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ARTICLE INFO  ABSTRACT 
 

 

The electric power sector restructuring associated with the technological developments in the 
scope of automation, information and data analysis has led the agents involved to search solutions 
that contribute to the asset operation, maintenance and planning. In this sense, the present work, 
resulting of ANEEL R&D project PD-07469-0002 / 2018, proposed the development of an Expert 
System (ES) for the maintenance management of a hydraulic power plant, considering reliability 
analysis and financial impact models. In this way, the ES was based on the concept of Markovian 
networks for the calculation of equipment operating probabilities, on the series-parallel method 
for modeling the equipment and on obtaining reliability curves with Weibull distribution for 
modeling the risks of each equipment. 
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INTRODUCTION 
 
The restructuring of the electric sector associated with 
technological evolution in the scope of automation, 
information and data analysis has raised the agents involved 
(Pereira, 2008), (Assis et al, 2019) to seek solutions that 
contribute to the operation activities, maintenance and 
planning of your assets, since their management has a direct 
impact on reliability and financial balance. In this context, the 
impact on reliability is due to the increased risk of equipment 
failing when operating under wear conditions resulting in 
service unavailability (Lafraia, 2001), (Silva Neto and 
Cugnasca, 2013). In turn, the financial impact is due to the cost 
of carrying out maintenance on the equipment, its replacement, 
the effects of stopping production and other damages that may 
eventually be caused by equipment failure. In order to resolve 
these impacts, the proposal of policies and models applied to  

 

asset management has sought to balance risks and gains in the 
maintenance of equipment (Kaiser and Gebraeel, 2009), (Fan 
et al, 2011), (Ahmad and Kamaruddin, 2012), (Aven and 
Jensen, 2013), (Walter and Flapper, 2017). Thus, in order to 
contribute to the evolution of policies and models applied to 
asset management, the present work proposed the development 
of an Expert System for the management of the maintenance of 
a hydraulic generation plant considering reliability and impact 
analysis financial models. Therefore, the Expert System was 
based on the concept of Markovian networks for the 
calculation of equipment operating probabilities, on the series-
parallel method for modeling the equipment and on obtaining 
reliability curves with Weibull distribution for modeling the 
risks of each equipment.  
 

PROPOSED METHODOLOGY 
 

The methodologies considered in the development of the 
proposed Expert System are presented below. 
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Equipment and Risk Modeling: For the modeling of 
equipment operating probabilities and associated risks, an 
approach using Markovian networks was used (Brown, 2017). 
In this sense, the modeling of the equipment that makes up the 
hydraulic generation plant was carried out using the series- 
parallel method, while the risk modeling was based on 
obtaining reliability curves with Weibull distribution for each 
equipment. The input data for the modeling of equipment and 
risks were obtained from the history of occurrences and 
maintenance of the hydraulic generation plant, in addition to 
data found in the literature for similar equipment. This 
complementation of data is important since to guarantee the 
correct regression (low p-value) for the Weibull distribution, 
about 30 points / observations are required, which is not 
always feasible. Thus, it is possible to estimate the reliability 
curve in a conceptual way, either by interpolating the available 
data, or by knowing the machine's operation. Therefore, 
information is required on the time elapsed between stops, 
whether the stop was preventive or corrective, in addition to 
the characterization of the equipment and its type. Thus, 
following the basis of the Markov model (Brown, 2017), it is 
important to know the operating time and the stopping time, it 
is not necessary to know the stopping times, but rather their 
durations. Table 1 illustrates the proposed input data for the 
Markov method. 
 

Table 1. Input data for equipment and risk modeling 
 

Variable Description 

ID Event identification 
Equipment Equipment identification 
Description Equipment Description (e.g. motor) 
Operating hours (h) Time between failure (h) 
Failure time (h) Failure time (h) 
Cause Failure (F) or Maintenance (M) 
Manual Information Information included manually 

 

With the information presented in Table 1, it is possible to 
calculate the reliability curve by equipment or type of 
equipment, which will be used in system modeling and 
reliability simulation. Additionally, beta and lambda values 
are necessary factors for the description of the Weibull curve 
(Assis et al, 2019). As an example, for a motor pump with the 
characteristics shown in Table 2, it is possible to observe the 
curve of the failure rate (hazard function) in the time 
illustrated in Figure 1. 
 

