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Abstract 

Parison length control in extrusion blow molding of plastic parts has been studied and 

attempted for the past quarter-century. Most methods used involve cycle-ta-cycle control 

where the next part shows an improvement over the previous one using either weight 

measurement of the part or a simple photocell initiating the cutting of the parison. In the 

present thesis, plant models are developed using a control engineering technique called 

system identification. Since the process model thus determined is based on experimental 

data, sag and swell of the parison are implicitly taken into account. Furthermore, an in

cycle robust controller is designed and simulated where the die gap opening and the 

extrusion speed are adjusted as the parison is being extruded. The outlined control 

strategy focuses on controlling the parison length against process disturbances and 

machine drifts. The control system thus obtained is then reduced to two single-input 

single-output controllers for potential implementation on the extruder machine employed 

throughout the research. 

11 



Résumé 

Le contrôle de la longueur de la paraison utilisée dans le moulage par extrusion et 

soufflage de pièces de plastique a été le sujet de plusieurs études pendant les 25 dernières 

années. Les méthodes ainsi suggérées sont basées sur un contrôle cycle-en-cycle ayant 

pour objectif d'améliorer la pièce suivante, et ceci en mesurant le poids de la pièce ou en 

utilisant une cellule photo-électrique qui déclenche le sectionnement de la paraison. 

Dans la présente thèse, les modèles du procédé sont établis à l'aide de la technique 

nommée 'identification des systèmes'. Puisque le modèle du processus ainsi déterminé 

est basé sur des mesures expérimentales, l'affaissement et le gonflement de la paraison 

sont implicitement inclus. En plus, un contrôleur robuste à deux entrées et une sortie 

dans lequel l'ouverture de la filière et la vitesse d'extrusion sont ajustées, est comissioné 

et simulé. La stratégie de la commande aura pour objet d'ajuster la longueur de la 

paraison en dépit des pertubations et des variations. Finalement, le système de contrôle 

est réduit à deux systèmes à une entrée, une sortie pour fin d'implémentation sur la 

machine extrudeuse utilisée dans cette recherche. 
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1 Introduction 

The extrusion blow molding process (EBM) is widely used in the plastics forming 

industry. Along with thermoforming and injection blow molding processes, EBM 

requires heating and subsequent shaping of a polymer using a mold into useful consumer 

parts. More specifically, EBM involves the formation of the parison, the clamping of the 

mold, the part formation using blown air and the cooling stage. The EBM process is 

described in more detail in the Chapter 2. 

1. 1 Thesis Objective 

This thesis will focus exclusively on the parison formation stage of the EBM process. 

The goal of this research is to develop a control strategy capable of tracking a desired 

parison length profile during the parison formation stage. The control strategy can 

further be divided into two objectives. The first objective is to obtain dynamic system 

models able to predict the evolution of the parison length. Basic System Identification 

methods will be used to develop the se models. The second objective is to design a robust 

model-based in-cycle controller. During the parison formation stage, there are two 

parameters that can directly affect the parison length. These inputs are the extruder speed 

(rpm) and die gap opening (hJ. By definition, an in-cycle controller is capable of 

adjusting the input parameters to correctly track the desired output within one cycle of the 

process. Therefore, for a desired parison length profile, an in-cycle controller is required 

to perform sensor measurements and process projections before the end of an extrusion 

cycle. More widely used cycle-to-cycle (CTC) controllers only adjust the input 

parameters once the cycle is complete as a goal to improve the next part. An immediate 

advantage for in-cycle over CTC controllers is the reduction of scrap. A CTC controller 

might require several cycles before reaching steady-state whereas a robust in-cycle 

controller should attain steady-state within one cycle of the process. 

The scope of this thesis is the design and simulation of a robust in-cycle controller for the 

EBM MISO process based on models developed from experimental work on the 
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Battenfeld extruder located at the CNRC-NRC lMI in Boucherville, Quebec. The 

Battenfeld extruder is described in more detail in Chapter 2. 

1.2 Benefits to Industry 

The design and eventual implementation of an in-cycle controller on an EBM machine 

will be beneficial to industry in many ways. 

Traditional EBM machines employa parison programming unit requiring open-Ioop 

control. Using trial-and-error, an operator must tweak the machine parameters after 

every cycle until the final blown part meets specifications such as thickness distributions, 

impact resistance, minimum weight, etc. [1]. This method can be time-consuming and 

costly. 

Closing the loop involves a feedback signal that can correct for unexpected disturbance 

or noise that enters the process [2]. These disturbances include periodic flow rate 

changes caused by uneven melting and signal noise from the die gap transducer [3]. In 

addition, as previously mentioned, the in-cycle controller will attempt to adjust the input 

parameters to counter these disturbances in order to track the desired parison length 

evolution within one cycle of the process. 

Scrap reduction has become an integral part in the blow molding industry [4]. 

Controlling the evolution of the parison length will minimize the parison tail thus 

reducing scrap. The parison tail is the bottom part of the parison that exceeds the mold 

once it is clamped [5]. Another possible scrap reduction is the flash of the part. The part 

flash is the melted resin that is forced out the cavity mold and onto the parting line 

between the molds [5]. A well-designed parison length profile can minimize the flash on 

the bottom of the mold. Excessive tail and flash willlead to increased cooling times thus 

increasing the overall cycle time [35]. 

Finally, controlling the evolution of the panson length will lead eventual panson 

thickness control. The in-cycle controller designed in this work will be able to increase 
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parison repeatability. If the parison is consistently able to achieve a pre-detennined 

length in a fixed extrusion time, then it will facilitate the design of a parison thickness 

controller. The parison thickness distribution is an essential specification for an 

acceptable part. 

1.3 Literature Review 

There have been many technological advancements in the EBM industry over the past 

quarter century. However, over the past decade, there has been a major development in 

the parison prediction field. The goal of predictive parison behavior is to model the 

effects of sag and swell during the parison extrusion using finite-element models (FEM). 

Prior to predictive modeling, the mid to late 1980s brought upon several attempts to 

control specific parameters such as parison thickness and diameter control. However, 

less work has been done on parison length control. Furthennore, to the author's 

knowledge, there is no record of in-cycle parison length control. 

1.3.1 Modeling of the EBM Process 

The first recorded study on parison behavior was Sheptak and Beyer in the mid-1960s 

[6]. Using a pinch-offmold consisting ofseveral blades, their goal was to detennine the 

rheological effects of sag and swell on the parison. Many years later, Kalyon et al. [7] 

attempted to continue Sheptak and Beyer's work by improving the measuring techniques. 

The resulting measurement methods were time consuming and thus limited in their 

practical usefulness. Ryan and Dutta [8] developed a simple model based on 

mathematical descriptions of the parison shape and length due to the competing 

influences of sag and swell. 

The first model reference system for parison length acquisition was developed by 

Donneier [9] in 1986. Donneier used photocells fixed on a stepper-motor adjusting 

mechanism capable of following the lower edge of the extruded parison. A mathematical 
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description of the panson length with respect to second-order time equations was 

formulated and compared to experimental results. 

Finally, based on swell data from experiments and rheological data of the resin, Dealy 

and Orbey [10] were able to develop a lumped parameter model to predict the length of 

the parison. Different experiments were done to isolate the effects of sag and swell. The 

final model considered the parison as a group of segments each of a finite length. 

There are many other references available; however, very few describe a model for the 

parison length. The vast majority of the articles read offered models based on the 

rheological properties of the resin during the extrusion. This research will present models 

based on experimental results. The rheological effects will be included in the system 

dynamics. 

1.3.2 EBM Closed-Loop Control 

Closed-Ioop control has been applied to the EBM process in the past. DiRaddo, Patterson 

and Kamal [2] developed a control strategy describing the on-line measurement and 

closed loop control of parison dimension profiles in EBM. A cycle-to-cycle controller 

was designed to control the parison thickness profile against disturbances introduced to 

the process such as a 10DC drop in melt temperature. The strategy was able to 

successfully control the percent error to within acceptable limits in less than ten cycles. 

DiRaddo and Garcia-Rejon [3] experimentally developed deterministic and stochastic 

models using an extrusion blow molding machine. A first order ARMA noise model was 

found to describe the process. Finally, an in-cycle controller was simulated to control the 

thickness distribution of the extruded parison. However, due to difficulties in measuring 

the thickness profile on-line, the in-cycle controller proved difficult to implement. 
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1.3.3 Parison Length Control 

In addition to the thickness distribution controller, there have been sorne past attempts to 

design parison length controllers. However, these controllers all appear to be cycle-to

cycle controllers. The first on-line length acquisition for process control was produced 

by Dormeier [9]. His model was described in Section 1.3.1. The velo city of the parison 

drop was measured using a stationary photocell and analyzed in the model. The stored 

speed values are then updated during each measurement cycle. Similarly, Schrand [4] 

also used a photocell to detect the parison length in his cycle-to-cycle controller. Schrand 

proposed three different types of length control; parison length control, modified parison 

length control and extruder rpm control for an intermittent extruder (see Section 2.5.1). 

Finally, Noguchi et al. hold a 1995 United States patent called "Parison Length Control 

Method for Blow Molding Machine" [11]. Again, like Dormeier and Schrand, Noguchi 

et al., developed a cycle-to-cycle controller. The extruder screw rotation speed of the 

next cycle is determined by measuring the difference between the actual and desired 

parison lengths of the previous cycle. This scheme is acceptable for reducing scrap and 

lowering cycle time, but does not maximize yield time. 

Chapter 2 describes the EBM process in more detail and gives the reader an idea of the 

equipment used throughout the research. A theoretical model describing the parison 

length is derived in Chapter 3 neglecting any rheological effects of sag and swell. 

Chapter 4 focuses on developing deterministic models based on experimental results. 

