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Abstract— A wind-diesel hybrid system involves two 

generating sources, diesel generators and wind turbines. They 

are designed to increase the capacity and reduce the cost and 

environmental impact of generating electricity in remote 

locations that are not connected to the electricity grid. Wind-

diesel hybrid systems reduce dependence on diesel fuel, which 

creates pollution and is expensive to transport. A paper, a 

logic-probabilistic model based on a fault tree is developed to 

analyze the reliability of an autonomous complex system 

(wind-diesel plant) taking into account the characteristics of 

generating sources and operating conditions. A calculation of 

the reliability of a hybrid plant located in the south-eastern 

part of Bulgaria was made. 
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I. INTRODUCTION 

All types of engineering systems frequently fail in the 
realm of engineering. Different failures might have various 
effects. Numerous causes, including flawed design, subpar 
components, poor maintenance, age, wear and tear, and 
human factors, contribute to failures. Investigating probable 
causes of failure is the first stage in reliability analysis, and 
the creation of the system's reliability model is the reliability 
analysis's most difficult task [1]. The most popular methods 
for creating reliability models are reliability block diagrams, 
models, and fault tree analysis [2, 3]. Fault Tree Analysis 
(FTA) is widely used for dependability evaluation and 
decision-making process of a wide range of systems by 
reliability block diagram to represent the logical relationships 
in a system [1, 4, 5]. Chiacchio et al presented a new method 
for estimating the amount of energy produced in a solar 
power plant by stochastic hybrid fault tree [6]. In a hybrid 
system based on renewable energy sources, all these 
established stochastic models may be used to estimate future 
real power output [7, 8]. The major objective is to reduce the 
cost of the power outage in the distribution system while 
meeting the needs of the system. Through effective 
optimization, the effects of renewable energy sources on the 
reliability of a power system may be evaluated [9]. 

Titova et al [10] proposed reliability investigation of two 
wind turbines and solar energy sources based on state graphs. 
In the paper are compared different types of chosen scheme 
according to technical and economic data. 

Because it can study associated dependability and 
estimate reliability, the fault tree analysis approach was used. 
The system is separated into fault trees for each component 
in this study to display the faults that could damage that 
component. 

The system is represented by the fault tree in this study, 
with all of its constituents serving as inputs to signal the 
probability of power failure. 

It is commonly known that the fault tree approach may be 
used to successfully simulate the likelihood that a system 
will fail based on the likelihood that individual components 
would fail. Through fault tree analysis, it is possible to 
pinpoint the root cause of a breakdown and determine how 
reliable a system is. The fault tree enables one to ascertain 
the operational relationships between various components 
under various operating modes and to create analytical 
expressions for failure probability. 

 

Fig. 1. Map of Sliven region in Bulgaria including buffer area of 50 km – 

Latitude: 42.69°N, Longitude: 26.33°E, Elevation: 271m. 

Wind and solar energy are available in many places of 
Bulgaria, particularly the south-west region. Gospodinova et 
al demonstrate in their study, using a variety of modelling 
studies, that the location of Sliven is extremely advantageous 
for the use of wind generators in the generation of electrical 
energy [11]. The Sliven area, located in southeastern region 
in Bulgaria was chosen to showcase the developed approach 
since the facts therein are sufficient, Fig. 1. Weather data is 
an important input for the feasibility evaluation of a 
renewable hybrid energy system. The wind energy resources 
statistics come from a database for the Bulgarian city of 
Sliven [12, 13]. 

According to [12] the presented yearly bar-chart clearly 
demonstrates a consistent trend of increasing wind speed 
throughout time, Fig. 2. 
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Fig. 2. Wind parameters for the Sliven area in Bulgaria: a) wind speed 

variability annual barchar; b) mean index value as a function of the 

percentage of windiest area [2]. 

The goal of this work is to create a methodology for 
performing a reliability analysis of an off-grid wind-diesel 
hybrid power system while accounting for the stochastic 
nature of wind speed. The article considers the failure 
sequence of the components that comprise the overall hybrid 
generating system. The architecture of the investigated 
system includes two generating power sources: a diesel 
generator and a wind turbine, as illustrated in Fig. 3. The use 
of batteries in the power system is required to smooth out 
any fluctuations in wind turbine power due to the 
unpredictable nature of wind speed. 

