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Abstract

:

Bottled-beverage production systems require considerable machinery and sophisticated control systems. A malfunction in the production system can result in machine stoppages, thereby decreasing productivity and resulting in the production output not meeting the required target. Therefore, the problem of frequent stoppages of the production system must be resolved. The ‘Fast Restart Function’ is a proposed feature that can help reduce machine downtime by decreasing the time required for the product to drain from the conveyor. In this study, using this strategy, the investigated manufacturing system’s efficiency increased from 86.81% to 90.29%, enabling an increase in the average production capacity by 27,187 bottles per day, i.e., a 3.48 percent increment of the daily capacity. When employed in inefficient production systems or systems facing frequent shutdowns, this system is of considerable value for mitigating production stoppages.
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1. Introduction


‘Life cannot exist without water’—if we consider the human species itself, three-quarters of the human body is water. Thus, drinking a sufficient amount of clean water, i.e., 6–8 glasses per day, is beneficial to the body. However, water obtained from natural sources does not invariably guarantee cleanliness. Consumption of naturally-occurring un-purified water has been on the decline in modern society, particularly among the health-conscious people in this era, and consumption of bottled water is increasing. Clean and safe drinking water, a commodity that is easy to purchase, has directly impacted the drinking-water industry, leading to considerable industrial expansion. In Thailand, this product holds the largest market share among bottled beverages sold.



An important sales strategy used by drinking-water companies is to manufacture different sized products according to the needs of the consumers. The smaller package sizes are of 330, 600, and 1500 mL, whereas the bulk package sizes offer capacities of 6 L and 18 L, which are suitable for families and organizations. The 600-mL variant is the most widely-used product, especially in convenience stores and restaurants. In addition, drinking-water companies prefer the following: a PET (polyethylene terephthalate) bottle with an ergonomic design that makes the bottle more comfortable to grip and hold, a bright logo, and high-quality drinking water. Developing a handle with which the bottle is easy to carry is another important marketing strategy.



Currently, the drinking-water market in Thailand exceeds THB 20 billion with a growth rate of approximately 8% [1,2]. Expectedly, this product will experience an increase in demand from consumers who prefer convenience, speed, and cleanliness. However, entrepreneurs perceive an opportunity to expand further in the future, considering that, at present, only 30% of people purchase drinking water on a daily basis. The remaining 70% are still able to obtain their own drinking water from natural sources. As the practice of drinking water from natural water sources will reduce in importance due to natural limitations, including the lifestyle of modern people seeking safe and convenient consumption, the bottled water industry will expand further in the future. Therefore, the consumer market that fulfils 70% of its drinking-water needs from natural sources is a target market of great interest to Thai bottled-water operators.



Nowadays, the rapid pace of economic growth has resulted in increased business competition. The unlimited needs of humans are the driving force for acquiring new knowledge, thereby leading to the development of various technologies over time [3]. This economic expansion and the efforts of various industries have led to the development of high-capacity production machines to address the competition. In particular, the beverage industry in Thailand produces a wide variety of products, such as drinking water, fruit juices, and energy drinks, which face extreme market competition. To cater to the demand for large-volume products, continual production and sufficient product reserves for sales are essential. Therefore, the machinery used in the production system should have high productivity and efficiency. In addition, the production system should be clean and safe to ensure a large production volume and high quality of the products, which are fabricated according to the needs of customers.



For production of plastic bottled beverages [4,5], a wide range of machines for various processes have been utilized, starting from the reception of raw materials until the product is sorted for shipping. Different types of machines operate in different production processes depending on the form of the product. In a field study focusing on a drinking-water production system with a capacity of 34,000 bottles per hour, the average production efficiency was reportedly 86.81% of the production capacity, i.e., approximately 29,200 bottles per hour. Consequently, the productivity did not meet the set target, and the company exported a lesser amount of products than expected. This deterioration in production efficiency is caused by system failures, the jamming of materials used in production, the age of the machine, and several other factors [6], that result in the stoppage of the machine and production system. If the production system halts frequently, the production volume drastically reduces [6,7]. If these problems are resolved, the production system can fabricate products continuously, resulting in a higher efficiency, the ability to manufacture more products, and an overall positive effect on the production process [8,9,10]. Therefore, to solve the problem of frequent stoppage of the production system, the working patterns of the production system should be studied to analyse the cause of the problem, obtain a solution to the problem, and ensure that the production system can work continuously [11,12].



