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Critical manufacturing systems consist of many different components working together. Each component is important to the operation and performance of the whole system. It is crucial to have a sound maintenance plan to ensure continuous production output. The strategy of current research is to focus on the failure mode modelling of the manufacturing system and divide it according to failure mode in production blocks. The preventive replacement intervals are determined using mean time to failure values of components, with group replacements of components within the production blocks to prevent unexpected functional breakdown failures. With the implementation of Industry 4.0 infrastructure, the mean time to failure values of components are constantly updated. The multi-mode mathematical model developed in this paper is able to adjust the preventive replacement schedule dynamically to suit changing system conditions. The results indicate that preventive replacement of components can achieve consistent minimum system reliability of 90% while minimizing system costs due to maintenance and downtime. Novelty of the approach lies in developing a holistic preventive maintenance schedule using failure mode and effects analysis for a complete system. The approach not only improves maintainability and reliability, lowers the cost of maintenance, but also keeps continuity of production.
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1 INTRODUCTION
Complex engineering systems consist of many different components working together. Each of the components is important to the operation and performance of the whole system. Examples of complex engineering systems include aircraft, power generation plants, medical equipment and production lines. When one of the components in a complex system is removed from service due to maintenance, it may cause the failure of operation of the whole or part of the system. As a result, operators of complex systems try to adopt a minimum risk approach to system reliability at all stages of the system’s lifecycle (Khalaf et al., 2013).
Scheduled maintenance that is carried out on time, periodically, and with a schedule when the system is functioning is referred to as preventive maintenance (PM). Failure of a component in a complex system is costly due to losses in system downtime and the cost of component replacement and urgent repair. Such costs can have a huge impact on the business, thus the need to change the maintenance approach to PM. A good preventive maintenance scheme can help in cutting down the costs incurred in the repair and replacement of components and improving service life of complex systems (Kobbacy & Murthy, 2008).
PM has attracted many researchers who employ a series of approaches to find an optimum PM schedule. However, many results were far from ideal (Cullum et al., 2018). Several factors determine the design of maintenance schedule, including the maintenance manager’s decision, recommendations from manufacturers, and long-term experience (Khalaf et al., 2015). Expected life of components changes due to system aging, wear and tear (Soh et al., 2012). Conceptually, it is necessary to maintain, at all times, accurate system condition information to determine the best component replacement time.
This paper explores the use of failure modes to design PM schedule as a maintenance service strategy for complex engineering systems. A system can be modelled as components, subsystems and parts such that failure on different parts of the system can be determined from expected life of components. Not all failures will cause stoppage of production. By analyzing failure modes that only cause partial system failures, production can be sustained during PM. This holistic approach can be applied to any form of complex systems and at every step of the process, starting from conceptualization to technological upgrades. In the latest Industry 4.0 environment, acquisition of maintenance related data in the sensor-rich system can significantly enhance accuracy of expected life information. Using the failure mode model and corresponding data on component reliability, the PM regime so developed can not only improve system reliability as well as minimise cost of replacement and repairs, but also keeps continuity of system outputs.
This paper is organized as follows. Section 2 provides a focused review of literature relevant to this research. Section 3 is devoted to the description of system reliability. Section 4 focuses on the development of the proposed Preventive Maintenance Scheduling Optimization. To illustrate the proposed FMEA block replacement strategy, a case study is introduced in Section 5. The Propagation of Failure of the production system is investigated in Section 6. Section 7 illustrates the implementation of the proposed approach. In addition to results are discussed. Finally, the last section discusses the conclusions derived from this study.
2 LITERATURE REVIEW
The primary objective for preventive maintenance is to maintain continuity of production outputs. To examine what methodologies can be used in maintenance scheduling and how they are used, this literature review will focus on two areas: (a) preventive maintenance driven by policies, (b) preventive maintenance with focus on ways to fail.
2.1 Preventive Maintenance Policies
Optimization of maintenance can be defined as a method of determining a maintenance plan that is highly effective and efficient, creates a balance between direct maintenance costs and the consequences of missed maintenance activities (Shafiee and Sørensen, 2019). Many researches on preventive maintenance scheduling aimed for minimising the overall costs of the system. According to Pham and Wang (1996), for complex systems such as submarines, aircraft, aerospace systems and manufacturing systems, failure during operation could be costly and disastrous. In the complex systems, Kamel et al. (2020) recommended that a preventive maintenance model be appropriate for improving the effective age and optimizing machines’ cost.