It is well known that lithium technology has the best 
mass-energy density ratio. According to various literary 
sources, the following drawbacks of utilizing lithium-ion 
batteries exist: loss of capacity at high temperatures; loss of 
capacity during charging; need for a voltage and current 
protection scheme; high probability of electrolyte leaking in 
case of battery integrity violation [14–17]. It is obvious that 
all of these circumstances can result in battery failure. 
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Fig. 3. Structure scheme of off-grid wind-diesel hybrid power system: W - 

wind generator; G- diesel generator; I - system invertor, B - battery, Pn - 

electric power to electric load;  X, Y и Z - curcit breakers. 

II. METHODOLOGY 

To study the complicated system, the failure tree 
approach was utilized, which allows for the differentiation of 
short-term and long-term failures. A fault tree is an acyclic 
directed graph that contains nodes of two types: events and 
logical symbols. An event is a phenomena that occurs inside 
the system, most commonly a failure of a single component 
of a subsystem. To describe the propagation of faults in the 
system under consideration, logical symbols are utilized. One 
output and one or more inputs are provided in every logic 
symbol. 

There are several approaches for predicting reliability, 
but fault tree analysis gives a diagrammatic depiction of 
system dependability. As failure tree analysis gives a static 
representation of the combinations of failures and 
consequences that might lead to the occurrence of the 
defined critical failure, the purpose is to determine the 
probability of an event of the stated critical failure. 

It should be noted that the fault tree is not a 
representation of all conceivable system defects or causes of 
system failure. This method is appropriate for analysing a 
major event, and the fault tree only includes defects that 
contribute to the major event. It's also important to remember 
that a fault tree isn't a quantitative model [3]. 

The failure tree method considers simple and complex 
events that lead to the failure of a wind-diesel power plant, 
such as: the failure of one element during the emergency 
repair of another or the failure of one element during the 
emergency repair of another, as well as the event of a 
switching device malfunction. 

The suggested method takes into account the wind 
conditions that have an impact on the plant operates. The 
sign denotes faults due to wind conditions (V). 

The wind conditions influencing on the operation of off-
grid systems with wind power generation must be included 
in the reliability analysis. When the fault tree for the Wind-
Diesel power system is created, the rated wind speed is: 

 𝜈𝑚𝑖𝑛 < 𝜈 < 𝜈𝑚𝑎𝑥 , 

When a wind power plant supplies electricity that ranges 
from zero to nominal, and when the installation is not 
producing energy, the wind speed is unrated [8]: 

 𝜈𝑚𝑎𝑥 ≤ 𝜈;     𝜈 ≤ 𝜈𝑚𝑖𝑛 . 

The fault tree clearly depicts all of the relationships 
required to produce the top eventр Fig. 4. It is also a physical 
record of the methodical examination of the logic and 
fundamental factors that led to the top outcome. The fault 
tree gives a structure for evaluating the top even qualitatively 
and quantitatively. 

The wind-diesel hybrid power system operates under a 
variety of meteorological situations. As a result, the 
modelling of meteorological conditions is done by separating 
trees into multiple distinct fragments. 
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Fig. 4. Fault tree of complex hybrid wind-disel energy system.  

The propagation of failures in the system is represented 
by logical symbols in the fault tree. Each logic symbol 
contains one or more outputs as well as one input. The 
following logical symbols are used [18]: 

 

The "AND" element indicates that an 
output event happens if all input events occur 
at the same time. 

 

The "OR" element indicates that the 
output event occurs if any of the input events 
occurs. 

 

The input event causes the output to 
occur, but only if another single event called 
as a conditional has occurred (for example, a 
change in wind speed) 

 

A basic event that occurs at random 

 

An intermediate event caused by one or 
more base events 

Starting from a lower level, logical functions (LF) are 
formed by executing logical operations addition ("OR") and 
multiplication ("AND") on the symbols of the main 
elementary events and states. As a result, the final event's 
logical functions will be provided in perfect disjunctive 
form: 

LF = 𝑦𝑖 + (𝑦𝑘 ∗ 𝑥𝐹𝐴𝐼𝐿𝑈𝑅𝐸 𝐾) + (𝑦𝑖 ∗ �̃�𝑗) + (𝑦𝑗 ∗ �̃�𝑖) +

(𝑦𝑖 ∗ �̃�𝑗 ∗ 𝑥𝐹𝐴𝐼𝐿𝑈𝑅𝐸 𝐾), 

where: yi, yj, yk – are elementary events (failures of elements 
i, j, k); x FAILURE K – events that cause switching apparatus, 
relay protection devices, and automation for the relevant 
element to fail; k; �̃�𝑖 , �̃�𝑗- the state of the elements during an 

emergency repair. 