Several studies have focused on the development of each machine type for increasing the performance. Generally, plastic-bottle production lines feature a blow moulding machine, which is the first production machine of the system. A preform tube, which is the bottle raw material, is heated and moulded inside the mould. For the preform-tube heating, the optimum heating location and temperature of the preform tube must be taken into account [13]. Furthermore, the composition and thickness of the bottle affect the completion of the blow moulding process [13,14]. Thus, the bottle blow-moulding machine is one of the machines determining the speed of the production line [15]. In addition, as the liquid-filling process must take into account the appropriate volume and time, a filler machine has been developed. Each liquid has a different flow viscosity, resulting in different filling patterns and filling times. Kalidasan [16] designed an automatic product-filling machine, wherein the filling volume can be calculated according to the size of the bottle; this machine can be applied in the beverage, chemical, cosmetic, and pharmaceutical industries. Although the research advances the automation industry, these filler machines jam frequently and most of them are limited by minor problems. Nwadinobi [17] and Ben [18] have proposed solutions by designing autonomous maintenance that can solve the initial problem, reduce the downtime of the machine, and increase the working time. Moreover, because the filler machine determines the speed of the production line and should be capable of continuous and accurate operation, their efficient working can increase the efficiency of the whole production system. In addition, in the research reported by Ben [19], the relationship among the temperature, soaking time, and NaOH concentration of a bottle washer was investigated considering that in the beer industry, 80% of glass bottles are recycled. In this study, three washing ponds were utilized with temperatures of 60 °C, 80 °C and 60 °C, respectively and NaOH concentrations of 1.99%, 1.81% and 1.66%, respectively. The speed of the washer was studied at two values: 40,000 and 46,000 bottles per hour (BPH). At the speed of 40,000 BPH, the empty bottle inspector (EBI) rejected 4.18% of the total processed bottles, whereas at the speed of 46,000 BPH, the EBI rejected 8.44% of the total processed bottles.



This research investigated the production system of plastic bottled beverages and the working patterns of each machine to improve the work continuity and reduce the downtime of machines. Problems related to the production system’s operating time were analysed, and the results revealed that the draining of the product from the conveyor took considerable time. This resulted in the stoppage of the relevant machine. Moreover, the different speed of each machine in the production system caused downtime of certain machines because no raw material was supplied to the machine. Therefore, this study proposes a new functionality that can reduce the waiting time for product draining on the conveyor and reduce the machine downtime. The proposed function, named ‘Fast Restart Function’, increased the machine uptime, efficiency, and product yield. Thus, its implementation is expected to enhance the productivity and competitiveness of the plastic bottled beverage business.



The contributions of this paper are summarized as follows:




	
Study the production process and working principles of machines in the production of plastic bottled beverages in order to improve the efficiency of the production system.



	
A fast restart function is designed to reduce the waiting time to empty the bottle from the conveyor before the machine restarts.



	
The performance of the fast restart function was analysed to determine its application in the production system.








The rest of this paper is organized as follows: in Section 2, the beverage production system is presented to explain the position and function of each machine. Moreover, the operating speed of each machine is illustrated to provide an overview of the operation in the actual production system. Subsequently, the sensors are discussed in Section 3, describing the workflow for each machine and the waiting time when the machine must be stopped and restarted. In Section 4, a function to reduce the waiting time for a machine restart is introduced, named ‘Fast Restart Function’. This can reduce the waiting time for bottle draining in the conveyor, increase uptime and machine productivity, and increase the efficiency of the production system clearly. Finally, all results are summarized in Section 5.




2. The Plastic Bottled-Beverage Production System


Packaging beverages in plastic bottles is an extremely popular strategy to cater to the market due to its convenience of production and low production cost. Several types and working principles of machines are employed in the production system for plastic bottled beverages. In this study, the production system of plastic bottled beverages starts from the bottle production process to filling and delivery processes, as depicted in Figure 1a.



