this subassembly will have high
availability among the all subassemblies in the storage subsystem.

The AC-DC inverter represents the high failure rate among all solar PV
subassemblies. This may due to either the complexity of the AC-DC inverter,
or because the AC-DC inverter contains electronic components which
significantly affected by various stress factors. Therefore, the lifetime of the AC-
DC inverter in the solar-PV systems is very low (in the range of 5-10 years) in
comparison with the predicted average lifetime of the solar-PV system which is
in the range 20-25 years. This means that the inverter will be replaced several
times during the lifetime the solar-PV systems.

Although some literature states that the solar-PV array is the most reliable
subassembly of in the solar-PV system, the results show that it comes in the
tenth place of the most reliable subassemblies of the solar-PV system. Since
huge data of failure, and repair rates are used in estimating median values, and
the survey covers many sites of different meteorological conditions, the results
in this paper are of a high confidence.

CONCLUSION

This paper presents a detailed survey of the failure and repair rates of various
subassemblies, subsystems, and systems comprising various configurations of WTGs,
and solar-PV systems. Various layouts for these systems are also considered in this
paper for covering the impacts of different operational modes, and different load types.

The surveyed data and the presented results represent an important step for
performing detailed RAM analyses of the presented systems. In addition, they provide the
operators with valuable information about setting accurate maintenance schedules for
improving the overall reliability of various systems.

13
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The use of a huge amount of data that covers widespread systems increases the

confidence of the presented median values of the failure, and repair rates.
The results show that, the AC-DC inverter has the highest failure rate between all
subassemblies of the solar-PV system. The failure rate of the blades represents the
highest failure rate of all subassemblies in FS-SCIG. The hub failure rate in direct DDSG-
FRC configuration shows a significant failure rate among all subassemblies. The failure
rate of the hydraulic system in DFIG is the highest failure rate among its subassemblies.
The repair rate of the hub, and the air brake are the highest values among the
subassemblies of the DFIG, and DDSG-FRC.
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