In the event of a long-term failure, the failure function of 
the entire power plant takes the following form: 

 𝐹long−term outage = 𝑊𝐺 𝑍𝐹𝐴𝐼𝐿𝑈𝑅𝐸 + 𝐺𝑊 𝑍𝐹𝐴𝐼𝐿𝑈𝑅𝐸 +

𝑋𝐺 𝑍𝐹𝐴𝐼𝐿𝑈𝑅𝐸 + 𝑌𝑊 𝑍𝐹𝐴𝐼𝐿𝑈𝑅𝐸 +𝑊(𝐴𝐵 + 𝐼�)𝑌𝐹𝐴𝐼𝐿𝑈𝑅𝐸 ; 

 𝐹short−term outage = 𝑋 + 𝑌 + 𝑍 +𝑊𝑋𝐹𝐴𝐼𝐿𝑈𝑅𝐸 +
𝐺𝑌𝑓𝐴𝐼𝐿𝑈𝑅𝐸 + 𝐼𝑍𝐹𝐼𝐿𝑈𝑅𝐸 ; 

 𝐹𝑠𝑦𝑠𝑡𝑒𝑚 = (𝐺 + 𝑌)𝑉𝑍𝐹𝐴𝐼𝐿𝑈𝑅𝐸 , 

where G, W, AB, I are the plant's elements; 𝐺 ,𝑊 , 𝐴𝐵 , 𝐼� – 
signifies that the relevant components are in a state of 
immediate repair; X, Y, Z – switch failure; X FAILURE, Y FAILURE, 
Z FAILURE – failure of the system switches when an operation 
request occurs; V – failure of wind turbines owing to severe 
wind conditions. 

It’s well known, operation of wind turbines depends 
significantly on wind speed. The time when the turbine 
cannot operate due to extremely high or extremely low 
values of wind speed (cut-out wind speed) must be known 
and estimated in order to make the most efficient use of the 
wind generator. Additionally, the likelihood of these 
occurrences as well as their potential frequency need to be 
evaluated. The ability to assess the financial losses incurred 
during the operation of a wind generator or a wind generator 
park depends in large part on all of these facts.  

For the vicinity of Sliven, Bulgaria, the following wind 
information is used [12]: 

 Cut-out wind speed probability distribution value 
taken from [13] is: 𝑞 = 0.05; 

 Period of the year with cut-out wind speeds is 
calculated, taking into account the data presented in 
Meteoblue : 𝑇0 = 0.61; 

 For the Sliven region in 2021, 142 days with design 
wind speed were recorded, according to Meteoblue 
[2]. Time of year with rated wind speed, i.e. when 
power production no longer varies with wind speed: 
𝑇𝑁 = 0.39; 

 The following mathematical expression is used to 
calculate the frequency of occurrence of cut-out wind 
speed: 

 𝜆𝑉 =
1

𝑇0
= 1.639 [1/𝑦𝑒𝑎𝑟]; 

 The following statement can simply compute the 
intensity of restoration to the rated wind speed, i.e. 
cut-in wind speed: 

 𝜇𝑉 =
1

𝑇𝑁
= 2.564 [1/𝑦𝑒𝑎𝑟]. 

According to Gindev [3] the following formula 
determines the wind turbine cut-off time factor due to bad 
weather conditions for the investigated year 2021:  

 𝑞𝑉 =
𝜆𝑉

𝜆𝑉+𝜇𝑉
[1 − 𝑒−(𝜆𝑉+𝜇𝑉)𝑡],  

 𝑞𝑉 = 0.384.  

The following equation describes the likelihood 𝑞𝑉
∗ ,  that 

the wind turbine may malfunction due to weather conditions: 

 𝑞𝑉
∗ = 𝑞𝑉𝑞 = 0.0192;  



TABLE I.  THE INDICATOR VALUES FOR RELYABILITY OF WIND-
DIESEL HYBRID POWER SYSYTEM COMPONENTS  [20] 
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Component 

Indicator value 

System 

element's 

failure rate  

λ(y), year-1
 

Actual time to 

restore the 

system element's 

functionality 

𝛕(�̃�), 𝐲𝐞𝐚𝐫 

The system 

element's 

state 

probability 

𝐪(�̃�) 

W 
Wind turbine, 

225 kW 
1.1 (3.28).10-3 (3.61).10-3 

DG 
Disel 
generator 

(2±0.5).10-2 (1±0.5).10-2 (2±0.5).10-4 

I Invertor (5±4).10-2 (2±1).10-4 1.10-5 

AB Battery (2±1).10-3 (1±0,5).10-3 2.10-5 

X, Y, Z Switches (1±0.5).10-3 (2±1).10-4 2.10-7 

TABLE II.  CONDITIONAL PROBABILITY OF FAILURE OF 

SWITCHES 

Designation Component Failure 

Switch conditional 

probability of failure  

Q FAILURE K 

X, Y, Z Switches 

Interruption due 

to short circuit  

At switch on 

(5±2).10-4  

(1±0.5).10-2 

 