2.1. Production Machine of the Plastic Bottled-Beverage Production System


This beverage production system has six major machines: a blow moulding machine, a filler machine, an inspector machine, a labeller machine, a variopac machine, and a palletizer machine. Each machine serves a different function and has a specific place in the sequence of operation in accordance with the flowchart in Figure 1b. The raw materials and products are fed into the production system according to the relative position of the machines as follows:



The blow moulding machine (Number 1 in Figure 1a) is the first machine of the production system used for forming plastic bottles. It comprises three working parts: a preform tube pouring machine, a preform tube oven, and a bottle forming machine. In the working process of the blow moulding machine, preform tubes are inserted into the preform tube pouring machine and subsequently transferred through a conveyor to the preform oven for heating via high-pressure sodium lamps; this process softens the preform tube, making it easier to mould. Thereafter, they are transferred into the bottle forming machine to stretch the preform tube with high-pressure air at approximately 40 bar and a bottle mould.



The filler machine (Number 2 in Figure 1a) is a machine used for filling products and capping bottles. This machine is crucial to the production system. The filler machine consists of two working parts: the product filling part and bottle capping part. The filler machine’s working process starts after the finished formed bottle is sent to the filling process. This process fills products according to the specified quantity, and the products are subsequently sent to the bottle capping part before being sent to the conveyor for further processing.



The inspector machine (Number 3 in Figure 1a) is used to inspect bottles that have been filled with products. The filled bottles must be inspected for product quality to prevent defective products from entering the market. When a defective product is detected, it is removed from the production system. Product quality inspection at this stage is divided into two parts. First, the capping of the bottle is inspected using a high-speed camera that captures grayscale photographs. The image is compared using the light reflected on the bottle with the quality bottle. Thereafter, image aberrations are checked and analysed according to the following criteria: First, a cap is present on every bottle, the bottle cap is not tilted or warped, the bottle cap lock is not broken, and the bottle cap is completely present. Second, the product is filled in the bottle to the required level. The detector emits gamma rays to measure the intensity of the radiation passing through the bottle in different regions. The radiation intensity is reduced if the product is present in the area.



The labeller machine (Number 4 in Figure 1a) is used to label each product’s trademark. The labeller machine sequentially conveys individual bottles via the conveyor into the machine, attaches the label of the product, and passes each bottle through the labelling inspector again to verify the correct labelling.



The variopac machine (Number 5 in Figure 1a) is a bottle packer that arranges the bottles on the conveyor, wraps each bottle with transparent film, places them into the hot air incubator to shrink the film, and finally wraps them in a pack of 12 bottles (4 × 3 bottles).



The palletizer machine (Number 6 in Figure 1a) is the final machine that processes the bottles for easy transport and storage. Products obtained via this process can be sold immediately to the market.




2.2. Working Speed of the Plastic Bottled-Beverage Production System


The filler machine’s maximum speed is used to calculate the manufacturing capacity of 600-mL plastic bottles of beverages, which is 34,000 bottles per hour. Each machine has a different production speed, as shown in Table 1. The production speed of the labeller, variopac, and palletizer machines can be adjusted according to the number of bottles accumulated in the conveyor.



A schematic diagram of the machine speed and sensor position of the production system is illustrated in Figure 2. Each machine has a production speed that differ by 10% from each other in order of their position in the production line. The blow moulding and filler machines have the lowest production speed because they are the primary machines in this line. Other machines require higher production speeds to move the bottle in the conveyor to ensure no overflows and continual production. The operation of each machine is controlled by sensors that detect the number of bottles in the conveyor; the working principle of these sensors are presented in the following section.





3. The Production System


The control system of each machine receives signals from sensors at various locations along the conveyor. The control system is utilized to start, stop, and adjust the production speed of the machines. Each sensor detects the bottle quantity in the conveyor and ensures communication between the conveyor and machine. These machines receive commands via the sensor signals. Two types of sensors are used for machine control: a backup sensor and a speed sensor. The backup sensor measures the bottle quantity at the end of the machine to prevent the product from overflowing onto the conveyor, while the speed sensor measures the bottle quantity before entering the machine to ensure that an adequate number of bottles are fed into the machine, and the speed of the machine is controlled according to the measured bottle volume.



3.1. Starting and Stopping Control


The machine can be started and stopped by analysing the commands from both sensors. The machine can be started in two cases, as depicted in Figure 3, which are the case that raw materials are ready for production and no bottles accumulate in the conveyor, and the case that raw materials are ready for production and bottles are collected in the conveyor. When the bottles in the conveyor reach the back-up machine sensor 1, the machine will stop working immediately to prevent the bottle from overflowing the conveyor, as presented in Figure 4.