Furthermore, Chapter 4 explains the abnormalities in the evolution of the parison length 

during the 10 second extrusion time. A robust SIMO in-cycle controller is designed and 

simulated in Chapter 5. Derivative SISO controllers are also seen and designed 

specifically for the Battenfeld machine. FinaIly, the last chapter offers a summary of the 

work as weIl as a look into future work beyond the scope of this research. 
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2 Blow Molding Process 

2. 1 Extrusion vs. Injection vs. Stretch 

There are many ways to form plastic parts. Usually, the shape of the part determines the 

appropriate process needed to form it. For example, plastic parts such as dust pans, 

refrigerator linings, etc., are formed using the thermoforming process where a heated 

sheet of plastic is pressed against a mold. Hollow parts however are manufactured by the 

blow molding process. A heated polymer resin is blown into a mold as the name 

suggests. The blow molding process can be characterized into three different processes. 

They are: extrusion blow molding, injection blow molding and stretch blow molding 

[12]. 

Extrusion blow molding (EBM) is mostly used to produce thick and heavy parts 

weighing more than 12 ounces [13]. Containers carrying food, laundry, waste or 

poisonous materials are manufactured by EBM. A major advantage to EBM is the ability 

to inc1ude handles in their parts so that the consumer can easily carry the heavier 

containers. 

Lighter parts weighing less than 12 ounces are typically produced by injection blow 

molding. Compared to extrusion blow molding, injection blow molding offers a better 

definition in the final part: more detailed molds are used to make more complex parts. It 

can give a more accurate wall-thickness distribution as well as a high-quality finish at the 

neck of the part. Industries such as pharmaceuticals, cosmetics and alcohol rely on the 

injection blow molding process to produce their containers [13]. In addition to better 

detail, injection blow molding can create parts out of polymers that otherwise cannot be 

extruded like polyethylene terephthalate (PET). 

Finally, stretch blow molding is used mostly to form parts out of polymers that are 

difficult to blow such as polypropylene (PP) and PET. Due to the nature of the polymer, 

stretch blow molded parts have better gas-barrier properties that are important, especially 

in the carbonated-beverages industry [14]. 
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The scope ofthis thesis will focus only on the extrusion blow molding process. Table 2.1 

shows the different products created from each of the three blow molding processes [15]. 

Table 2-1: Polymer Processes and their products 

Process Products Made Resins Used 
Extrusion BottIes, Automotive fuel tanks, Venting ducts, PP, PE, PET, 

Blow Molding Watering cans, Boat fenders, etc PVC 
Injection Blow 

BottIes, Jars, Roll-on containers 
LDPE, LLDPE, 

Molding PP,PET, PVC 

Stretch Blow 
Carbonated and soft drink bottles, Cooking oil 

Molding 
containers, Health and oral hygiene products, PET 

Bathroom and toiletry products 

2.2 History 

The actual blow molding process originated in the first century BC where Syrian glass 

workers shaped heated bulbs on the end of a blow pipe to create hollow parts [17]. 

Although evidence shows that the Egyptians and the Babylonians were the first to mold 

plastics into utensils, the first recorded molded part was a baby rattle in 1880. Its creator, 

John Wesley Hyatt, established Celluloid Corp. in 1872 and was granted the first US 

patent for a blow molding process in 1881 [12]. 

The blow molding industry for fi ft y years following the first baby rattle remained 

stagnant mainly due to the lack of development in resins. Celluloid and celluloid acetate 

were used to mold the backs of hair brushes, ping-pong balls, doll parts, cutlery handles, 

jewellery and the outer end of a telephone receiver. It was only in the late 1930s that the 

'modem' blow molding industry was bom [17]. Just prior to the Second World War, 

there were two major developments in the blow molding industry. The first involved the 

development of the machinery while the second development was material based. 

In 1938, James T. Bailey of Plax Corporation invented the first hot-melt intermittent 

extrusion machine. This particular machine, using a crosshead die and one-cavity mold, 

would extrude a hollow tube of melted resin. Once the tube was long enough, the 

machine would stop, the mold would clamp and air would be blown in to form the part. 

7 



Soon after, J.T. Bailey designed the first commercial automatic continuous blow-molding 

machine capable ofhandling four molds in sequence [12]. 

Concurrently, in 1937, low-density polyethylene (LDPE) was patented and used 

exclusive1y for the war. After severa1 failed attempts to commercially b10w-mo1d LDPE 

parts by the Plax Corp. in the early 1940s, it was the Hudson Talcum Powder Co. who 

successfully produced the "Stoppette" deodorant squeeze bottle [25]. Despite the early 

failures for LDPE, "the introduction of polyethylene as a thermoplastic raw material was 

probably as important as equipment inventions in advancing the field of blow molding 

[12]." 

Similar advancements in technology and materials allowed for several growth periods in 

the blow molding industry since the initial boom in the late 1930s. One of the more 

notable growths occurred in the late 1950s where two major developments surfaced. The 

first was the commercial production of blow-molding machines. The second was the 

introduction of high-density polyethylene (HDPE) to blow-molding processors [12]. 

Appendix A shows a timeline with the important dates in EBM history up to 1991 [1]. 

2.3 Markets 

According to a Plastics Technology website forecast, the total blow molding output 

within North America will have increased by 6% this year followed by another 6% in 

2005. These increases are encouraging considering that the price per pound of resin has 

been the highest in many years due to its close correlation to the price of petroleum per 

barrel [19]. 

Below is a list of the top ten blow molding companies found in North America with their 

total sales for 2003 in parentheses (millions US$) [20]. 

1. Amcor PET Packaging, Manchester, MI 

2. Owens-Illinois Inc., Toledo, OH 
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3. Plastipak Packaging Inc., Plymouth, MI (880.00) 

4. Graham Packaging Co. LP, York, PA (809.60) 

5. Consolidated Container Co. LLC, Atlanta, GA (800.00) 

6. Kautex Textron, Troy, MI (650.00) 

7. Inergy Automotive Systems LLC, Troy, MI (622.00) 

8. Constar International Inc., Philadelphia, PA (562.80) 

9. Silgan Plastics Corp., Chesterfield, MO (528.00) 

10. ABC Group Inc, Toronto, Ontario (460.00) 

In 2003, the top ten North American blow molding companies generated almost 8 billion 

USD in total sales. 

Table 2.1 states that bottles, automotive fuel tanks, venting ducts, watering cans, and boat 

fenders are aIl produced by EBM. Other products such as toys, trash cans, and household 

chemicals are also important markets for the EBM process. However, of aU the EBM 

markets, bottles are by far the most important in this industry and it will only continue to 

grow [19]. Plastic Technology predicts that the market for bottles containing potable 

substances will grow by 8% per year for many years to come. Similarly, bottle 

containing non-potable liquids are expected to grow at a rate of 6% per year [21]. 

The plastics industry is a force in today's world and it is slowly becoming an integral part 

of other major industries. It has already affected the automotive industry making cars 

lighter, safer, and less expensive and will soon become a major player in the biomedical 

field. 
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2.4 Different Stages of EBM 

Most sources will infonn the reader that there are four stages to the extrusion blow 

molding process. They are: parison fonnation, clamping, blowing and cooling [17]. 

Sorne references tend to group the middle two stages into one stage and simply calI it the 

clampinglblowing stage. To simplify matters, the description below of the EBM process 

will be described as four stages. 

The first stage consists of fonning the parison before it is blown into the mold. A parison 

is a long hollow tube of melted resin extruded through a narrow annular opening. The 

length and thickness of the free-hanging parison are crucial in the subsequent inflation 

and final part thickness distribution. There are rapid advances being made in the 

development of software programs that will correctly predict the final thickness 

distribution of a part based on the characteristics of the extruded parison. Figure 2-1 

shows the parison fonnation stage. 

Figure 2-1: Parison Formation Stage 

Following the extrusion of the parison, the next step is to clamp the two halves of the 

mold. Otherwise known as the pinch-off stage, this step will physically detach the 

parison from the extruder while fonning a seal on the bottom edge. The benefits of 

removing the parison from the extruder are two-fold. First and foremost, it allows for 
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fonning of a new parison while the previous one continues the process. Secondly, 

depending on the abilities of the blow molding machine, an operator can have up to eight 

molds working at once in a rotational system to maximize productivity. 

The third stage of extrusion blow molding involves blowing air into the parison enc10sed 

in the mold. This increased pressure inside the mold forces the pinched-off parison to 

take the shape of the mold cavity and for the first time in the extrusion blow molding 

process, the parison resembles the final part. 

Once the parison is inflated, the parison is still too hot to leave the mold. In addition, the 

blown part is still in a 'melted' state. Although short, the cooling stage is crucial in the 

final product. This final stage can be performed in various ways. For example, most 

EBM machines use cold water to cool the mold halves which solidifies the exterior of the 

part. The inner wall of the blown part is cooled by the convective nature of the blown air 

inside the mold. Cooling times are also important to optimize. Excessive cooling times 

decrease productivity while short cooling times increase chance of shrinkage and 

warpage [17]. Figure 2-2 shows a final part after all the blow molding stages have been 

completed. 

Figure 2-2: Final Part after EBM Stages 
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2.5 Extruder 

As discussed in the prevlOUS section, the actual extrusion of the parison plays an 

important role in the quality of the final blown part. Presently, extensive research is 

being conducted to correctly predict the parison dimensions extruded from the machine. 

Due to the continuously changing rheological characteristics of the resin, the parison 

extrusion is difficult to mode!. The type of extruder, the description of the die head and 

the polymer resin being melted are important factors that can affect the behaviour of the 

parison. The purpose of this section is not to explain the rheological effects of each 

factor on the parison but rather to describe the different options that are available to the 

machine operator. Moreover, this section will present to the reader the specific 

experimental set-up used throughout this research. 

2.5.1 Continuous vs. Intermittent 

Extrusion blow molding Can be divided in two main categories; continuous extrusion and 

intermittent extrusion [18]. 