In multi-component maintenance models, optimum maintenance policies are proposed for sets of interdependent components (Gustavsson et al., 2014). Continuous operating systems like production lines are characterized by economic dependence (Das et al., 2007). In economic dependence, the cost of a single shutdown for the multi-component system is often much higher than the cost of replacing the components. Thus, by implementing appropriate maintenance policies, significant savings can be achieved. Proper maintenance scheduling reduces the maintenance cost. However, not all component failures lead to complete system stoppage. The system may still operate in a reduced capacity in some failure situations (Wang, 2011). Hence, scheduled preventive maintenance should plan according to the operation and requirements of systems under failure mode risks.
2.1.1 Scheduling for Continuity
Multiple studies have been conducted to review the various policies of maintaining multi component systems. However, the studies showed that maintenance is usually performed when production is stopped since it is difficult to stop the system when it is in operation. For example, as part of the continuous operation model, Adhikary et al. (2016) presented a method for optimizing maintenance scheduling. It can be applied to a single component in their study with satisfactory results. However, plant shutdown is required for all replacement activities for continuous operating series systems. Moreover, Adhikary et al. (2013) proposed a schedule for preventive maintenance of coal-fired plants. In continuous power generation system, no serial subsystem can be off working at any given time, so a preventative maintenance procedure should be carried out during a corrective maintenance of a failed serial subsystem within the maintenance class. In multi-component systems, Liu et al. (2017) developed a policy for inspection and replacement. To minimize long-run costs, the study aimed to determine the inspection intervals for each component. A component inspection, however, requires that the entire system is shut down. Another study to minimize overall costs, Dahia et al. (2018) designed a preventive maintenance policy to optimize system availability and reduce failure frequencies. This approach determined the number of maintenance reviews and the intervals between reviews of individual components. The authors of this study considered multi-component systems in series, however, in this case, any subsystem that stops causes the entire system to shut down, resulting in massive production losses. By using the analysis of condition monitoring data, Xiao et al. (2020) developed a framework for prognostics and replacement that was used to optimize the replacement decision for a small multi-component system. The system consists of independent and identical critical components. In this system, components cannot be repaired and replacement has to be done as necessary. However, replacement can cause the whole system to be unavailable. For a simple series production line, Wang et al. (2020) proposed two preventive maintenance strategies. According to the first, the machine should be operated at a cost rate under long-term conditions. Another approach based on the production line’s maintenance strategy for single-piece machines. The case study, however, only selected two pieces of processing equipment, and if any of single device fails, the entire system will fail.
For multi-asset system, Petchrompo et al. (2020) developed an approach to model inter-asset performance dependence to solve the problem of maintaining a multi-asset K-out-of-N system. They took into account the possibility of losing production in a partially working system. A prior preference articulation mode was used in their study. Although this study focused on multi asset system rather than multi component system however did not focus on detail consideration of failure mode of each components in the assets. In a multi-component system for example series and parallel, a clear configuration relationship exists among its components. Therefore, each component has a distinct impact on the output of the system. Thus, intervention strategies for maintaining systems with multiple assets are unsuitable for systems with multiple components (Petchrompo and Parlikad, 2019).
2.1.2 Scheduling for Group Maintenance
The group or block replacement models, as well as the opportunistic maintenance models, are standard planning methodologies for multi-component production systems. An opportunity for maintenance is created when components are maintained based on an existing maintenance opportunity for example unexpected system breakdown. For example, Laggoune et al. (2009) addressed multiple components with high production losses and economic dependence through preventive, corrective, and opportunistic maintenance. In the authors’ study, however, the failure of one component will lead to the overall failure of a system comprised of components connected in series. For multiple component redundant systems, Vu et al. (2020) developed an opportunity maintenance approach. It can be used in the maintenance decision-making process to take into consideration a variety of different types of maintenance opportunities. The uses and benefits of the proposed models were illustrated using only six components. However, the authors considered that the system is shut down when a critical component needs to be maintained. Using opportunistic predictive maintenance, Dinh et al. (2022) proposed a multi-level approach for multi-component systems considering structural and economic dependencies. A component failure or preventive maintenance action can cause the system to shut down, as all of the components are connected in hierarchical series.
Group of components is replaced at regular intervals under the block maintenance plan. Time and cost factors are used to determine the interval (Tam et al., 2006). The total cost of all of the maintenance tasks that must be completed at the same time is less than the total of all of the individual tasks that must be completed separately (Huang & Okogbaa, 1996). By taking economic dependencies between multi-component systems into account in order to minimize the expected maintenance cost, Do Van et al. (2013) developed a dynamic grouping maintenance strategy. With a simple example of a five-component system in which each component is to be replaced after a fixed interval, the proposed approaches can be applied to preventive maintenance optimization. The system will, however, be completely shut down during preventive or corrective maintenance activities. For a multi-machine system with multiple components, Mishra et al. (2021) developed a method for integrating production scheduling and group maintenance planning. In this approach to preventive maintenance, the goal is to identify the number of components that can be maintained simultaneously, reducing the total expected maintenance cost. However, since the machine’s components are arranged in a series, a system may stop during scheduled preventive maintenance.