3.2. Production Speed Control


Speed sensors are used with the labeller and variopac machines to adjust the machine’s production speed based on three levels: fast, medium, and slow. The palletizer machine uses a supply sensor, which has the same function as the speed sensor, i.e., to inspect the bottle packs that flow along the conveyor. For the production speed control, the signals from all five sensors are employed, as shown in Table 2. The machine will automatically start when the backup sensor 1 status is ‘ON’ and the slow speed sensor status is ‘OFF’. The status of both sensors confirms that the system has raw materials to feed the machine and the conveyor space behind the machine is sufficient to support the resulting product. If the operator wants the machine to run at high speed, the system must ensure sufficient raw materials and space behind the machine. The raw materials must be as many as the fast speed sensor, and the backup sensor 2 has an ‘ON’ status, as displayed in Figure 5. The production speed will decrease to a medium speed if the conveyor is full, thereby causing the backup sensor 2 status to reflect an ‘OFF’ status or the fast speed sensor an ‘ON’ status, as indicated in Figure 6. If the fast and medium speed sensor has an ‘ON’ status, the production speed will be operated at a slow speed, as demonstrated in Figure 7. Finally, if both backup sensors have an ‘OFF’ status, the machine will stop receiving raw materials while also continuously working to clear the remaining raw materials from the machine, and subsequently, halts operation. After the machine has stopped working and solved the problems in the system, the machine can restart when the machine in the next step is run to reduce the product volume in the conveyor until the backup sensor 2 reflects an ‘ON’ status. Thus, the machine can restart operations.




3.3. Downtime for Machine-Restart Waiting


The waiting time for draining the bottles from the conveyor assumes different values for each machine, as listed in Table 3. When one of the machines is stopped, this stoppage affects other machines in the previous process. For example, if the palletizer machine is stopped, the bottles fed from the variopac machine will accumulate in the conveyor between the palletizer machine up to the variopac machine’s backup sensor 1. This results in the stoppage of the variopac, labeller, and filler machines, respectively, as illustrated in Figure 8.



After solving the problem, the machine must be restarted starting from the machine at the end of the production system. In Figure 8a, the palletizer machine must be started to pull the bottle packs in the conveyor out of the system until the packer backup sensor 2 of the variopac machines. This process requires 22 s. Subsequently, the labeller machine is started, as displayed in Figure 8b, and it must wait for 40 s for the variopac machine to operate until the bottles in the conveyor are drained out of the labeller backup sensor 2. Finally, the filler machine is restarted, which requires waiting for 150 s to drain the bottles until the filler backup sensor 2, as indicated in Figure 8c and Table 3.





4. Production System Improvement


The analysis of the production system reveals that if the machine in the system constantly runs at the highest speed and machines in the subsequent process invariably operate at a 10% higher speed, the conveyor will always have free space. The empty space of this conveyor can accommodate bottles at any given time. Therefore, the waiting time required to drain the bottle before starting the machine is no longer necessary. If there is empty space between the backup sensor 1 and the machine, while the machine is set to run at the highest speed, the issue of bottles overflowing the conveyor is completely mitigated, and the system can sustain continued production. The concept of a function that commands the machine to start at its maximum production speed and does not consider the signal from the backup sensor is illustrated in Figure 9. This function is named the ‘Fast Restart Function’.



4.1. Concept of ‘Fast Restart Function’


The concept of the fast restart function was developed in the Simatic Manager Step 7 program—a program used in conjunction with the programmable logic controller (PLC). This program is used to process production system operations. The fast restart function is based on the principle of comparing the production speeds between two machines to determine the possibility of continuous operation. As displayed in Figure 10, if the production speed of the filler machine is 34,000 bottles per hour, the labeller machine must ensure production at a speed of more than 34,000 bottles per hour. In the fast restart function, the filler machine can be started by ignoring the signal from the backup sensor. Conversely, if the labeller machine has a production speed same or less than 34,000 bottles per hour, the fast restart function will halt operations immediately. After the fast restart function, all machines will operate at the highest production speed. During the fast restart function, the back-up sensor signal is disregarded to prevent blocking of the restart function. This function will remain in the fast restart function state until the bottle in the conveyor is reduced to a level of back-up sensor 1, then will go into normal working condition. Then the working speed of the labeller machine, variopac machine, and palletizer machine is proportional to the number of bottles accumulated in the belt. These are described in Section 3.2 and Table 2 by slow speed sensor, medium speed sensor, and fast speed sensor of the machinery in the conveyor.