Table 2. Weibull distribution curve parameter 
 

Parâmetros - Weibull 

Beta 0.95 
Lambda 0.00033 
Average(m) 4,679.24 
Variance(σ²) 4,693,761.25 
Standard Deviation 2,166.51 

 

 
 

Figure 1. Time (h) failure rate curve (hazard function) 

Series-Parallel Equipment Modeling: Although not 
exclusive to the Markov model, the modeling of series-parallel 
equipment is fundamental for a complete understanding of the 
reliability model. Sometimes, what matters in the productive 
environment is the productive flow, which can be dependent or 
independent of the functioning of a certain equipment. In the 
electrical sector, it is common to use expressions such as “N-
1” to indicate the operating characteristic of a system, pointing 
out that, if a certain equipment stops working correctly, it can 
be replaced by another one, so the system can be left with “N-
1” equipment and continue to operate. From a practical point 
of view, other conditions are important, namely: if the 
equipment is in hot or cold reserve, if it is a “spare part”, if it is 
connected or disconnected, etc. These issues can influence the 
system repair time, which in the case of hot, connected and 
running reserve may have resulted in zero system repair time, 
although the equipment repair time can be long, taking days, 
such as replacement of a power transformer when there is no 
spare in place. Despite the complexities that the system can 
achieve, in practice, mathematical and conceptual modeling is 
performed systemically with series-parallel equipment, as 
shown in Figure 2. 
 

 
 

Figure 2. Parallel (a) and series (b) system, considering 
equipment (λ1 e λ2), parallel λp and series λs failure rates, 

respectively 
 

From a conceptual point of view, in the system in parallel, 
considering that both equipment 1 and 2 are sufficient to meet 
the functioning of the entire system and that the failure rates of 
equipment 1 and 2 are independent, the system failure will 
happen if both the equipment is in a state of failure, mutually. 
In the series system, if one of the equipment goes into a fault 
state, the whole system will be in failure. Mathematically, the 
system can be modeled in parallel using the Markov model 
(Brown, 2017). 
 
Time Simulation of Maintenance Policies: In general, time 
simulation requires knowledge of the equipment's reliability 
behaviour over time. This modeling is precisely obtained 
through the reliability curves adjusted by the Weibull statistic. 
At this point, it should be noted that the time step chosen for 
the present work is one hour. The necessary parameters for this 
simulation are: 
 
 Reliability curve description; 
 Time since the last stop; 
 Corrective repair time; 
 Preventive repair time; 
 Time between preventive maintenance. 

 
At each step in the time scale, the cumulative reliability of 
each of the elements is calculated, as well as the cumulative 
reliability of the system, as shown in Figure 3. In addition, 
Monte Carlo draws are carried out, comparing the random 
numbers drawn with the equipment reliability value. 
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If the number drawn is greater in one of the cases, a fault 
situation in the system is characterized, beginning the 
corrective maintenance period. It should be noted that the 
simulation considers the periodicity and time interval for 
preventive maintenance, according to the history of registered 
data. Thus, at the end of the simulation, the cumulative 
availability of the system is obtained as one of the results, 
defined by the relationship between the total hours that the 
system worked normally and the total hours chosen for 
simulation. In addition, the hourly condition of each of the 
simulated blocks serves as an input for calculating 
maintenance and operating costs. 
 
Cost Calculation Methodology: After the established time 
simulation of maintenance policies, that is, knowledge of the 
equipment over time reliability of behaviour, are considered 
the following operating and maintenance costs: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Preventive maintenance costs (equipment); 
 Corrective maintenance costs (equipment); 
 Operation costs; 
 Production costs. 

 
Therefore, from the consideration of different scenarios and 
different maintenance costs (preventive or corrective), the 
influence of the increase or decrease in maintenance actions on 
the reliability of the system's operation is verified. It should be 
noted that for the proposed system, the operation cost was 
characterized by the cost inherent to the plant's operation, so 
this value is null during the preventive or corrective 
maintenance periods. The production cost is fundamental for 
the simulation of the best moments to stop the system. In the 
present work, the assured energy of the plant, auction price, as 
well as the expected generation in each month were considered 
as input data. Table 3 illustrates an example of input data for 

 
 

Figure 3. Maintenance policies time simulation 

 

 
 

Figure 4. Hourly generation curve example 
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costing. Additionally, the system considers the hourly 
generation curve to perform the cost calculation. Figure 4 
illustrates an example of an hourly generation curve. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

As a result, for each simulated scenario, the module provides 
the values of the costs considered, as well as the amount of 
money accumulated during the simulation period. From the 
hourly simulation, it is possible to predict which are the most 
suitable months for stopping, as well as the hours available for 
stopping, which is more advantageous not dispatching the  
 

machine than dispatching (from the difference between spot 
and contracted prices). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Proposed Architecture: For the development of the proposed 
Expert System, the ER model (entity-relationship model) was 
used, which is a conceptual model used in software 
engineering to represent the structure of the application 
database. 
 