In continuous extrusion blow molding, the melted resin never ceases to be extruded. 

Since the parsion is continuously being formed, the next three stages of the blow molding 

process must be performed away from the die head. In the past, sorne extrusion machines 

transferred the parison from the die head to the mold before continuing with the process. 

This process has since become obsolete [16]. Rather than move the malleable parison, 

today's machines first clamp the mold onto the parison and then move the closed mold to 

another station to complete the blow molding process. This procedure can be done in 

three ways: rising mold method, the rotary method and the shuttle method. Each have 

advantages and disadvantages with respect to cost and productivity and characteristics of 

the final part. 

Intermittent extrusion blow molding can also be referred to as discontinuous extrusion or 

shot extrusion [16]. As the name implies, this extrusion method extrudes the melted resin 
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enough for one part and waits until the rest of the process is completed before extruding 

another 'shot'. An advantage to using intennittent extruders is that the c1amped mold 

does not need to be displaced to continue its process. Clamping, blowing and cooling aIl 

take place directly beneath the die head. Similarly to the continuous extruder, the 

intennittent extrusion process can be divided into three subcategories. However, these 

divisions are made with respect to how the resin is extruded and not how it is c1amped 

like in the continuous process. In intennittent extrusion, the resin is 'shot' either by a 

reciprocating screw, a rarn accumulator or an accumulator head [18]. Again, each 

method has advantages and disadvantages depending on the final blown part. 

The extruder used throughout this research project is called the Battenfeld-Fischer FBZ 

1000 located in the large-scale laboratory at the CNRC-NRC lMI in Boucherville, 

Quebec, Canada. It was manufactured in 1987 and purchased by the CNRC-NRC IMI 

the following year. It is a continuous extruder that uses the shuttle method with a single 

mold. Figure 2-3 shows the Battenfeld as it stands in the research laboratory at the IMI. 

Figure 2-3: Battenfeld Extruder 

Figure 2-4 shows the operator console (MACO 8000) that communicates with the 

Battenfeld machine. 
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Figure 2-4: Operator Console (MACO 8000) 

The screen seen in Figure 2-4 is a touch screen that allows the operator to input the 

parison profile. Based on a given specifie part design, a parison programming profile is 

required for operation. There are a total of 100 points in a Battenfeld parison profile. 

However, an operator can only specify the die gap opening for up to 10 points. These are 

referred to as 'master' set-points. The Battenfeld then interpolates the die gaps between 

any two master points. The required programming profiles inform the Battenfeld 

machine how die gap openings vary for a fixed extrusion time. The extrusion time 

throughout this research was fixed to 10 seconds. Once the extrusion process begins, the 

parison profile cannot be altered. The operator must wait for the Battenfeld to 

completely stop before modifying the profile. Also included on the Battenfeld console 

are the buttons that control the speed of the extrusion. The LED display on the upper left 

of Figure 2-4 tells the operator exactly how fast the screw is tuming in units of 

revolutions per minute (RPM). Unlike the parison programming profile, the extruder 

speed could be tuned while the extrusion process is in progress. Determining whether the 

parison profile and/or the extruder speed could be changed during the extrusion cycle is 

important in designing a controller for the Battenfeld EBM machine. 
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2.5.2 Resin Description 

The choice of polymer is an integral part of the blow molding process. The rheological 

properties of a polymer will determine the quality of the end product. For example, 

suppose an operator runs two Battenfeld EBM machines with identical operating 

parameters but using different polymer resins. The final blown parts will probably look 

identical but both will not be necessarily suitable for industry. For example, either bottle 

might not be shatter-proof or might be susceptible to degradation under higher 

temperatures. These are important factors to consider when choosing a polymer resin. 

In the EBM industry, HDPE is the most widely used polymer resin [18]. A 2001 Plastics 

News survey showed that over 85% of the responding North American blow molding 

companies (194 in all) used HDPE as a polymer resin [22]. In addition, a 2001 report 

shows that in the industrial packaging industry, HDPE accounted for almost 90% of the 

poundage produced which is equivalent to over 2 billion pounds of resin [23]. Table 2.2 

shows the advantages and the disadvantages to using HDPE as a resin in the extrusion 

blow molding industry [18]. 

Table 2-2: Advantages and Disadvantages to HDPE 

Good moi sture barrier properties 

Advantages to using HDPE 
Good stiffness for many applications 
Relative chemical inertness 
Good thermal stability over a range of -40 to 316°C 
Relatively high gas transmission rates 

Disadvantages to using HDPE Sorne chemicals may cause premature failure ofHDPE 
Higher temperatures may cause degradation ofHDPE 

For the reasons mentioned above along with its relatively low cost, HDPE 1000 was used 

as the resin of choice throughout the research on the Battenfeld EBM machine. 

Appendix B shows a table containing other HDPE 1000 parameters [24]. 

2.5.3 Die Head Description 

Another parameter that could change the complexion of the extruded parison is the die 

head description. The three main parts of the die head are the bushing, the mandrel and 
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the die as shown in Figure 2-5. The bushing is the outside piece that encases the mandrel 

and the die. The die is attached to the mandrel which is itself a movable pin inside the 

bushing. Depending on the parison programming profile, a hydraulic system moves the 

mandrel pin vertically to reach the appropriate die head opening. The parison 

programming points entered in the Battenfeld is a percentage of the maximum stroke 

length. A stroke length is defined as the vertical distance between the tip of the die head 

and the bushing. The maximum stroke length for the Battenfeld machine is 0.536cm. 

Therefore, the die gap opening in length units (i.e. cm) is shown in Equation 2.1 below. 

h (cm) = ho(%)·maxstroke = ho(%)·0.536cm 
o 100 100 

(2.1) 

Figure 2-5 shows the cross-section of the components that make up the die head [16]. 

Mandrel 

Bushing 

Die 

Figure 2-5: Section view of the Die Head 

The die used throughout this experiment is a diverging die with a 29mm diameter (see 

Figure 2-6 (left) - top view). The angle of the diagonal plane with the vertical is 30° (see 

Figure 2-6 (middle) - front view). Figure 2-6 (right) shows the die in three dimensions. 

The bushing inner diameter is 3Omm. Therefore when the die is flush with the bottom of 

the bushing (otherwise known as 0% open), there is a mere 0.5mm of space for the 

melted resin to extrude. This is impractical in any bottle design. In addition, a rule of 
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thumb in design practices is that die gap openings should never be fully opened (100%) 

to avoid mechanical failures. 

Figure 2-6: Top view (Ieft), Front view (middle), 3D view (right) of a extrusion die 
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3 Theoretical Model 

For any process, a model has to be developed in order to understand the system 

dynamics. In other words, if the input(s) of a system change, how does it affect the 

output(s)? 

3. 1 Control System Models 

The model of the system is critical to the design of an effective controller. Whereas the 

model does not have to be an exact replica of the system studied, its response to the input 

signal applied to the system must follow the system output as c10sely as possible. A 

well-designed controller will then minimize the error between the model and the actual 

system in c1osed-Ioop. 

Assuming that the resin and the die parameters do not change, there are two other 

parameters that can affect the system output. They are the speed of the extruder (rpm) 

and the die gap opening (ho)' As a result, this chapter will focus on an initial model of 

the continuous extrusion blow molding process having two inputs (rpm & ho) and a single 

output (parison length). Such a system is called a MISO (multiple input, single output) 

system. 

3.2 Master Formula Derivation 

For over a quarter of a century, polymer processing experts have tried to model the 

rheological effects that occur in the EBM process known as swell and sag. The model 

developed in this chapter will neglect these influences of swell and sag. Therefore, 

replacing a normal polymer resin by an incompressible, undeformable material such as 

cold steel in the extrusion process will avoid any swell or sag in the parison. Figure 3.1 
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shows an example of an extruded 'steel' parison indicated with the variables needed to 

derive the master formula. 

L 

Figure 3-1 'Steel' Parison 

Finding a function that determines the parison length (L) is the purpose of this section. 

The first step is to calculate the parison volume (V) with respect to L. Equation (3.1) 

represents the volume of a cylinder. 

(3.1) 

From Figure 3-1, the die gap opening (ho) is shown in the following equation: 

(3.2) 

Using Equations (3.1) and (3.2), the length of the extruded parison can thus be expressed 

by Equation (3.3): 

(3.3) 
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In order for Equation (3.3) to have the correct units (i.e. cm), a change ofunits is required 

for the die gap ho. As explained in Section 2.5.3, the Battenfeld understands the die gap 

as a percentage opening (%). Reeall that the maximum stroke length (100% open) of the 

die head is 0.536em. Consequently, any die gap length ean be ca1culated by multiplying 

the die gap percentage by the maximum stroke length (see Equation 2.1). 

The next step is to represent the parison length L as a function of both rpm and die gap 

(ho) as they will be the inputs to our model. To do this, the volume V of the extruded 

parison must be represented in terms of mass flow rate. Equation (3.4) shows how 

volume is a funetion of the volumetrie flow rate (Qv) while Equation (3.5) links the 

volumetrie flow rate to the mass flow rate (Q): 

(3.4) 

(3.5) 

where p is the melt density of the resin in (glcm3
). For HDPE 1000, the melt density is 

0.763g1cm3 [26]. Inserting Equations (3.4) and (3.5) in (3.3) will give the length L as a 

function of die gap (ho) and mass flow rate (Q). Note that L is now time dependent. 

(3.6) 

The final step to ca1culate the 'steel' parison length L(t) is to find the relationship 

between the mass flow rate (Q) and rpm. Assume that the extruder screw is a tight fit in 

the barrel minimizing the channel depth [27]. As the melted resin is being propelled 

through the barrel, no backward flow along the screw axis is assumed because of the 

minimal channel depth. In other words, the melted resin follows a 'perfect' flow out of 

the die head. This assumption would lead to the mass flow rate Q being an almost linear 

function of rpm. 
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To verify this assumption, a quick experimental test was performed. Four different 

extruder speeds (rpm) were analyzed (rpm = 45,50,55 and 60). Similarly, six different 

die gaps were used (ho = 10%,25%, 50%, 75%, 90% and 100%). For each rpm and ho 

combination, five samples of polymer resin were extruded for 15 seconds and weighed. 