According to the methodology presented in [19], a 
number of calculations of various reliability indicators were 
carried out, which are as follows: 

 Long-term failure rate of a wind-diesel generator 
hybrid power plant: 

 Λlong−term outage = 3.1. 10
−7𝑦𝑒𝑎𝑟−1 ;  

 Short-term failure rate of a wind-diesel generator 
hybrid power plant 

 Λshort−term outage = 3.59. 10
−3𝑦𝑒𝑎𝑟−1 ;  

 failure rate of a wind-diesel generator hybrid power 
plant due to deteriorating wind conditions: 

 Λ𝑉 = 3.14. 10
−5 𝑦𝑒𝑎𝑟−1 ;  

 relative duration of long-term failure of wind-diesel 
generator power system: 

 𝑞long−term outage = 1.49. 10
−9;  

 relative duration of short-term failure of wind-diesel 
generator  power system: 

 𝑞short−term outage = 2.51. 10
−6;  

 Wind turbine failure duration due to deteriorating 
wind conditions: 

 𝑞𝑉 = 5.7. 10
−9.  

The total failure rate of wind-diesel generator power 
system is calculated by next expression: 

 Λ(W − DG) = Λlong−term outage + Λshort−term outage +
Λ𝑉 =  3.622. 10

−3.  

The total relative duration of failures of wind-diesel 
generator  power system is: 

 𝑞(W − DG) = 𝑞long−term outage + 𝑞short−term outage + 𝑞𝑉 =
2.517. 10−6.  

III. CONCLUSIONS 

The proposed logic-probabilistic method based on a 
failure tree for the reliability study of a two-generation 
hybrid system allows for the consideration of wind-diesel 
generator system operation characteristics as well as 
meteorological conditions. 

The suggested approach for a wind-diesel generator 
hybrid power system has the advantage of taking into 
consideration complex events such as: failure of one of the 
elements during emergency repair of the other element; and 
refusal to activate the switching devices. 

The failure rate (Λ) and relative failure duration (q) 
indicators are used to assess the reliability of the hybrid 
wind-diesel generator power system (q). These indicators can 
be used successfully to select the best structure for a wind 
generator-diesel generator system. 

The calculated values for the reliability indicators reveal 
that the modeled system, which consists of two wind 
generators with a rated power of 225 kW and a diesel unit, 
has reached its sustainability limit. Despite the good wind 
speed conditions, the proposed and investigated hybrid 
power system is not suited for the location of Sliven, 
Bulgaria. To improve system reliability, a hybrid power 
system should be searched for in the future. It would be 
better to look into a power supply system with a solar panel 
together with wind generator with sufficient power, as a 
source of renewable energy in the future. 

ACKNOWLEDGMENT 

The author would like to thank the Research and 
Development Sector at the Technical University of Sofia for 
the financial support. 

REFERENCES 

[1] Xue Lei, ‘Static and dynamic fault tree analysis with application to 
hybrid vehicle systems and supply chains’, Iowa State University, 
2017. 

[2] H. Tanaka, L. T. Fan, F. S. Lai, and K. Toguchi, ‘Fault-tree analysis 
by fuzzy probability’, IEEE Trans Reliab, vol. R-32, no. 5, pp. 453–
457, 1983, doi: 10.1109/TR.1983.5221727. 

[3] N. H. Roberts and D. F. Haasl, ‘Basic concepts of system analysis’, in 
Fault Tree Handbook, 1981, p. I.1-I.9. [Online]. Available: 
https://www.nrc.gov/docs/ML1007/ML100780465.pdf 

[4] V. Khare, S. Nema, and P. Baredar, ‘Reliability analysis of hybrid 
renewable energy system by fault tree analysis’:, 
https://doi.org/10.1177/0958305X18802765, vol. 30, no. 3, pp. 542–
555, Oct. 2018, doi: 10.1177/0958305X18802765. 

[5] Z. Tian and A. A. Seifi, ‘Reliability analysis of hybrid energy 
system’, http://dx.doi.org/10.1142/S0218539314500119, vol. 21, no. 
3, Jun. 2014, doi: 10.1142/S0218539314500119. 