2.1.3 Observation of Preventive Maintenance Scheduling Approaches
Different scheduling approaches have been reported in the literature. These approaches were applied with specific system performance targets. Most approaches were stochastic in nature and did not take into consideration the underlying causes when the system failed. The effect of failures, e.g. severity of the machine faults was regarded as trivial and could be resolved with “normal” maintenance schemes. This assumption was not always applicable when sophisticated engineering systems are involved.
2.2 Failure Analysis
Failure mode and effects analysis (FMEA) is an important method to understand the processes of system failure in detail and identify where and how a system might fail. Emphasising on failure prevention may help minimize the risk of harm to system components as well as the staff working with the system. In addition, possible failure processes and preventively correcting the failure processes rather than wait and react after occurrence of adverse failure events could be evaluated. The method of FMEA has been used in many researches in conjunction with other aspects of sustaining system continuity and operations. This section examines some of the key research topics related to FMEA.
2.2.1 FMEA in Maintenance
Literature review shows that there exists a limited quantity of studies that utilizes the method relating to preventive maintenance. According to Rungsa and Tangjitsitcharoen (2014), FMEA was utilized in the design of a computerized preventive maintenance management system for CNC machines. The availability, quality, and performance rates all rose dramatically after improvement and adoption, leading to a rise in overall equipment effectiveness (OEE). Vilarinho et al. (2017) examined failure mode and effects analysis of a manufacturing plant and developed a heuristic procedure to adjust the actions to be taken in a Computerised Maintenance Management System (CMMS). The study showed that high frequency PM interventions can increase maintenance costs and unnecessary waste of resources. However, one component of production equipment was only considered for replacement. Another approach focusing on failure mode-based preventive maintenance scheduling was proposed by Duan et al. (2018) for a complicated mechanical device. The intention related to the reduction and prevention of the impending failures via optimal preventive scheduling. In their case, the complex mechanical devices are composed of several functional subsystems, each of which contains a number of components. However, system function will be lost if a functional failure mode occurs. Cicek et al. (2010) suggested a risk-assessment technique based on a reliability model for fuel oil system, applying FMEA for preventive maintenance planning evaluation. Yeh and Sun (2011) suggested a method for predicting preventative maintenance time-points using FMEA.
Moreover, using the FMEA method, Puthillath and Sasikumar (2012) focused on selecting appropriate maintenance strategies that assist to decrease downtime and improve performance. In another study by Guo et al. (2016) enhanced the optimization of the preventive maintenance interval through the minimization of the expected long-term cost of operation on the basis of fault MTTF data of aircraft indicators. The major failure modes of two applications of the indicator from two suppliers were identified by the use of the information from the FMEA reports. Based on the FMEA failure analysis method, Piechowski et al. (2018) concentrated on reinforcing the planning and scheduling processes of proactive and preventing activities while employing the FMEA technique to analyse failure. Failure is examined from different viewpoints, considering the impact on production, the effect on operators, and threats to the environment and process safety.
Other recent studies have considered the FMEA method to identify failure types and recommending preventative maintenance of some components of the machine in order to ensure components can operate properly and minimize impact (Islam et al., 2020). Rahmania et al. (2020) performed the failure mode effect analysis (FMEA) approach to reduce potential failure. Resources can then be directed to preventative maintenance of components with more critical multiple failures. The classification technique of the primary centrifugal pump sub-components within RSG-GAS reactor was given by Sudadiyo et al. (2020) utilizing FMEA to allocate the maintenance level criterion. An analysis of failure-mode effects based on real-world operational data is proposed by Palei et al. (2020) as a preventive maintenance strategy. In their study, a cluster of some critical failure components was replaced by reliability centered maintenance at the earliest mean time to failure in their study. Ramere and Laseinde (2021) discussed a method used in the automobile manufacturing industry to prevent unplanned downtime incidents. They used FMEA to predict conditions of each components in the assembly line thereby formulating maintenance schedules that reduced unexpected downtime. When the equipment component or part fails, the equipment stops working. Using a FMEA analysis, Paprocka (2019), developed a tool for maintenance planning and production scheduling. The job shop scheduling problem is addressed using the proposed approach in order to evaluate the accuracy of the prediction methods. According to the study, the model involved only one machine with matching components. This model, however, has a drawback in that a maintenance of one component could lead to the failure of the entire machine and, therefore, stop the production process.