As a result, there were a total of 120 samples of extruded plastic. An average flow rate 

(glmin) for each rpm was ca1culated, plotted and shown in Figure 3-2. 

Mass Flow Rate vs. rpm 
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Figure 3-2: Mass Flow Rate vs. rpm 

Clearly, Figure 3-2 confirms that the assumption of the mass flow rate being a linear 

function ofrpm is accurate. Equation (3.7) shows the linear relationship between Q and 

rpm: 

Q(rpm) = Qo . rpm = 8.32· rpm (3.7) 

where Qo (glrev) represents the slope in Figure 3-2. 

Inserting Equation (3.7) into Equation (3.6) gives the final expression of an extruded 

'steel' parison as shown in Equation (3.8): 
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where a = Qo. Note that Cl can be ca1culated without any knowledge of the inputs. 
7rp 

(3.8) 

Equation (3.8) is referred to as the 'master formula' for several reasons. Since the 

equation is dependent on machine and material parameters, it can be utilized on any 

extrusion blow molding machine for any choice of resin. As mentioned previously, the 

value of a = Qo can be calculated without any knowledge of the inputs. Therefore, a 
7rp 

database could potentially be created listing different values of Cl for different extruder 

machine and material combinations. For example, the Battenfeld using HDPE 1000 

would have Cl = 3 .48cm3/rev. Finally, this 'master' length formula will be the essence of 

the initial model representing the EBM process described in the next section. 

3.3 Simu/ink Mode/lA' 

Mathworks is a company that specializes in technical computing (MATLAB) and Model

Based Design software (Simu/ink). More specifically, Simu/ink allows the user to design, 

implement, simulate, test control any type of system in a user-friendly graphic interface 

[28]. Figure 3-3 shows an example of a Simu/ink model. Figure 3-3 also represents the 

initial Model 'A' . 

. 48241----.. 

ho 
55 theoreticalmodel.mat 

rpm Master Formula To File L.:)--_____ .. 

Clock 

Figure 3-3: Initial Simulink Model 'A' 
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Figure 3-3 shows that there are three inputs to the system: die gap (hJ, extruder speed 

(rpm) and time (t) aIl being fed into a multiplexer block which combines several input 

signaIs into a vector output signal. The block entitled 'Master Formula' contains 

Equation (3.8) from the previous section and inserts the given input values. FinaIly, the 

last block on the right allows the user to save the output signal into a file which could be 

plotted using a MATLAB program. 

Figure 3-4 shows the system output signal for a constant input signal of rpm = 55 and ho 

= 90% (or 0.4824cm). The extrusion time throughout the thesis will be 10 seconds. That 

is, the initial model calculates the length of a 'steel' parison with the die head opened at 

90% of its maximum stroke while the extruder is pumping at 55rpm for 10 seconds. 

Theoretical Length of a "Steel" Parison (ho=90% and rpm=55) 
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Figure 3-4: Theoretical Length of 'Steel' Parison 

Table 3.1 represents the final length (cm) (after tex! = 10sec) for aIl the different input 

combinations studied. 
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Table 3-1: Theoretical Lengths of 'Steel' Parison for text = 10sec 

ho~ 50% 75% 90% 100% 
RPM 

45 30.74cm 19.66cm 16.00cm 14.17cm 
50 34.16cm 21.85cm 17.77cm 15.75cm 
55 37.57cm 24.03cm 19.55cm 17.32cm 
60 40.99cm 26.22cm 21.33cm 18.90cm 

There are two patterns of note in Table 3-1. The first observation shows the parison 

length increasing as the extruder speed increases for a given die gap opening. This is not 

surprising as there is more polymer resin being extruded. The screw increases in velo city 

thus producing a longer parison length. The second observation shows the parison length 

decreasing as the die gap increases for a given rpm value. At first thought, one might be 

led to believe that decreasing the die gap opening would actually decrease the length of 

the parison. However, the effect of decreasing the die gap opening is similar to placing 

one's thumb at the end of a hose with running water. More pressure is created inside the 

hose and therefore the water sprays further. 

3.4 Experimental Protocol 

Experimental tests must be performed using the same input signaIs to validate Model 'A'. 

Figure 3-5 shows the experimental set-up performed in the large-sc ale lab at the CNRC

NRC IMI. 
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Figure 3-5: Experimental Set-up at CNRC-NRC IMI 

The leftmost tripod holds the Fastcam PCI High Speed Camera purchased to capture the 

length evolution of the parison. The high speed camera is able to take up to 10,000 

frames per second (fps) with a 512 x 480 resolution (see Appendix C) [34]. However, 

since the memory buffer is fixed, decreasing both the frame rate and the resolution will 

allow for a longer duration offilming. As a result, the camera was set to take 125fps with 

a resolution of 512 x 240. These settings will ensure the camera to capture a 10 second 

extrusion time. The tripod immediately to the right of the camera holds the 1000W 

spotlight directed toward the parison. Figure 3-6 shows the camera view of the 

Battenfeld machine. 
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Figure 3-6: Camera view of the Battenfeld machine 

Normally, a newly-extruded parison will be translucent due to its high temperature (over 

180a C). For optimal filming, a white dye was mixed in the resin before the extrusion. 

These white dye particles occupied 2% of the volume for a batch of HDPE 1000. Such a 

small percentage will not affect the overall rheological properties of the polymer. In 

addition, to maximize the contrast between the extruded parison (now white), a black 

surface was installed directly behind the extruded parison. A white ruler (60cm) was also 

glued to the background in order to calibrate the pixel-tracking software included with 

the purchase of the high speed camera. 

Similar combinations of inputs (extruder speeds (rpm) and die gap openings (hJ) were 

used to validate Model 'A'. Equation (3.9) represents the vectors used to perform the 

experiments (four rpm values and four values ofho). In all, there are 16 different possible 

combinations of rpm and ho. 

rpm = [45,50,55,60] 

ho = [50%,75%,90%,100%] 
(3.9) 

26 



3.5 Theoretical vs. Experimental 

Figure 3.7 represents a comparison between the Model 'A' output and the experimental 

result for a specifie input of 90% die gap opening with 55rpm using an extrusion time of 

10 seconds. 

Theoretical vs Experimental (ho=90% and rpm=55) 

.' .,' 
- exp : : : : : : : : •••• 

16 :::::::]:::::::::]:::::::::[::::::::I::::::::1:::::::::[::::::::I::::::::L.~:~·~::?~-- ---
l , , 1 1 l , •• , 
, , l , l , l ,,+ , 
l , 1 1 l , ' .... 

Ê 14 -------:---------:---------1---------1---------:------ ---i---~.~::·~~·~'~':- -i---------!--------
~ 12 -------~--- - - - - -- t-------- -~---------:- --- -----t- --------~ .... : =--- -:---------~---------~--------
J:: ' l , , , •• , , , 1 ll! ' , , , , .' , , , , 

~ 10 --------j---------j---------f---------j----:.:>t·,<·-· -f---------i---------1---------f--------
.~ 8 -------+--------i---------~--------.• ~·~:-- -i---------~--------+--------i---------~--------

~ 6 -------~---------;-------),.-.< ... -;---------;------)--------~---------;------)--------
: : .... : : 1 : : : : 

: : .... : :::: 
4 -- ------!- -- -- - - --~~- - -- -~ ----- - -- -!- - - - - - - - - ~ - - --- - - - - ~ - - - - - - - - -!- - --- -- --~- -- - - - - - - ~ - - - - - ---

, .'" , , , , 1 1 1 

: ....., : : l : : : l 
2 ----::)~'~' ----1-------+--------i---------1---------f--------+--------1---------f--------

... ,... : :::: 
°0~--~---2~--~3--~4L---~5--~6~--~7--~8----L9--~10 

Time(sec) 

Figure 3-7: Theoretical vs. Experimental Length (ho = 90%, rpm = 55) 

Similarly to Table 3-1 from Section 3.3, Table 3-2 shows the experimental values of a 

parison made out ofHDPE 1000 after 10 seconds of extrusion time. 

Table 3-2: Experimental Lengths of 'Steel' Parison for tex! = 10sec 

ho 7 50% 75% 90% 100% 
RPM 

45 24.20cm 18.46cm 15.59cm 14.29cm 
50 27.59cm 20.15cm 17.28cm 15.91cm 
55 31.09cm 22.63cm 19.04cm 17.48cm 
60 34.57cm 25.37cm 21.72cm 19.04cm 

The best way to validate the Mode1 'A' is to ca1culate the percent error for each data 

point. Equation (3.10) shows the expression to ca1culate the percent error. 
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lexperimental-theoreticall 
Error(%) = . ·100 

expenmental 
(3.10) 

Table 3-3 shows the maximum error from each combination of inputs. 

Table 3-3: Maximum Percent Errors 

ho 7 50% 75% 90% 100% 
RPM 

45 75.24% 44.72% 31.05% 46.31% 
50 88.55% 60.80% 49.35% 40.29% 
55 43.49% 45.21% 60.68% 21.29% 
60 49.67% 36.94% 44.98% 52.32% 

Clearly, Table 3-3 confirms that this initial model developed for a 'steel' parison in this 

chapter is not suitable. Therefore, an efficient control system cannot be designed because 

of such high model errors. However, this model does prove that swell and sag must be 

accounted for in models to come. 

The next section will provide sorne suggestions on providing a better modeling scheme 

and further explain why the initial Model 'A' is not appropriate for the control system. 