 

Table 3. Input data example for cost calculation 
 

Data for cost calculation 

Date POWER 
(MW) 

ENERGY 
(MWH) 

ASSURED 
(MWH) 

Price 
(R$/MW) 

1-Jan 61.0 44,032 42,706 195 
1-Feb 61.0 36,985 35,871 195 
1-Mar 61.0 37,741 36,605 195 
1- Apr 61.0 27,393 26,568 195 
1-May 61.0 25,161 24,403 195 
1-Jun 61.0 21,306 20,664 195 
1-Jul 61.0 20,967 21,353 195 

1-Aug 61.0 20,967 21,353 195 
1-Sep 61.0 23,190 23,616 195 
1-Oct 61.0 31,409 30,463 195 
1-Nov 61.0 36,534 35,424 195 
1-Dec 61.0 40,886 39,655 195 
Year Submarket    
2018 SE    

 

Table 4. Maintenance Politics Parameters - Base Case 
 

 Intake Turbine Generator Trafo Voltage R. 

U1 U2 U1 U2 U1 U2 U1 U2 U1 U2 
TM(h) 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 
TP(h) 30 30 30 30 30 30 30 30 30 30 
TC(h) 10 10 10 10 10 10 10 10 10 10 
Cp(R$/h) 100 80 100 80 100 80 100 80 100 80 
Cc(R$/h) 300 200 300 200 300 200 300 200 300 200 
Co(R$/h) 50 40 50 40 50 40 50 40 50 40 
 Bay Rectifier Battery Bay    

U1 U2 1 2 1 2    
TM(h) 1500 1500 1500 1500 1500 1500 1500    
TP(h) 30 30 30 30 30 30 30    
TC(h) 10 10 10 10 10 10 10    
Cp(R$/h) 100 80 100 80 100 80 100    
Cc(R$/h) 300 200 300 200 300 200 300    
Co(R$/h) 50 40 50 40 50 40 50    

 
Table 5. Simulation Results - Base Case 

 

 
 

Table 6. Simulation results 

 

Case Energy 
(MWh) 

Preventive 
Stop (h) 

Corrective 
Stop (h) 

Results 
(103R$) 

Reliability 
Plant 

TM=1500 352,532.79 1,639 90 105,844.66 93.18 
TM=800 345,905.89 3,379 90 104,041.14 86.88 
TM=5000 352,733.15 904 308 105,667.05 97.50 
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In general, the ER is composed of several tables (entities) 
interconnected with each other, each table having a specific set 
of data. Likewise, the calculations to be performed by the 
system generate results that can also return values (fill in) for 
several tables. Based on the methodologies presented above, 
and using the MER model for its development, the system was 
characterized by the architecture illustrated in Figure 5. 

 

TESTS E RESULTS 
 
Software Information Register: As described in the previous 
items, the system developed allows simulating maintenance 
policies that provide the results of the availability values of 
each component of the generating units and of the plant as a 
whole, in addition to the economic value of each policy. 
Through the simulation of different policies, it is possible to 
carry out a comparative analysis in order to optimize the 
practices already adopted or to be adopted by the company. 
Therefore, initially the user must register scenarios that will be 
considered in the simulations, taking into account the 
following criteria: 
 

 Year of generation: represents the base year for the 
study; 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Submarket: represents the submarket where the 
generation is located, if the user chooses to use the 
PLD (spot price); 

 Generated energy: If this option is chosen, the 
program will consider the hourly measurements 
entered by the user. If not, the program approximates 
the market data; 

 Month price: If this option is chosen, the energy price 
value informed by the user is used. If not, the PLD is 
used, considering the year and submarket chosen 
previously; 

 Increases capacity: If this option is chosen, the 
program considers that, in case of failure of one of the 
units, the other manages to generate all the expected 
energy. 

 

Figure 6 illustrates the system screen used to register 
scenarios. The next step is to register the plant configuration to 
be used in the simulations. The system allows the registration 
of multiple configurations.  
 

The registration of the plant configuration is done through the 
following steps: 
 

 Registration of each equipment (element) that will be 
considered in the simulation; 

 
 

Figure 5. Proposed Architecture 

 

 
 

Figure 6. Scenario register (in portuguese) 
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 Association of each element with its respective 
generating unit; 

 Connection between the elements to generate the 
plant's series-parallel model. 