2.2.2 The Role of FMEA in Maintenance
Failure mode and effects analysis (FMEA) is a procedure found to be useful for analysing of potential failures of each components and system reliability. It is generally used during the design phase to analyses possible product failures (Mo & Chan, 2017). The FMEA aims, within a particular period of time, to analyse potential failures, that is, how the system of multi-components might fail and what happens to them when there is a failure in specific a system in order to take actions steps that can eliminate the risks of failures.
The literature review indicates that many researches worked on the preventive maintenance scheduling area for some components, but there is a gap to design PM schedule based on the utilization of the FMEA method, with detail consideration of modes of failure to decide PM activities for all system components as a “complete system”. A whole system is optimised by dividing its components based on different failure modes into FMEA Blocks, and then optimise each FMEA block separately based on preventive replacement interval. Besides, the above researches aimed at minimisation of system costs but failed to consider level of impact of failures to the operations and performance of some partially working systems. Consideration of how the system fails is necessary for complex systems to keep continuity of production outputs during performing maintenance. None of these has been adopted in the previous works.
3 SYSTEM RELIABILITY IN BLOCK
Through the running of the system, reliability can clearly and efficiently reflect the system’s state, moving from one to zero. In this study, complex system reliability is evaluated based on its reliability diagram. The diagram of reliability is drawn as a series of parallel or series-configured blocks. This diagram is necessary to determine the impact of the failure on the system, i.e., can it still operate partially.
Many failure distributions may be used to model the component failure distribution, faults, and the lifecycle stages of components. The exponential survival function MTTF is a useful approach when a system is in a running situation. In this research, the entire system components have distributions of exponential failure under the assumption of changing failure rate at all times. Because of the approach’s tractability, it is common to analyse system reliability using the exponential distribution to model failure. Another good argument in support of the exponential method is the viewpoints of the users (Das, 2008). The exponential model is simple to estimate and apply, and it has been shown in the literature to provide strong approximations to system failure distributions (Diallo et al., 2001; Savsar, 2000; Yazhau et al., 1995). The exponential survival function MTTF is a useful approach when a system is in a running situation.
In reliability analysis, the failure rate is estimated, which can then be used to compute the Mean Time to Failure (MTTF) of each component in the system for clarity in the production system’s reliability calculation.
The function F(t) represents the probability distribution function of a component to fail within a time interval {0, t} (Rausand & Høyland, 2004).
That is,
[image: image]
where T is a stochastic variable that represents the time of component failure.
The instantaneous probability of failure after a time t is given by the failure rate function h(t) and defined as follows:
[image: image]
where [image: image] – describes the density function of the exponential distribution.
When discussing reliability, another essential aspect of a failure probability distribution is the Mean Time to Failure MTTF. This is the time expected to fail. The relationship between reliability and MTTF is defined by:
[image: image]
Therefore, for constant failure rate the reliability of the system is calculated for each component as:
[image: image]
and,
[image: image]
4 PREVENTIVE MAINTENANCE SCHEDULING OPTIMIZATION
In this research, a production system consists of an n number of multiple nonidentical components, and the system will not fail completely if one or more of the components fails. First, knowing the updated MTTF information, the maintenance for a critical component based on shortest [image: image] can be determined. Since the exponential function only has one shape parameter as lambda [image: image] decreases in value, we will use the shortest MTTF as a maintenance decision PM interval, in this case, [image: image]. When the preventive maintenance time of a system component reaches [image: image], the replacement is applied in which there is a chance to maintain other components in the same block. For example, consider a situation where preventive replacement is to be done for a component x, which refer to the first component to start maintenance see Figure 1. When replacement begins at this component, a combined preventive replacement action should be conducted at this time on all components in the same block.
[image: Figure 1]FIGURE 1 | The proposed maintenance strategy.
4.1 General Assumptions
Due to system components’ complexities and presence of many variables, it is necessary to simplify the system.
Assumptions:
• First replacement maintenance time [image: image] is determined only on the first component that has the earliest MTTF. The replacement on this component creates opportunities for maintaining other system units, which will save the downtime cost of operating the system.
• Failure or maintenance of one block does not stop the entire production system.
• The production system components are assumed to follow an exponential distribution and continuously work for a sufficiently long time until the time of replacement is reached.
• We assumed that all components have spare parts available.