The fast restart function is written in the Simatic Manager Step 7 program as a ladder diagram language including one function block and one data block, as indicated in Figure 11a. The function block is used to control the operation of the fast restart function, while the data block collects the machine’s production speed. In Figure 11b, a data block (DB10) consists of a speed actual machine 2 and a set point machine 1. The function block (FC1) consists of six networks, as demonstrated in Figure 11c.



Network 1 (Speed Actual Machine 2) is employed to obtain the actual production speed of the machine in the next process and store it in the data block (DB10) as a SpeedActualmachine2 variable.



Network 2 (SetPoint Machine 1) is utilized to obtain the maximum start speed of the machine. The values are set via the touch screen monitor, as illustrated in Figure 11d, and stored in the data block (DB10) as the SetPointMachine1 variable.



Network 3 (Comparison of the individual speeds) is the main network of the fast restart function obtained by comparing the machine speeds. When the next process machine attains a speed greater than the maximum starting speed, i.e., theSpeedActualmachine2 is greater than SetPointMachine1, the Q4.0 (Auxiliary marker override active) is flagged as ‘1’. This network can be enabled by the fast restart function and the touch screen, thereby rendering the I0.0 (F_bridging active) to reflect a status of ‘1’.



Network 4 (Delay bridging active) is used to delay the start time of the machine, thereby preventing the bottle overflow problem. The delay time causes the Q4.4 (F_Delay bridging active) to reflect a status of ‘1’, and the fast restart function is terminated at this network. The Q4.4 (F_Delay bridging active) logic can be implemented to start the machine.



Network 5 (Auxiliary filler back-up 1) is utilized for controlling the operation. If the next process machine stops working, more bottles will accumulate in the conveyor. When it reaches the back-up sensor 2 level, the I0.2 (filler back-up 2 active) has a ‘1’ state and the Q4.1 (Auxiliary filler back-up 2) has a ‘1’ state.



Network 6 (power jam in the outlet) is a logic for stopping the machine. When the Q4.5 (power jam in the outlet) status is ‘1’, if the bottle is in the conveyor leading up to the back-up sensor 1 level, the I0.3 (Back-up active 1) has a status of ‘1’ and back-up sensor 2 renders the I0.2 (filler back-up 2 active) status ‘1’. The Q4.4 (F_Delay bridging active) is previously in a ‘normally closed’ state. If the fast restart function is enabled and the Q4.4 (F_Delay bridging active) status is ‘1’, then the Q4.5 (Power jam in the outlet) status is ‘0’; thus, the machine can be started while the bottles continue to accumulate in the conveyor.




4.2. ‘Fast Restart Function’ Performance


An important parameter in this function is the speed of the started machine. This is set at the maximum production speed of each machine. In a 600 mL beverage production system, a production speed of 34,000 bottles per hour is achieved, and the parameter values are listed in Table 4. All machines are assigned a delay time for turning on/off the machine at 1 s. When the machine in the next process has reached its maximum speed of 5 s, the machine that wants to start will require a 1 s start-up delay before starting up. Therefore, the wait time for the fast restart function is 6 s. Notably, compared to the traditional function, the ‘fast restart function can reduce the wait time considerably.



In Table 4, if the variopac machine is stopped, it will have the effect of stopping labeller machine. In a normal restart function, it takes 40 s to drain the bottle from the conveyor. For the fast restart function, there will be no waiting for bottles to drain from the conveyor. As the working speed of the variopac machine is already higher than the labeller machine, the bottle drain time is only 5 s and the starting time is 1 s, so the total waiting time is only 6 s. Therefore, restarting the variopac machine with the fast restart function takes just 6 s instead of 22 s, saving 16 s. Starting the labeller machine takes only 6 s instead of 40 s, which saves 34 s. Restarting the labeller machine takes only 6 s instead of 40 s, which saves 34 s. Finally, restarting the filler machine takes only 6 s instead of 150 s, which also saves 144 s.