3.6 Modellmprovements Needed 

As explained in the previous section, Model 'A' yields very high percent error. Po or 

models could potentially lead to unstable control systems. Another problem with the 

initial model is that both inputs (rpm & ho) are constant values. This restriction is not 

suitable for industry as final part designs require changes in die gap openings to achieve 

optimal thickness distributions. 
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Figure 3-8: Botties Produced by the Battenfeld EBM Machine 

Figure 3-8 shows an example of a final part created by the mold insta1led on the 

Battenfeld. The parison programming points needed to produce such a bottle will have a 

variation of die gaps to achieve a suitable thickness distribution. 

By varying these input parameters, any model improvement should be able to include the 

system dynamics. That is, these models should be able to determine how changes in the 

die gap opening affect the parison length and similarly, determine what effects changing 

the extruder speed (rpm) will have on the parison length. Consequently, the improved 

models in the next chapter will focus on tracking the parison length evolution as the input 

parameters vary. 

Despite the sub-par results of the initial model, Model 'A' shows the behaviour of the 

parison length as the inputs are changed from cycle to cycle thus allowing for a better 

understanding of the EBM process. Furthermore, outputs from Model 'A' could be used 

as a 'first guess' for future models. 
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4 Experimental Models 

Whereas the prevlOus chapter focused on creating a model based on theoretical 

derivations, this chapter will create models based on experimental results. This method is 

called system identification. Models based on experimental identification are called 

black box models and are used here for the purpose of a MISa in-cycle controller design. 

Rather than entering constant values of extruder speed (rpm) and die gap openings (hJ, 

these inputs will be incrementally changed one at a time to see their respective effects on 

the parison length. In other words, the system dynamics will be embedded in the 

experimental results and therefore included in the proposed models. 

4. 1 Experimental Protocol 

The protocol for this experiment is as follows: 

1) Create parison programming profiles that coyer almost the entire range of die gap 

openings (hJ from 10% to 95%. 

2) Film using the PCI high speed camera each programming profile for extruder 

speeds (rpm) of 45,50,55 and 6Orpms. 

3) Determine the parison length using the pixel tracking software Photron Motion 

Tools. 

4) Analyze results and propose different models. 

Although an infinite number of parison programming profiles can be designed, the 

profiles created for this experiment are simple step functions with a period of 4 seconds 

altemating between two different ho values. Figure 4-1 shows an example of such an 

input profile using 95% and 20% die gap openings. 
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Figure 4-2 shows the resulting panson length evolution with the above panson 

programming profile and an extruder speed of 55rpms. 

Experimental Length for 95% -> 20% and rpm = 55 
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Figure 4-2: Experimental Length for 95% -+ 20% and rpm = 55 
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4.1.1 Photron Motion Toois Software 

From Figures 4-1 and 4-2, the extrusion time of the parison appears to be 9 seconds. 

However, the Battenfeld machine is programmed to have an extrusion time of 10 seconds 

before the clamping stage commences. The pixel-tracking software accompanying the 

Fastcam PCI restricts the length evolution analysis by one second. The Photron Motion 

Tools software must have a reference region to successfully to track a region of pixels. 

An acceptable reference region is only attainable after the first second of extrusion. That 

is, there is enough melted resin coming out of the die head to be able to track for the 

following 9 seconds. Figure 4-3 shows a franie at t = 1 second (the parison segment is 

shown faintly on the right). The white box on the right of Figure 4-3 is the region that the 

software will use to track the evolution of the parison length. As was mentioned in 

Section 2.4, the ruler at the bottom of the frame is used as a calibration too1. The origin is 

located where the knife cuts the parison. Please note that the camera was placed on its 

side to allow filming of the entire extrusion process in order to maximize the resolution in 

the direction of increasing parison length (i.e. vertical). As a result, the parison in Figure 

4-3 flows from right to left. 

Figure 4-3: Snap shot of video at t = 1 sec 
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4.1.2 Input vs. Output 

Figure 4-4 shows the evolution of the parison length vs. the programming profile used to 

achieve it. 
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Figure 4-4: Input (95% -+ 20%) vs. Parison Length 
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Figure 4-4 conc1udes that as the die gap changes from 95% to 20% or vice versa, the 

evolution of the parison length changes accordingly. That is, where the input toggles 

values at t = 2, 4, 6, 8 seconds, the parison lengths become affected at approximately the 

same times. This observation will be useful in developing the model in the sections to 

come. 

4.2 Simu/ink Mode/lB' 

Another observation from Figure 4-4 is that for a constant portion of the input signal, the 

output behaves in a linear manner. This observation strongly suggests that the next 

model (Model 'B') should contain a simple integrator block. As a result, Figure 4-5 

represents a simple model using an integrator block. 
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Offset 

Figure 4-5: Simulink Model 'B' 

The left hand side of Figure 4-5 duplicates the parison programming profile that is 

entered in the Battenfeld and described in the previous section. The 'compliment' block 

is necessary due to the inverse behaviour of the parison flow rate as the die gap increases. 

Recall from Section 3.3 that the rate at which the melted resin flows out of the die head 

decreases as the die gap increases. Normally, the integrator block output will want to 

increase as the input increases. Finally, the 'Gain' block is present to allow for the model 

output to best fit the experimental result. 

Figure 4-6 compares the output of the model seen in Figure 4-5 to the experimental result 

for the input signal shown in Figure 4-4 (bottom). 
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Figure 4-6: Model 'B' output vs Exp Length for 95% --+ 20% and rpm = 55 
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Although Model 'B' does not seem to track the experimental result very well, the goal of 

Model 'B' was to find the appropriate gain such that the curves before the first die gap 

change (from 95% to 20% at t = 2sec) would coincide. For a 95% die gap opening at rpm 

= 55, the gain needed was 0.34. 

Figure 4-6 also shows that the system is causal. A system is causal "if the output at any 

time depends only on values of the input at the present time and in the past" [29]. The 

gain block in the model affects the slope of the parison length evolution for a specifie die 

gap opening. In the example provided, the die head is open at 95% of its maximum 

stroke length between the time intervals [1,2], [4, 6] and [8,10]. With a gain of 0.34, 

the slopes of the model output are comparable to the slopes of the experimental result for 

an ho = 95%. This proves that the model output is affected only by present input values 

and not by future input values. 

The next figures show a similar model (Figure 4-7) and results (Figure 4-9) but for a 

different input signal (Figure 4-8) programmed in the Battenfeld machine. 

Integrator ParÎson 
Length 

Offset 

Figure 4-7: Model 'B' for 20% -+ 80% Input Signal 
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Programmed Parison Inputwith rpm = 55 
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Figure 4-8: Parison Programming Profile for 20% --+ 80% 

Model Output YS Experimental Length for 95% -> 20% and rpm = 55 

L-~,~~ , 
1 '" 1 1 l , 
1 l , , , 1 1 l , - - - - - - -1- _______ .. ________ ..0 ________ ~ ________ .. ________ 1 ________ .... ________ .. ________ .. __ 

l , , , , l , , 1 
, , l , 1 1 l , , 

, " 1 " 
, " l , 
1 1 1 1 1 
, 1 l , , 

1 1 1 l , 

, " 1 1 1 
l , l , , 1 1 1 

30 ------:--------:-------:--------t--------:---------:--------:--------:-7 __ c ________ L ______ _ 

l , , l 1 l : .••• 
---- -- -:- ---- ---~--------~- -------t --------~ --------L'".It~.-.--:~· .~~----~ --------} --------~-- -- -

j 1 i i l ,l: ::: 
, 1 1 l , 
, 1 1 l , 

: : : : :... 1 l , 

----- --;- -- -- -- -~- -------i-------- t --- -----~~~ ------:- -- ----- ~--- ----- t-- ------t ------ --~-- -----
: : : : .... : : : : 1 

: : : : .•. : : : : : 
: : : : .•. : : : : : 

15 - - - - - - -~ - - - - - - - ~----- - --; - - - - - - --:./ ----;---- - -- -:- - - - - - - - ~- - - - - - - -;- ----- - -; - - -- - - --~ --- ----

,,_·;··::·:-t····-Il_.:... .l ...... . 
, l , 1 l , 1 1 1 1 
l , 1 1 1 1 1 l , 

1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 

1 1 1 1 1 1 
• 1 1 ,. , 

50~--~--~2--~3~--~4--~5~--~6--~7~--~8----~9--~10~~11 

Time(sec) 

Figure 4-9: Model 'B' output vs. Exp Length for 20% --+ 80% and rpm = 55 

In order to have both curves coincide before the first die gap change at t = 1 second, the 

gain value in Model 'B' is 0.066. Unlike the first example where the model output varies 

greatly from the experimental result, Figure 4-9 shows that Model 'B' with a gain of 
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0.066 do es track the experimental result for a 20% - 80% input signal. However, a 

model must be able to perform adequately for any input. Improvements must therefore 

bemade. 

4.3 Gain Matrix 

The next step to improving Model 'B' is to create a gain matrix such that numerical gain 

values are found for several input combinations. For example, one of the gains found in 

the previous section of 0.34 is specifically for a die gap opening of 95% with a 55 rpm 

extruder speed. Similarly, for a 20% die gap opening and a 50 rpm extruder speed, the 

gain proved to be 0.066. 

Using the tuning method developed in Section 4.2, gain values are ca1culated for the 

other 70 input combinations of die gap openings (18 different ho) and extruder speeds (4 

different rpm). Appendix D shows the list of all the parison programming profiles filmed 

throughout the entire experiment. 