• Replacing a component at optimal time incurs the cost of planned maintenance.
• The time measured is in hours, and all preventive replacement are performed simultaneously.
• At the initial time (t = 0), any component is new.
• The action for preventive maintenance is considered to be immediate.
4.2 Total Maintenance Cost
This section develops a multi-mode mathematical model in the form of matrices for the cost of maintaining a production system using a group preventive maintenance schedule. The expected maintenance cost per unit of time has been widely detailed in literature (Jardine and Tsang, 2013). The primary purpose for PM scheduling is to minimize overall cost of maintenance in comparison to no PM scheduling, i.e. breakdown maintenance. Maintenance cost has many categories, all of which contribute to the total maintenance cost. The following sub-sections provide detail account of the constituent costs.
4.2.1 Breakdown Cost
After a component or system fails, a breakdown maintenance is commonly referred to as a repair. By making repairs or replacing the failing component, it attempts to return the component to working conditions as quick as possible. The maintenance cost is raised if the system components in use at period t are about to reach the end of their life. The expected number of failures for component within the period length t at the assumption of exponential distribution, can be given by diagonal matrix where, [image: image] describes the mean time to failure for failed components and T is the maintenance cycle length:
[image: image]
Availability of spare parts is a vital aspect of maintenance. Any delay in supplying spare parts leads to a delay in production. The availability of spare parts and an awareness of the cost of purchase for each component can assist in deciding on maintenance of the other components. We assumed in this maintenance model that spare parts are always ready. Spare parts have various costs and that there is no additional cost for storing and moving, therefore, we can defined the spare parts variable [image: image] as [image: image] column matrix can be represented as follows:
[image: image]
Labour cost [image: image], downtime [image: image], and shutdown cost of rest components [image: image] are all variables that go into calculating the cost of CM. The LC variable includes P, which is the number of people, and C, which is the hourly cost of a person. P is the [image: image] column matrices multiplied by C, which is considered to be constant.
[image: image]
The cost of breakdown maintenance is influenced by downtime. Downtime is considered unplanned, which implies that when one component fails, production loss cost PLs [image: image] is incurred per hour depending on time need to replace failed component RP which is constant value. The following formula can be used to calculate the cost of downtime:
[image: image]
Due to dependencies between system components, they may have been impacted by the shutdown in some cases. In a series system, every component failure leads in the failure of all components in the same arrangement. The Q matrix is defined as those components which gets influenced due to failure of another component. The rows of the matrix define the components. For example, row-1 is component A, row-2 is component B and so on. The columns in the Q matrix denote the influence of failure of one component on other components. It takes value of 1 if failure of one component influences other, else it takes 0.
[image: image]
The matrix [image: image] has all the diagonal elements values as zeros since failure of one component does not affect itself. The matrix elements will take value 1 if failure of ith component affects qth component, else it will be zero. Thus,
[image: image]
Where [image: image] represents sum of production loss values per hour for qth component, and [image: image] denotes the shutdown cost of rest components. Once [image: image] is computed, SH can be calculated as:
[image: image]
The sum of four matrix variables determines the CM cost of a system for a certain time interval from the preceding computations. The cost of system component failures can thus be computed as follows:
[image: image]
4.2.2 Preventive Maintenance Cost
The cost of preventive maintenance over one cycle can be calculated by adding labour costs and the number of people need. The labours cost for preventive maintenance can be calculated for each replacement. Thus, matrix can be represented as follows:
[image: image]
Where, [image: image] denotes person cost per hour and defined as [image: image] column matrix, [image: image] is the number of persons and is defined as a constant value.
Maintenance costs are evaluated for each FMEA Block, and all costs are given in AUD dollars. From the previous calculations, the expected overall maintenance cost per year for a FMEA Block [image: image], which includes the preventative replacement cost and the unexpected failure cost, is as follows:
[image: image]
4.3 Maintenance Procedures
The flowchart in Figure 2 summarizes the maintenance procedures in this study. Group of components replacement grow for other system components when a preventive maintenance task is conducted on the component x. Preventive maintenance tasks are put together depending on the FMEA Block. Therefore, maintaining all components simultaneously is very important to avoid any breakdown and reduce frequent maintenance actions.
[image: Figure 2]FIGURE 2 | Flowchart for the maintenance procedures.
The goal of the study is to define the maintenance schedule for a complete system while keeping the cost function low. After performing the system analysis, we can define the FMEA Block. The MTTF values of system components can then be determined. Preventive maintenance cycle is determined by the maintenance time [image: image] of components x which have the lowest MTTF value. According to the policy described earlier, when we conduct first replacement on [image: image], a group of preventive replacement can be done on all components in FMEA Block simultaneously.