However, when considering the waiting time of each machine listed in Table 5, this research analysed the waiting time in three machines: palletizer, variopac machine, and labeller machines. When the palletizer machine stops working, it causes the variopac, labeller, and filler machines to stop working as well. To restore the production system to normal operation using the original function, the waiting time is up to 212 s; however, upon using the fast restart function, it requires a waiting time of 18 s, thereby reducing the waiting time by 194 s. When the variopac machine has ceased working, and the labeller and filler machines have also stopped working, the fast restart function can reduce the waiting time by 178 s. Finally, in the case of the labeller machine stoppage, the filler machine also stops working. The fast restart function requires a waiting time of 6 s and can reduce the waiting time by 144 s. Therefore, the fast restart function considerably reduces the waiting time for restarting machines, while still ensuring their safe operation, thereby resulting in continuous production.



Table 5 shows the performance comparison between the traditional function and the fast restart function in the case of the filler machine failure. A filling machine has 20 downtimes per day typically and a total repair time of 7920 s per day, as listed in Table 6. Each original restart of the filling machine requires 150 s, amounting to 3000 s per day. While restarting the filler machine with the fast restart function takes only 6 s at a time, or 120 s per day. When calculating the total downtime, it was found that the original restart function resulted in a downtime of up to 10,920 s per day, but with the fast restart function, the total downtime was reduced to 8040 s per day. Thus, by reducing the downtime per day, the working time of the machines each day are increased. The fast restart function increased the production efficiency from 86.81% to 90.29% and could produce 705,734 bottles per day, which could increase the original production by 27,187 bottles per day. Therefore, compared to the original restart function, the fast restart function can raise the productivity of the production system by 3.48%.





5. Conclusions


The operation of the machine in the plastic bottle beverage production process requires continuous work and less errors. Often, the slightest mistake can affect the production system, causing machine downtime and leading to reduced productivity. Studying the working principle of the machine in the production process will help to understand the correct working principle, necessary conditions for work, and weaknesses of work processes that should be improved. When examining how the equipment in the process of producing plastic bottled beverages operates, it was found that the machines were stopped many times each day, and solving the problem and restarting the machine takes a long time. As a result, the operating time and efficiency of the machine is reduced. To solve this problem, even after solving the machine downtime problem until the machine can resume normal operation, but restarting the machine is difficult because of the bottles piled on the conveyor. It is necessary to empty off any bottles that have accumulated in the conveyor first, the machine in the previous process can be restarted. In addition, it takes a lot of time to drain the bottles stuck in the conveyor. This directly affects the reduced operating time and efficiency of the machine. Therefore, this study proposes a function to reduce the waiting time for bottle venting accumulated in the machine conveyor, named the ‘Fast Restart Function’. The fast restart function is a function to compare the speed of machines in adjacent processes. This allows the machine in the previous process to be restarted without waiting to drain the accumulated bottles in the conveyor. The fast restart function could reduce the restart time after a failure. The efficiency of the production system increased from 86.81% to 90.29%, and this function could improve the average production capacity by 27,187 bottles/day, i.e., 3.48% of the production capacity per day. The results indicated this strategy’s potential use in inefficient production systems or systems with frequent shutdowns in production systems.
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Figure 1. The plastic bottled-beverage production system: (a) Model of the plastic bottled-beverage production system; (b) Flowchart of the plastic bottled beverage production system. 
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Figure 2. Sensor position in the beverage production system. 
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Figure 3. Conditions for starting the machine: (a) In the case that raw materials are ready for production and no bottles accumulate in the conveyor; (b) In the case that raw materials are ready for production and bottles are collected in the conveyor. 
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Figure 4. Conditions for stopping the machine: (a) Bottles have accumulated in the conveyor with a large volume up to the back-up machine sensor 1; (b) Bottles accumulated in the belt are larger than the back-up machine sensor 1. 






Figure 4. Conditions for stopping the machine: (a) Bottles have accumulated in the conveyor with a large volume up to the back-up machine sensor 1; (b) Bottles accumulated in the belt are larger than the back-up machine sensor 1.