Table 4.1 shows the gain magnitudes for aIl the possible input combinations. The 

columns represent the varying die gap openings, while the rows represent the extruder 

speeds. 
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Table 4-1: Gain Matrix 

10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 

45 0.075 0.062 0.054 0.051 0.046 0.043 0.042 0.042 0.042 0.042 0.050 0.050 0.052 0.056 0.076 0.086 0.128 0.270 

50 0.075 0.070 0.066 0.063 0.054 0.050 0.046 0.046 0.047 0.050 0.052 0.052 0.058 0.068 0.075 0.092 0.130 0.300 

55 0.083 0.076 0.066 0.060 0.057 0.052 0.052 0.052 0.050 0.051 0.057 0.057 0.063 0.073 0.088 0.106 0.170 0.340 

60 0.090 0.078 0.072 0.065 0.061 0.058 0.057 0.054 0.053 0.056 0.062 0.063 0.072 0.078 0.097 0.108 0.200 0.360 . 

1 

-
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The values from Table 4.l are plotted in Figure 4-10. The gains for each extruder speed 

are weIl behaved. Increasing the extruder speed appears to shift the gain curve upwards. 

Gain Matrix Graph 
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Figure 4-10: Gain Matrix Curves 

These gains will be used to improve Model 'B' seen in the next section as Model 'C'. 

4.4 Model 'C' 

4.4.1 Simulink 

Similarly to Model 'A', Mode! 'B' needs to be improved before designing a MISO in

cycle controller for the continuous EBM process. The easiest way to implement the gains 

from Table 4.1 is to replace the simple gain block frOID Figure 4-7 with a look-up table 

(LUT). Depending on the input, the LUT assigns an output (a gain) to be used 

throughout the simulation. For example, suppose that the input is a step signal where the 

die gap openings vary from 95% to 20% as seen in Figure 4-1 with a 55rpm extruder 

speed. Within the LUT block, the input vector will be [20, 95]. Based on Table 4-1, the 

corresponding output vector for the LUT is [0.066, 0.34]. The LUT will output a gain of 
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0.066 ifthe die gap is at 20%,0.34 is the die gap is 95% and will interpolate the gains for 

all die gap openings in between. Figure 4-11 shows the LUT parameter screen as seen in 

the Simulink software. Below it, Figure 4-12 shows Model 'C' with the LUT block 

inc1uded. 

Constant 

Perform 1 'D linear interpolation of 'input values using the specifted table. 
EKtrapolation Î$ pelformed QUtsidetfle table boundaries. 

Parameters-----'---------------.., 
Vector of input values: 

1[20,95) 

Vector of output values: 

1[0.066,0.341 

OK •... , . (:ancel Hefp Apply 

Figure 4-11: LUT Parameter Sereen 

Producl Integrator1 Scope 

Look·Up 
Table 

Fignre 4-12: Simulink Mode) 'C' 

4.4.2 Model 'C' Validation 

Figure 4-13 shows a typical10 second simulation. 
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Model Output vs Experlmentallength for 95% -> 20% and rpm = 55 
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Figure 4-13: Exp vs. Model 'C' Output for 95% .... 20% with rpm = 55 

To further he1p validate Mode1 'C', two more inputs will be simulated. The input values 

are given below: 

• Step signal with ho varying from 15% to 75% and rpm = 45 

• Step signal with ho varying from 55% to 20% and rpm = 50 
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Model Output vs Experimental Length for 15% -> 75% and rpm = 45 
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Figure 4-14: Exp vs. Model 'C' Output for 15% -+ 75% with rpm = 45 

Model Output vs Experimental Length for 55% -> 20% and rpm = 50 
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Figure 4-15: Exp vs. Model 'C' Output for 55% -+ 20% with rpm = 50 

The three examples shown in this section offer a wide range of parison programming 

input signaIs. Each have a different starting ho (high, low, medium, resp.), different 
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changes in amplitudes (75, 60, 35 resp.) and different extruder speeds (45, 55, 50, resp.). 

An effective method to validate Model 'C' is to compare the error between the 

experimental and model outputs for each of the three cases. Figure 4-16 represents the 

error signaIs. 

Error Difference for 3 Model "CR Validations 
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Figure 4-16: Error Comparisons for Model 'C' 

Although the input signal having an ho varying between 55% and 20% seems to be well

modeled by Model 'C', the purpose of an acceptable model is to represent a system for a 

large range of input signaIs. Clearly, from Figure 4-16, the input signal having an ho 

varying between 15% and 75% is not well-modeled. 

The error seen in Figure 4-16 could be explained by lack of detail in Model OC' given to 

the die gap transitions. The input signaIs were carefully designed to vary the die gap 

opening at every 2 seconds. Taking a closer look at the experimental output in Figure 4-

13 shows that the transition areas need particular attention. This will be the focus of the 

next section. 
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4.5 Output Abnorma/ities 

A possible reason for the significant errors seen in Figure 4-16 is due to the die gap 

transition areas in the parison programs. Figure 4-17 recalls the experimental vs. the 

Model 'C' output for 95% - 20% with rpm = 55. 

Model Output vs Experimental Length for 95% -> 20% and rpm = 55 
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Figure 4-17: Experimental Output for 95% -+ 20% with rpm = 55 

The model output can be divided into four distinct reglOns, each defined by an 

abnormality. Each ofthese abnormalities will be investigated in turn. 

4.5.1 Abnormality in Region 1 

Region 1 in Figure 4-17 is difficult to see, therefore in Figure 4-18, a c1ose-up is shown. 
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Model Output vs Experimental Length for 95% -> 20% and rpm = 55 
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Figure 4-18: Region 1 Abnormality (Close-up) 

There are two specifie areas that are of interest in Figure 4-18. The first is between 1.8 

and 2 seconds where the slope of the parison length curve increases suddenly. In other 

words, the parison is extruding at a faster rate for these 0.2 seconds. The second time 

interval is between 2 and 2.2 seconds where the parison seems to be slowing down 

immediately before it once again tracks the slope of the model. 

Recall that the die gap is varying from a larger opening (95%) to a narrower one (20%) at 

t = 2 seconds. This change in die gap opening creates an increase in pressure. As 

explained in Chapter 2, reducing the die gap opening is analogous to putting one's thumb 

in front of a running water hose. The water will travel further or in this case, the melted 

resin will flow out of the die head at a faster rate. 

Similarly, there is a particular machine-related pattern that needs to be investigated. This 

machine-related conclusion is drawn from the many films produced throughout the 

experiment. Suppose that the extruder is turned off and there is a short parison hanging 

from the die head. Please note that the knife that usually cuts the parison during the EBM 

process was removed for safety purposes. Although the knife was removed, the button 

on the operator panel that triggers the eut still operates normally. It is this knife-trigger 
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butlon that initiates the parison programming profile to begin its sequence. Once the pre

programmed profile changed the die gap from 95% to 20% at t = 2 seconds, an 

interesting phenomenon occurred. At t = 2 seconds, the length of the parison seemed to 

decrease. Filming and analyzing this machine-related phenomenon produced the graph 

seen below. Once again, the extruder is tumed off therefore the only action affecting the 

pre-determined parison length is the change in die gap. Figure 4-19 shows the parison 

length relative to its starting length before the knife butlon was triggered. 

Parison change with extruder tumed off (Input = 95% -> 20%) 
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Figure 4-19: Machine Recoil for Input of 95% ...... 20% while Extruder Turned Off 

Figure 4-19 c1early shows the parison recoil and 'lose' length (up to 8mm-l0mm) at 

times where the die gap opening decreases (at t = 2 sec and t = 6 sec). Similarly, the 

inverse in true where the parison increases its length as the die head increases its gap. 

These machine-related changes in length are due to the vertical displacement of the 

mandrel pin within a fixed bushing via a hydraulic system. Since the change in die gap 

for this example is large (75% difference), the diverging die atlached to the mandrel pin 

physically lifts the free-hanging parison to the new, smaller die gap position thus 

'decreasing' its overall length. Figure 4-20 shows the difference between a 95% (left) 

and a 20% (right) die gap opening with a fixed bushing. 
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95% open 

Figure 4-20: Die Gap Differences 

This 'recoil' phenomenon could explain the decrease in extruded resin speed seen in the 

second interval between !eX! = 2 and 2.2 seconds. It is the pressure caused by the 

extrusion in the die head that prevents any 'loss' of parison length. The evolution of the 

parison length continues to behave normally once steady state is reached at tex! = 2.2 

seconds. 

4.5.2 Abnormality in Region 2 

Unlike to the previous subsection, the Region 2 abnormality is solely due to a pressure 

difference between die gap openings. Figure 4-21 shows a c1ose-up view of Region 2. 
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Exp vs. Model 'C' Outputfor 95% -> 20% and rpm = 55 
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Figure 4-21: Region 2 Abnormality (Close-up) 

RecaIl that at teX! = 4 seconds, the parison programming profile infonns the mandrel pin 

to increase the die gap from 20% to 95%. The die gap increase leads to an increase in 

volume inside the die head. As a result, for a very brief period of time, the melted resin 

must fill the void inside the die head before the parison can continue to increase in length. 

The pressure within the die head retums to nonnal once the void is no longer. Beyond 

this point, the model seems to track the experimental result adequately. This smaU 

plateau can be seen in aIl cases where the die gap increases significantly. 

4.5.3 Abnormalities in Region 3 and 4 

The abnonnalities in Regions 1 and 2 cover the discrepancies between the experimental 

result and the Model 'C' output specifically during transition times. The abnonnalities in 

Regions 3 and 4 occur in the later stages of the extrusion process. Figure 4-22 shows the 

close-up view of Region 3 while the die gap is 20% open. 
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Exp vs. Model'C' Output for 95% -> 20% and rpm = 55 
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Figure 4-22: Region 3 Abnormality (Close-up) 

Between t = 6.2 seconds and t = 7.8 sec, the slopes of the experimental result and the 

Model oC' output are clearly different. The experimental slope is steeper than the slope 

from the model. On the Battenfeld, this relates to the melted HDPE flowing out of the 

die head faster than the modeled version. The difference in slopes is explained by a 

rheological property called sag. The effect of sag is proportional to extrusion time. The 

weight of the parison pulls down and stretches the parison due to gravit y, therefore 

increasing its length. Note that the Region 1 abnormality also occurs at t = 6 seconds. 