Since the failure rates of the components are always changed, the MTTF values should be monitored continuously. If the value of MTTF is updated, the actual time to start maintenance is changed depending on new information. The updated [image: image] interval for the next maintenance cycle will be computed based on the rich feedback data of the manufacturing system in Industry 4.0 environment. For example, if the first cycle is 100 h, the second cycle will be based on new shortest [image: image] hours, which is the value of [image: image]. Relying on previous MTTF information without continuously monitoring the change of the failure rate of components may result in a component’s functional breakdown before the second maintenance cycle, leading to an increase in maintenance costs. The total cost of the entire system is incurred by summing all FMEA Blocks using this Equation:
[image: image]
It is important to note that since this methodology depends heavily on the MTTF values of components in the system, accuracy of these values should be updated continuously using accumulated data from condition monitoring, system performance and product quality. Industry 4.0 environment has great advantage to support this process.
5 CASE STUDY
In this research, an example of a real case of production line system is used to demonstrate the proposed theory see Figure 3. A commercialized software known as Maintenance Aware Design environment (MADe) is used to capture the FMEA models of the production system. MADe is a support tool for engineering decisions that generate a system model composed of functions, modules, components, and interactions between them (Hess et al., 2008). It is possible to identify failure modes and failure causes by applying failure rates to the components of the system. The modeling work begins with the model being generated and a task being assigned to the top-level.
[image: Figure 3]FIGURE 3 | Production System FMEA model captured in MADe.
The production system in this study consists of ten production lines. Each line contains Machines and Straws designed in a parallel configuration and are connected to other critical components such as Power Converters and Shrink Units in a series arrangement. The system functions 12 h a day and 7 days a week. It is multiple lines of production divided into three blocks (Block 1, Block 2, and Block 3). It is made of 36 elements (components and parts). Ten subsystems, which are Machines numbered from 1 to 10. Each subsystem includes two different types of components (Figure 4). The remaining components work as complementary parts in the production line.
[image: Figure 4]FIGURE 4 | Machines 1 to 10 elements–FMEA model captured in MADe.
All parts of the system should be running to sustain the system’s necessary operation, but the failure of any system’s components will not cause the entire system to fail. For example, if Straw Unit 1 component fails, the Machine1 will stop running since it works in one line. However, the other machines 2 and 3 in the same B1 will not be affected. In this situation, the system will lose some of its capacity. In the same way, if the (Power Converter MK) fails, the failure will affect the other components in the same block. This means that Block1 will stop working completely, and therefore the effect of failure on the system will be partial. In this case, the other blocks, Block 2, and Block 3, will continue working, but the system capacity will be lower than before.
5.1 Feedback Data From the Manufacturing System
Due to the variability of MTTF values all the time, in this research, we assume that the MTTF information comes from the statistical industry and online monitoring is changing all the time. Continuous monitoring of MTTF for any future changes allows updating the required maintenance plan and recalculation of new maintenance time (based on accurate and updated information of system components) prior to any predicted failure. We formed a schedule on the basis of always updated MTTF values for system blocks B1, B2, and B3 see Figure 5.
[image: Figure 5]FIGURE 5 | Updated MTTF data of the production system components.
6 PROPAGATION OF FAILURE
To analyse the system, it is first modelled in MADe, as is shown in Figure 3. A function and failure mode are specified for each element, using a functional block diagram. By translating the flow links between components into reliable connections, the MADe program transforms the functional diagram into a reliability diagram. Where there are multiple flow connections between system components, a single reliability link is represented, and the reliability diagram is drawn according to this.
6.1 Complete Failure of the System
The negative effects that failure has on a given system can always be determined by conducting a simulation of failure propagation using MADe software. A single component of a system can be injected with either low or high response, which in turn propagates failure to the whole system.Figure 6 shows a system having high indenture levels. This is a simulation of a production process that clearly shows the path of failure propagation in the system. From the model, it is clear that failure negatively affects power converters MK, MD, and MZ. The numbers in the MADe model shows the path of the fault throughout the simulation model in the defined sequence.
[image: Figure 6]FIGURE 6 | Production system FMEA Model simulated with complete faults captured in MADe.
6.2 Partial Failure of the System
In the previous section, a simulation of failure propagation was provided in order to observe the impact of failure modes on the entire system. In this section, partial failure propagation is simulated to monitor the impact of failure modes on the part of the system. In this part, the model failure occurs at B1 (Figure 7), B2 (Figure 8), and B3 (Figure 9). There are still some parts on the system to keep it working.