[image: Processes 11 00039 g004]







[image: Processes 11 00039 g005 550] 





Figure 5. Conditions for controlling the machine to ensure a high production speed. 
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Figure 6. Conditions for controlling the machine to ensure a medium production speed: (a) Conditions for controlling the machine to ensure a medium production speed in case 1; (b) Conditions for controlling the machine to ensure a medium production speed in case 2; (c) Conditions for controlling the machine to ensure a medium production speed in case 3. 
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Figure 7. Conditions for controlling the machine to ensure a low production speed: (a) Conditions for controlling the machine to ensure a low production speed in case 1; (b) Conditions for controlling the machine to ensure a low production speed in case 2. 
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Figure 8. Area showing the amount of bottles accumulated in the conveyor upon system failure; the red area denotes the area occupied by the bottles in the conveyor that is greater than the backup sensor 2, and the blue area depicts the area occupied by the bottles in the conveyor: (a) Bottle area accumulated in the conveyor between the variopac machine and the palletizer machine; (b) Bottle area accumulated in the conveyor between the labeller machine and the variopac machine; (c) Bottle area accumulated in the conveyor between the filler machine and the labeller machine. 
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Figure 9. Concept of ‘Fast Restart Function’. 
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Figure 10. Sensor position of each machine. 
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Figure 11. ‘Fast Restart Function’: (a) Fast restart block; (b) Data block (DB10); (c) Fast restart operator; (d) Touch screen monitor. 
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Table 1. Working speed of each machine.
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	Machine
	Adjust Speed
	Speed

(Bottles/Hour)
	Speed

(Percentage)





	Blow moulding machine
	Constant speed
	34,000
	100



	Filler machine
	Constant speed
	34,000
	100



	Labeller machine
	Adjustable speed
	37,400
	110



	Variopac machine
	Adjustable speed
	40,800
	120



	Palletizer machine
	Adjustable speed
	44,200
	130
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Table 2. Production speed control with sensor status.
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Machine Status

	
Production Speed

	
Back-Up Sensor 2

	
Back-Up Sensor 1

	
Slow Speed Sensor

	
Medium Speed Sensor

	
Fast Speed Sensor

	
Figure

Match






	
Run

	
Fast

	
ON

	
ON

	
OFF

	
OFF

	
OFF

	
5




	
Medium

	
OFF

	
ON

	
OFF

	
OFF

	
OFF

	
6 (a)




	
Medium

	
OFF

	
ON

	
OFF

	
OFF

	
ON

	
6 (b)




	
Medium

	
ON

	
ON

	
OFF

	
OFF

	
ON

	
6 (c)




	
Slow

	
OFF

	
ON

	
OFF

	
ON

	
ON

	
7 (a)




	
Slow

	
ON

	
ON

	
OFF

	
ON

	
ON

	
7 (b)




	
Stop

	
-

	
OFF

	
OFF

	
N/C

	
N/C

	
N/C

	
4
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Table 3. Waiting time of each machine for transporting the bottles from the conveyor until the back-up sensor 2.
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	Machine
	Time (s)
	Figure Match





	Variopac machine
	22
	8 (c)



	Labeller machine
	40
	8 (b)



	Filler machine
	150
	8 (a)
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Table 4. Wait time reduction when using the ‘Fast Restart Function’.
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Started Machine

	
Next Machine

	
Waiting for Start (s)

	
Reduced Time

(s)




	
Original

	
Fast Restart






	
Variopac machine

	
Palletizer machine

	
22

	
6

	
16




	
Labeller machine

	
Variopac machine

	
40

	
6

	
34




	
Filler machine

	
Labeller machine

	
150

	
6

	
144
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Table 5. Comparison of the waiting time for filler machine starting when each machine stopped.
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Stopped Working Machine

	
Waiting Time (s)

	
Reduced Time (s)




	
Original

	
Fast Restart






	
Palletizer machine

	
212

	
18

	
194




	
Variopac machine

	
190

	
12

	
178




	
Labeller machine

	
150

	
6

	
144
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Table 6. Performance comparison between original function and ‘Fast Restart Function’ of filler machine.
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	Topics
	Original
	Fast Restart
	Unit





	Average system malfunction
	20
	20
	times/day



	Average system fix time
	7920
	7920
	seconds/day



	Average starting time (per time)
	150
	6
	seconds/time



	Average starting time (per day)
	3000
	120
	seconds/day



	Total downtime
	10,920
	8040
	seconds/day



	Average system operating time
	71,880
	74,760
	seconds/day



	Average number of bottles produced
	678,547
	705,734
	bottles/day



	System performance
	86.81
	90.29
	percent
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