Figure 4-23 shows another ex ample of sag when the die gap is opened at 95%. 
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Exp vs. Model'C' Output for 95% -> 20% and rpm = 55 
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Figure 4-23: Region 4 Abnormality (Close-up) 

10 

Figure 4-23 shows the final 2 seconds of the evolution of the parison length for a die gap 

opening ho = 95%. The slopes between text = 8 and 10 seconds are comparable but the 

experimental curve (solid line) is still slightly steeper than the Model 'C' output. This 

can once again be attributed to the sag effect of the parison. However, since the die gap 

is large, the thicker extruded parison will be less subject to sag. 

This section proves that Model 'C' needs to be altered to take into effect the transition 

periods of the die head and the rheological properties of the polymer. The next sections 

will provide improvements to Model 'C'. 

4.6 Input Signal Changes 

Before any improvements to the actual model are made, the input signal entering the 

model must be modified to better represent the system. Figure 4-24 once again shows the 

original input signal for Models 'B' and 'C'. 
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Programmed Parison Input with rpm = 55 
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Figure 4-24: Input parison programming profile for 95% ..... 20% and rpm = 55 

This input signal represents instantaneous changes in the die gap opening. However, 

perfect transitions do not exist in industry. There are always delays due to the 

mechanical restrictions of the machine. Other than show the abnormalities, Figures 4-18, 

4-21, 4-22 and 4-23 c1early indicate that the Battenfeld machine starts its transitions a 

few tenths of a second before the ideal ttransition. Similarly, these same figures show that 

the steady state of the resin flow occurs a few tenths of a second after ttransition. In aH, 

there is about 0.4 or 0.5 seconds of transition time before steady-state is reached. As a 

result, the input signal seen in Figure 4-24 needs to be modified to inc1ude these 

mechanical delays. This is done by inc1uding a 'Slew Rate Limiter' block from the 

Simulink Library after the 'Pulse Generator' block as seen in Figure 4-25. Figure 4-26 

shows the resulting adjusted input signal compared to the original square wave input. 

Pulse Siew Rate 

9:5 

Offset Scope 

Figure 4-25: Slewed Input for 95% ..... 20% 
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Square Input vs Slewed Input for 95% -> 20% 
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Figure 4-26: Slewed vs. Square Input Signal for 95% -+ 20% 

The solid line in Figure 4-26 is a more realistic representation of the input due to 

mechanical delays when displacing the mandrel pin. Having a more realistic input will 

lead to designing a better model and consequently a better controller. 

4.7 Model 'D' 

4.7.1 Simulink 

The focus of this section is to better model the periods of die gap opening transitions. 

Model 'D' will attempt to better track the experimental results for the 0.4-0.6 second 

transition periods throughout the parison programming profile. The easiest way to track 

the transition is to inc1ude more elements inside the LUT. Rather than have two elements 

and interpolate between them, adding more elements will allow for a better fitting of the 

experimental curve. Figure 4-27 shows a LUT block with more elements in the input and 

output vectors. 
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h5J 5,32,50,80) 

Vectorof output values: 

ho. 27,0.4,0.02,0.02,0.061) 

OK 1 Cancel· Help 

Figure 4-27: More detaHed LUT 

.A.ppl ..... 

There is a disadvantage in adding more elements to the LUT. The gain values between 

those determined by Table 4-1 are found by trial and error which could potentially be 

very time consuming. 

Another disadvantage to adding more elements in the LUT is based on the abnormalities 

shown in Sections 4.5.1 and 4.5.2, where transition behaviours depend on whether ho is 

increasing or decreasing. The consequence of this is that the LUT seen in Figure 4-25 

cannot be used for the next ho transition at text = 4 seconds where the die gap increases 

from 20% to 95%. A second LUT is therefore required to take into account the 

abnormality in the second transition. 

Section 4.5.3 also suggests that more LUTs are recommended. This is due to the sag 

effect. Although the die gap openings repeat throughout the parison profile, the gains in 

the latter part of the extrusion need to be slightly increased to take into account the sag 

phenomenon. In aIl, since there are a total of four die gap transitions in the parison 

profile (see Figure 4-26), there will be a total of four LUTs in Model 'D'. Ihese LUIs 

will each be triggered by a switch at the appropriate times. Figure 4-28 shows Model 'D' 

in Simulink. 

53 



Figure 4-28: Model 'D'in Simulink 

The next sub-section will verify whether Model 'D' classifies as a good model. 

4.7.2 Model 'D' Validation 

This section will analyze the same three parison programming profiles, or input signaIs, 

as the Model 'C' Validation Section 4.4.2 which requires each signal to be adjusted with 

the slew factor explained in Section 4.7.1. Table 4-2 recaps the input signaIs seen 

previously in this chapter. 

Table 4-2: Input Signais Analyzed 

Input 
Starting Next #of Slew Rate Extrusion 

Signal 
ho (%) ho (%) 

RPM 
Transitions (sec) Time (sec) 

# 
1 95 20 55 4 0.4 10 
2 15 75 45 4 0.4 10 
3 55 20 50 4 0.4 10 

For each of the parison profiles in Table 4-2, there will be a diagram that compares the 

Model 'D's output to the experimental result, a diagram showing the error between the 

two curves and a last diagram comparing the errors signaIs from Models oC' and 'D'. 

The following three figures are for Signal #1. 
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Exp vs Final Model for 95% -> 20% and rpm = 55 
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Figure 4-29: Exp vs. Model 'D' for 95% - 20% and rpm = 55 

Model "0" Error Difference for 95% -> 20% and rpm = 55 
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Figure 4-30: Model 'D' Error Signal for 95% - 20% and rpm = 55 
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Figure 4-31: Model 'C' and Model 'D' Errors for 95% - 20% and rpm = 55 

Figures 4-32, 4-33 and 4-34 are for Signal #2. 

Exp vs Final Model for 15% -> 75% and rpm = 45 
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Figure 4-32: Exp vs. Model 'D' for 15% - 75% and rpm = 45 
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Model "0" Error Difference for 150/. -> 75% and rpm = 45 
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Figure 4-33: 'D' Error Signal for 150/0 -+ 75% and rpm = 45 
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Finally, Figures 4-35, 4-36 and 4-37 are for Signal #3. 

Exp vs Final Model for 55% -> 20% and rpm = 50 
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Figure 4-35: Exp vs. Model 'D' for 55% -+ 20% and rpm = 50 
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Figure 4-36: Model 'D' Error Signal for 55% -+ 20% and rpm = 50 
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Model "CH vs Model "0" Errar Difference for 550/. -> 20% and rpm = 50 
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Figure 4-37: Model 'C' and Model 'D' Errors for 95% --+ 20% and rpm = 55 

Whereas Model 'C' was able to predict the correct parison length for only one out of the 

three signaIs analyzed (55% -+ 20%, rpm = 50), Model 'D' is able to track aIl three ofthe 

parison programming profiles. This is shown in Figures 4-31, 4-34, and 4-37 where 

Model 'D' consistently produced a smaller error than Model 'C'. In fact, with sorne 

minor tuning of the LUT gains, Model 'D' is able to predict the parison length for any of 

the seventy-two input signaIs studied in this research (see Appendix D) within Imm as 

shown in Figures 4-30, 4-33, and 4-36. 

4.8 RPM Gains 

Although Model 'D' seems to be developed enough to start the design of the controller, 

there is still one last modification required. Recall in Chapter 3 that the EBM MISO in

cycle controller to be designed has two inputs (rpm & ho) and a single output (parison 

length). Model 'D' developed in the previous sections takes into account the effects of 

die gap change on the system but does not consider the effect of extruder speed. 

Therefore, this section will focus on understanding how a change in the extruder speed 
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affects the dynamics of the system. Consequently, the modifications made due to rpm 

effects will be represented in Model 'E'. 

4.8.1 'Family' of Inputs 

For the purpose of this thesis, a 'family' of inputs is defined as a group of identical 

parison programming profiles each extruded at a different speed. Since there are four 

extruder speeds studied (rpm = 45, 50, 55, 60), there is a maximum of four input signaIs 

per family. For example, aIl parison profiles varying from 20% to 80% in the step pattern 

seen throughout the thesis belong to the same family. Figure 4-38 shows the 

experimental results for each of the four 20% - 80% family members. 
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Figure 4-38: Experimental Results for 20% -+ 80% Input Family 

Figure 4-38 seems to suggest that increasing the extruder speed from rpm = 45 to rpm = 

60 does not affect the shape of the curves but rather simply amplify them. Therefore, 

finding a relationship of these four curves with respect to the extruder speed is crucial to 

reduce the number of LUTs needed to model a family, To determine this relationship, a 
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gain block was added after the integrator in Model 'D'. This gain block (shaded) is seen 

in Figure 4-39. 

RPM Integrator 
Gain 

Cio ok 0 

3rdU 
Trans 

Produol1 

Figure 4-39: Model 'D' with an added Gain Block 

The RPM Gain block having a value of 1 represents an extrusion speed of 45rpm. Figure 

4-40 shows the output from Model 'D'in Figure 4-39 versus the experimental result. 

Exp vs Final Model for 20% -> 80% and rpm = 45 
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Figure 4-40: Exp (rpm = 45) vs. Model 'D'Output with RPM gain = 1 
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Increasing this gam value and companng the outputs of the mode1 with their 

corresponding experimental results will determine the gains for the other three extrusion 

speeds for the 20% - 80% family. Figure 4-41 shows the output of the model in Figure 

4-39 with a RPM gain of 1.12. This curve is compared to the experimental result for the 

20% - 80% input signal with rpm = 50. 

Exp vs Final Model for 20% -> 80% and rpm = 50 
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Figure 4-41: Exp (rpm = 50) vs. Model 'D'Output with RPM gain = 1.12 

Similarly, Figures 4-42 and 4-43 show the results for extruder speeds of 55rpm and 

60rpm respectively. The RPM gain value that best fit the 55rpm experimental curve was 

1.25 while a value of 1.38 was needed for the 60rpm experimental curve. 