[image: Figure 7]FIGURE 7 | Production system FMEA Model simulated with partial faults of B1 captured in MADe.
[image: Figure 8]FIGURE 8 | Production system FMEA Model simulated with partial faults of B2 captured in MADe.
[image: Figure 9]FIGURE 9 | Production system FMEA Model simulated with partial faults of B3 captured in MADe.
Although it was stated that the stop of a component does not normally result in a whole system shutdown, the stop of one component or two (depending on its position in the system) during system operation reduces the capacity and efficiency of the system. Understanding how the system fails is very important and could help to avoid this issue during planning PM schedules, which contributes to the continued of the production system. For example, in this system, it can be noticed that B1, B2, and B3 work in a parallel arrangement meaning that the shutdown of one block will not impact other Blocks. The production line system consists of different speeds. Therefore, B1 and B2 represent 50% of the system’s production capacity. That means 25% each, while B3 represents 50%.
7 IMPLEMENTATION OF THE PROPOSED APPROACH
After defining the FMEA Block, we need to consider the shortest MTTF value of components in order to determine the interval of preventive replacement. When the preventive maintenance start, a group of replacement actions can be performed at the same time on all components. PM should be conducted to minimise maintenance costs by reducing unexpected equipment failure.
The total expected costs for simultaneous preventive maintenance actions of components in all tasks comprise the cost of maintenance activities and downtime cost. The cost of maintenance includes the cost of spare parts (Table 1). It is assumed that enough maintenance workers are available at the planned maintenance execution times. Here, the total cost of a preventive replacement is determined based on the assumption that labour cost is $50 (2 people). To obtain the cost of corrective maintenance, the cost of labour is assumed to be $50 (5 people, 5 h each–total 25 h) and lost production is $900.
TABLE 1 | Spare Parts cost data for system components (AU$).
[image: Table 1]The proposed mathematical matrix model was implemented, and PM schedule was solved for all system blocks separately. MATLAB software was used to simulate the cost model.
7.1 Block 1 Maintenance Task
To improve the preventive maintenance schedule, understanding how system components work and how failure modes could impact the system operation is important. In this task, Shrink Unit A has been identified to perform the first replacement maintenance based on the earliest MTTF value. During performing replacement maintenance at [image: image] for this component, a replacement group is performed on all components in the same block. By using Eq. 15 the total preventive maintenance cost throughout the scheduling of this Block is $ 147.9 per hour.
Shrink Unit A and Power Converter MK are critical components. Replacement one of these components will stop all components completely from operating since they operate in a series configuration. Figure 10 shows that the comparison results between the PM approach in this study and CM if there is no maintenance for this Block. The failures of the critical components have a significant impact on maintenance costs since this failure impacts other components in same time due to the cost of production loss and the cost of downtime.
[image: Figure 10]FIGURE 10 | Comparison PM and CM costs for B1.
Table 2 shows the total annual preventive maintenance cost for all components in B1 comparing with the cost of CM in case of failure. CM cost was calculated by using Eq. 13.
TABLE 2 | The annual PM cost, CM cost and Total B1 costs.
[image: Table 2]7.2 Block 2 Maintenance Task
In this task, the Power Converter MD is a critical component that requires replacement based on its MTTF value. The preventive maintenance time for the Power converter MD is [image: image]. When the component is undergoing maintenance, and during downtime on the whole B2, we will take this opportunity to perform maintenance on all components this block. By using Eq. 15, the calculated total costs for simultaneous preventive maintenance actions of components in this task is $ 133.6 per hour.
It can be seen from the production system model that Block two is in a serial-parallel arrangement, and the Power converter MD functions the whole block 2. Therefore, to start replacing this critical component, then B2 has to be unavailable at the same time. In this case, the whole production system will not stop meaning that the B1 and B3 will continue functioning; however, the capacity of the system will be reduced. As shown in Figure 11, the failure of critical components will affect the maintenance cost of the entire block, as this effect will extend to the rest of the components. While the effect of other components is less since this effect is limited to the components in the same configuration.
[image: Figure 11]FIGURE 11 | Comparison PM and CM costs for B2.
Table 3 shows the cost of CM in the event of failure and the total yearly preventive maintenance cost for all components in B2. Eq. (13) was used to determine the cost of CM.
TABLE 3 | The annual PM cost, CM cost and Total B2 costs.