 
Finally, a simulation study must be registered which, in 
addition to applying a previously registered scenario and 
configuration (Figure 7), also uses specific parameters related 
to the maintenance policy and information for modeling the 
reliability curves of the elements (Weibull). Regarding 
maintenance policies, the software allows to register, for each 
element, the times between preventive maintenance, in 
addition to the costs related to preventive, corrective 
maintenance and operating costs, as shown in Figure 8. 
Regarding the modeling of the reliability curves of each 
equipment, the following information is needed (Figure 9): 
 

 Preventive maintenance time (h); 
 Corrective maintenance time (h); 
 Time since the last maintenance (h); 
 Lambda e Beta (curve model parameters). 

 

SIMULATION RESULTS 
 

Initially, it sought to establish a base case for simulation. Then, 
variations of parameters were proposed to obtain other 
maintenance policies in order to compare them. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Base Case: In relation to the base case, for the calculation of 
the energy price, the PLD with base year 2018 and the 
Southeastern submarket was used. The energy generated was 
approximated with market data and the option to increase 
capacity was not used. As shown in Figure 10, for the initial 
simulations, a configuration with two units and 9 elements in 
series-parallel was considered for the plant. Regarding the 
specific parameters of the maintenance policy for each 
element, for the base case, the values shown in Table 4 were 
adopted. 
 

where: 
 

 TM: Preventive Maintenance Interval; 
 TP: Preventive Maintenance Time Duration (h); 
 TC: Preventive Maintenance Time (h); 
 Cp: Preventive Maintenance Cost (R$/h); 
 Cc: Corrective Maintenance Cost (R$/h); 
 Co: Operation Cost (R$/h). 

 
Table 5 presents the results of the simulation for the base case. 
According to Table 5, for each month, the results of energy 
generated and price, number and cost of preventive and 
corrective stoppages, operation cost, in addition to the result 
consisting of the value obtained from power generation, are 
subtracted the preventive, corrective maintenance and 
operating cost.  

 
 

Figure 7. Scenario and configuration selected for the study (in Portuguese) 

 

 
 

Figure 8. Registration of information specific to the maintenance policy (in Portuguese) 
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The annual calculation is recorded in the last line of the table. 
For the base case, preventive maintenance totalled 1,639 
hours. Failures that resulted in corrective stops of the units 
totalled 90 hours in the year. Due to the random nature of the 
application of faults in the plant's equipment, the results 
obtained for the same maintenance policy may vary in each 
simulation. In this way, the developed system allows the user 
to choose the number of simulations to be performed and 
provides an aggregated result of the cases. 
 
Sensitivity Analysis: For comparison of different maintenance 
policies, in addition to the base case with time between 
maintenance of 1500 hours, cases with time between 
maintenance of 800 and 5000 hours were considered.  Each 
policy was simulated 10 times and the aggregated results are 
shown in Table 6. Regarding the base case, it was observed 
that the case with a time between maintenance of 800 hours 
generated worse financial results for the company due to the 
significant increase in the number of preventive stops, 
decreasing the plant's availability.  
 
The case with a maintenance time of 5000 hours, when 
compared to the base case, reduced the time for preventive 
stops, but increased the number of stops due to plant failure. 
The Financial result, in relation to the base case, was very 
close, with a small advantage for the case with longer time 
between maintenance. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Conclusions 
 
In order to contribute to the evolution of policies and models 
applied to asset management, the present work presented the 
stages of development of an Expert System for the 
maintenance management of a hydraulic generation plant, 
considering reliability analysis and impact financial models. 
For this purpose, the concept of Markovian networks was 
considered for the calculation of equipment operating 
probabilities, the series-parallel method for modeling the 
equipment and obtaining reliability curves with Weibull 
distribution for modeling the risks of each equipment. In order 
to validate the proposed system, initial simulations were 
considered from a hydraulic plant with two units and 9 
elements in series-parallel. Initially, an attempt was made to 
establish a base case for simulation and then variations of 
parameters were proposed to obtain other maintenance policies 
in order to compare them. The results obtained showed that in 
relation to the base case (1500 hours between maintenance), a 
shorter time between maintenance (800 hours) allowed a 
generated worse financial results, due to the expressive 
increase in the number of preventive stops, decreasing the 
plant's availability.  On the other hand, a longer time between 
maintenance (5000 hours), allowed a reduction in the time for 
preventive stops. In this case, the financial result, in relation to 
the base case, was very close, with little advantage for the case 
with longer time between maintenance. 

 
 

Figure 9. Registration of information for modeling the reliability curves of each element (in Portuguese) 
 

 
 

Figure 10. Series-parallel model considered 
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