[6] F. Chiacchio, F. Famoso, D. D’Urso, S. Brusca, J. I. Aizpurua, and L. 
Cedola, ‘Dynamic Performance Evaluation of Photovoltaic Power 
Plant by Stochastic Hybrid Fault Tree Automaton Model’, Energies 
2018, Vol. 11, Page 306, vol. 11, no. 2, p. 306, Jan. 2018, doi: 
10.3390/EN11020306. 

[7] S. Kabir, ‘An overview of fault tree analysis and its application in 
model based dependability analysis’, Expert Syst Appl, vol. 77, pp. 
114–135, 2017, doi: 10.1016/j.eswa.2017.01.058. 



[8] V. Tremyasov, A. Bobrov, and T. Krivenko, ‘Fault Tree logical-
Probabilistic Method of Wind-Diesel Complex Reliability Analysis’, 
in Proceedings - 2018 International Ural Conference on Green 
Energy, UralCon 2018, Nov. 2018, pp. 39–44. doi: 
10.1109/URALCON.2018.8544311. 

[9] T. Adefarati and R. C. Bansal, ‘The Impacts of PV-Wind-Diesel-
Electric Storage Hybrid System on the Reliability of a Power 
System’, Energy Procedia, vol. 105, pp. 616–621, May 2017, doi: 
10.1016/J.EGYPRO.2017.03.364. 

[10] G. R. Titova, M. I. Malsagov, and A. R. Elbazurov, ‘Determination of 
the Reliability of Power Supply Systems in High-Altitude Areas from 
Hybrid Power Sources Using a Logical-Probabilistic Method Based 
on a Dynamic Failure Tree’, in 2021 International Ural Conference on 
Electrical Power Engineering (UralCon), Oct. 2021, pp. 502–507. doi: 
10.1109/URALCON52005.2021.9559504. 

[11] D. Gospodinova, K. Milanov, and P. Dineff, ‘Route map for 
renewable energy sources implementation for household in Bulgaria’, 
in IOP Conference Series: Materials Science and Engineering, Jun. 
2020, vol. 878, no. 1, p. 012016. doi: 10.1088/1757-
899X/878/1/012016. 

[12]  ‘Global Wind Atlas’. https://globalwindatlas.info/ (accessed Aug. 30, 
2022). 

[13] Meteoblue, ‘Weather Archive Sliven -’. 
https://www.meteoblue.com/bg/%D0%B2%D1%80%D0%B5%D0%
BC%D0%B5%D1%82%D0%BE/historyclimate/weatherarchive/%D0
%A1%D0%BB%D0%B8%D0%B2%D0%B5%D0%BD_%D0%91%
D1%8A%D0%BB%D0%B3%D0%B0%D1%80%D0%B8%D1%8F_
727079?fcstlength=1m&year=2021&month=9 (accessed Sep. 04, 
2022). 

[14] A. Jaiswal, ‘Lithium-ion battery based renewable energy solution for 
off-grid electricity: A techno-economic analysis’, Renewable and 
Sustainable Energy Reviews, vol. 72, pp. 922–934, May 2017, doi: 
10.1016/J.RSER.2017.01.049. 

[15] [15] G. Zubi, R. Dufo-López, M. Carvalho, and G. Pasaoglu, ‘The 
lithium-ion battery: State of the art and future perspectives’, 
Renewable and Sustainable Energy Reviews, vol. 89, pp. 292–308, 
Jun. 2018, doi: 10.1016/J.RSER.2018.03.002. 

[16] M. S. Guney and Y. Tepe, ‘Classification and assessment of energy 
storage systems’, Renewable and Sustainable Energy Reviews, vol. 
75, pp. 1187–1197, Aug. 2017, doi: 10.1016/J.RSER.2016.11.102. 

[17] A. B. Gallo, J. R. Simões-Moreira, H. K. M. Costa, M. M. Santos, 
and E. Moutinho dos Santos, ‘Energy storage in the energy transition 
context: A technology review’, Renewable and Sustainable Energy 
Reviews, vol. 65, pp. 800–822, Nov. 2016, doi: 
10.1016/J.RSER.2016.07.028. 

[18] J. Lewins, ‘Safety and Reliability’, in Nuclear Reactor Kinetics and 
Control, Pergamon, 1978, pp. 178–199. doi: 10.1016/B978-0-08-
021682-9.50014-2. 

[19] E. Gindev, ‘Part 1. Basics of applied reliability’, in An Introduction of 
engineering reliability., Sofia: Academic press ‘Prof. Marin Drinov’, 
2000, (in bulgarian). 

[20] E. Vassileva, ‘Improving the efficiency of decentralized power 
producers’, PhD thesis, Technical University of Sofia, Sliven, 2018, 
(in bulgarian). 

 

 