[image: Table 3]7.3 Block 3 Maintenance Task
Maintenance task 3 is conducted when the Power converter MZ arrives at its replacement time. In this case, all the block 3 (B3) components are considered as down when performing a maintenance task and remain unavailable until selected components have been replaced. In this task, we can note that Power Converter MZ is a critical part and has the shortest MTTF. Thus, the component is chosen to start maintenance. The maintenance time for replacement of this component at [image: image]. At this time, the schedule of PM is implemented for B3. By using Eq. 15, the total annual preventive maintenance cost is $ 174.2 per hour.
Figure 12 indicates that the huge effect of failure on this block, when the failure occurs on the (Shrink Unit C or Power Converter MZ). In this case, the B3 will stop working. The impact of failure will be partial to the system however the cost will be high due to production loss during the shutdown of all other components in the same block. While the effect of failure of other components on the maintenance cost of the block is much less than the effect of failure of critical components. This is due to its position in the block configuration.
[image: Figure 12]FIGURE 12 | The annual maintenance cost for B3.
Table 4 displays the total yearly preventive maintenance costs for all components in B3 and the cost of corrective replacement in the event of a breakdown. The cost of CM was determined using Equation 13.
TABLE 4 | The annual PM cost, CM cost and Total B3 costs.
[image: Table 4]7.4 Complete System
Under three different tasks, the maintenance time for start maintenance of the first component has been determined based on shortest MTTF to allow PM tasks on group of components to be executed. For Shrink Unit A, Power converter MD and Power converter MZ the replacement time of hours is 1099, 1102, and 1399 respectively. Determining the PM intervals for these three components helped to implement PM actions at once. The annual total maintenance cost for three blocks using Eq. 16 is $563,412.
Figure 13 shows that the implementation of preventive maintenance on the complete system. We note that the optimal times for starting maintenance on all tasks do not coincide with other tasks. For example, when performing the maintenance program on Task 1, in this case, only block one will be unavailable, and therefore blocks 2 and 3 will continue to work at 50% of the system’s capacity. Furthermore, when maintenance is performed on Tasks 2 and 3, the other blocks will continue to work. We can, therefore, conclude that under our maintenance schedule, there will be a guarantee that about half of the system capacity continues to operate if any block is under maintenance. The maintenance schedule has the benefit of reducing the system’s downtime and the frequency of maintenance in addition to keeping the continuity of production outputs.
[image: Figure 13]FIGURE 13 | The maintenance schedule of the complete system.
7.5 Fitness in Industry 4.0 Infrastructure
Based on Industry 4.0 infrastructure, our proposed method relies on data that needs to be accumulated over time. Continuous conditions of MTTF are recorded for any future changes allows updating the required maintenance plan and recalculation of new maintenance time based on the least of MTTF information of system components prior to any predicted failure. For example, in block 1, the lowest value obtained was for the Shrink Unit A component. If this value changes, maintenance will be rescheduled for this block based on the updated MTTF value.
8 CONCLUSION
This paper has developed a failure mode based PM scheduling method for complex engineering systems. Since not all failures will cause whole system to fail, by analyzing failure modes that only cause partial system failures, the proposed PM scheduling method can sustain continuous production outputs during PM. Due to more intensive data analysis requirement to determine MTTF, the PM schedule can be updated regularly if statistical machine conditions can be refreshed in the latest Industry 4.0 environment, and this is the novelty of this paper.
The failure mode structured preventive maintenance scheduling methodology described in this paper has the advantage of maintaining continuity of production while optimizing maintenance costs and achieving required level of reliability. The optimal preventive maintenance schedule requires analysis of the effect to system continuity on different system failure modes. Using the FMEA software MADe, it is then possible to determine, for a complex system, multiple series-parallel components relationships governing production capacity when some of the components stop working. The PM replacement schedule can then be computed from the distribution of exponential failure.
Due to its reliance on failure distribution data, the PM scheduling methodology presented in this paper builds on extensive use of mean time to failure data, which can be estimated from rich feedback data of the manufacturing system in Industry 4.0 environment. The methodology allows re-adjustment of PM schedule easily if updated MTTF data is made available.
The PM scheduling methodology has been illustrated by a case study with industry supplied data. The production lines case study demonstrates how the methodology ensures optimal maintenance conditions of the system. The results of the case study investigation clearly indicate that over 90% system reliability has been achieved while ensuring that associated costs are minimized.
Immediate future research will focus on generalizing with more reliability-oriented distribution functions instead of the exponential failure function. Future research could consider an update of the system condition e.g. integrate sensors data with the PM model that could provide accurate information for the maintenance of the production system. Furthermore, the research could be extended by considering the model with varying production loss by integrating the production schedule with the preventive maintenance schedule model to obtain better results.
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