62 



Exp vs Final Model for 20% -> 80% and rpm = 55 
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Figure 4-42: Exp (rpm = 55) vs. Model 'D'Output with RPM gain = 1.25 

Exp vs Final Model for 20% -> 80% and rpm = 60 
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Figure 4-43: Exp (rpm = 60) vs. Model 'D'Output with RPM gain = 1.38 
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The next sub-section will analyze the relationship between the four RPM gain values for 

the 20% - 80% family of inputs. In addition, other families will be analyzed to 

determine a master RPM gain relationship representing aIl the input families. 

4.8.2 RPM Gain Relationship 

Figure 4-44 plots the gains needed to correctly predict the experimental result with 

respect to the RPM. 
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Figure 4-44: RPM gains vs. Extruder Speed 

Figure 4-44 shows that the relationship between the parison lengths with respect to the 

extruder speed is linear. To support the last statement, four other families of inputs were 

considered. The families are: 95% - 20%,45% - 90%, 10% - 90%, and 75% -

90%. These families were chosen to represent a wide range of parison programming 

profiles. They drastically differ in starting gaps and amplitudes. Table 4-3 displays the 

different input families with the gains needed to correctly predict the experimental 

results. 
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Table 4-3: RPM Gains for four (4) different Input Families 

X 95%- 20% 45%- 90% 10%- 90% 75%- 90% 
45 1 1 1 1 
50 1.07 1.14 - -
55 1.23 1.22 1.19 1.29 
60 1.34 1.35 1.34 1.36 

Figure 4-45 represents a graph similar to Figure 4-44 where the rpm gain values are 

plotted with respect to the extruder speed. 
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Figure 4-45: RPM gains vs. Extruder Speed for four (4) Input Families 

Even though the curves in Figure 4-45 are not perfectly linear, they are close enough to 

assume that as the extruder speed increases, the rpm gains increase in a linear manner. 

Therefore, based on values from Table 4-3, the assumed equation of the rpm gain as a 

function of extruder speed (rpm) is shown as: 

gainrpm (rpm) = 0.0241pm - 0.08 (4.1) 
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A small block configuration representing the effect of the extruder speed on the parison 

length will replace the 'RPM Gain' block shown in Figure 4-39. The result is shown as 

the Model 'E' (Figure 4-46) block diagram in the next section. 
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4.9 Mode/lE' 
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Figure 4-46: Model 'E' Block Diagram 
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5 Controller Design 

Designing a controller for the EBM process is one ofthe objectives ofthis thesis. Model

based control design requires a plant model. Chapter 4 focused on developing a plant 

model using basic system identification methods. Figure 4-46 (see Section 4.9) 

representing Model 'E' is the result of system identification based purely on empirical 

results. The next step is to design a robust controller for the EBM model identified in the 

previous chapter. Model 'E' is able to accurately predict the experimental parison length 

as long as the four LUTs are properly tuned. A change in either the shape or the 

magnitudes of the signal entered in the model necessitates a change in LUT parameters. 

Therefore, each tuned version ofModel 'E' represents one input. To represent the entire 

set of inputs, a set ofmodels must be tuned. Model 'E' is but a specific example. 

A control system has the property of robust stability when it is intemally stable for every 

model in the family ofperturbed models [30]. As a result, rather than design a controller 

based on Model 'E' which is specific to an input signal of 20% - 80%, Model 'E' will 

be simplified to represent, with iuncertainty, an entire set of models for the EBM process. 

This simpler model is shown in Figure 5-1 and will be referred to as Model 'P'. 

100f--~ 

Complement ProdlJct2 

Figure 5-1: Model 'F' 

The four LUTs in Model 'E' have been replaced by a single LUT in Model 'P'. The rule 

ofthumb developed for Model 'E' in Chapter 4 states that the number of LUTs required 
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had to match the number of transitions in the input signal. As shown in Appendix D and 

seen throughout Chapter 4, the input signaIs studied all had four die gap transitions. 

Therefore, Model 'E' required a total of four LUTs. The Model 'F' LUT assigns gains 

for the entire range of die gap openings irrespective of the number of die gap transitions 

in the input signal. As a result, the c10ck and the switch blocks in Model 'E' are 

completely removed in Model 'F'. The 'Gain Vector' block in Figure 5-1 outputs the 

gains found in the rpm = 45 row in Table 4-1. The three remaining rows in Table 4.1 

(rpm = 50, 55, and 60) are absorbed by the rpm gain configuration found in the upper 

right corner ofModel 'F' in Figure 5-1. 

Figure 5.2 shows how the output from Model 'F' compares to that of Model 'E' and the 

experimentai result for 15% --+ 75% with a 45 rpm extruder speed. 
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Figure 5-2: Exp vs. Mode) 'E' vs Mode) 'F' for 15% -+ 75% and rpm = 45 

Figure 5-3 represents the error for Model 'E' and Modei 'F'. 
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Model "E" vs. Model "F" Error Differences for 15% -> 75% and rpm = 45 
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Figure 5-3: Model 'E' and Model 'F' Error Signais 

Figures 5-2 and 5-3 c1early show that Model 'F' is less accurate than Model 'E'. In 

system identification theory, there is a trade-off between the accuracy of a model output 

and its complexity [31]. A perfect curve-fitting model, such as Model 'E' in Chapter 4 

requires a complex structure. By reducing the number of LUTs and removing the 

switches in Model 'E', the accuracy is compromised but the model is simplified greatly. 

In addition to being a simpler model, Model 'F' is able to output an acceptable parison 

length for any shaped input signal of any magnitude. This simplification eliminates the 

need to constantlY tune the LUTs as in Model 'E' to adapt to the different parison 

programming profiles. Consequently, designing a robust controller will be an easier task 

using Model 'F', even with the loss of accuracy. 

The discrepancies between the two models will be considered as uncertainties for the 

robust controller. The Model 'F' imprecision will represent the often seen extraneous 

disturbances in the EBM process. These disturbances can inc1ude irregular flow in the 

die head and inconsistencies in the polymer resin [2]. A well-designed robust feedback 
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controller will ensure that the imperfectly known EBM system will exhibit a desired 

length profile. 

5. 1 Closed-Loop Control 

Currently, many polymer processes, including the EBM process, involve open-Ioop 

control. Typically, a process is controlled in open-Ioop when the machine operator enters 

a pre-determined parison programming profile, runs one cycle of the process and 

analyzes the final part. If the blown part is flawed, the operator must modify the parison 

profile until the final part is deemed acceptable. Once this step is reached, the machine is 

generally left to run at these settings. However, external disturbances on the process 

could lead to erroneous parts upon which the operator must tune the machine settings 

anew. These disturbances include temperature drift, uneven flow in the die head, 

presence ofmelt impurities and changes in melt characteristics [2]. 

Closed-Ioop control with an accurate plant model and a well-designed controller will 

prevent such machine drifts to affect the final blown part. Closed-Ioop control systems 

are achieved using feedback. Figure 5-4 shows the simplest type of feedback control 

[30]. 

; r,--_c_o_n_tr_O_ll_e_r-, u ~I,--___ P_Ian __ t __ ~_y_m~~~~ 

Figure 5-4: Simple Feedback Control System 

The plant is driven by a control signal u. The feedback loop forces the controller to make 

a decision on how to change u based on the error signal e [32]. 

For the EBM process, the two factors that affect the evolution of the parison length are 

the die gap opening (hJ and the extruder speed (rpm). These two factors will be inputs 
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to the system whereas the parison length is the lone output. The system is therefore a 

MISa system. 

Figure 5-5 shows the design of a controller where both loops are closed. 
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Figure 5-5: Full Controller for EBM process 
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The two PID-controllers, seen in the figure on the previous page, are the simplest and 

most widely used in industry today. The roles of the proportional gain (Kp), the integral 

gain (Ki) and the derivative gain (KI) are specifie within the PID-controller. The 

different types of PID-controllers are shown in Table 12-1 in Appendix E. The two 

controllers used in the design have been reduced to a PI-controller for the die gap loop 

and a P-controller for the rpm loop. The parameters for each controller in Figure 5-5 are 

shown in Figure 5-6 (for ho input) and Figure 5-7 (for rpm input). 
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Figure 5-6: PID Gains for Die Gap Opening (ho) 
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Figure 5-7: PID Gains for Extruder Speed (rpm) 

Each controller was tuned using a trial and error method based on simulations to 

maximize the overall stability without compromising the performance of the control 

system. 

74 



The remainder of this section will focus on the analysis of the performance of the control 

system with both input loops c1osed. Prior to displaying the results, it is first necessary to 

create several different desired length profiles. The robustness of the control system will 

be investigated by forcing the parison length evolution to follow many different paths and 

magnitudes. The only condition is that these length profiles must be monotonically 

increasing for obvious reasons as the parison is extruded vertically downwards. 

Three particular desired length profiles will be shown in this thesis. They are shown in 

the same Figure 5-8. 

3 Different Desired Length Profiles 

40 

10 

o~~~--~--~--~----~--~--~--~----~~ 

o 2 3 4 5 6 7 8 9 10 

Time (sec) 

Figure 5-8: Three Desired Length Profiles 

The profiles shown in Figure 5-8 each have different lengths and shapes. The desired 

length Profile #1 (dotted) with a finallength of 30cm would be most appropriate for the 

molds installed on the Battenfeld. The other two profiles could be useful to create parts 

from other molds. In addition, each profile displays different parison behaviour. Most 

notably, Profile #1 is affected by the sag phenomenon as the speed of the parison 

increases with time. Meanwhile, Profile #2 neglects both sag and swell and resembles 

the length evolution of a 'steel' parison seen in Chapter 3. 
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For each desired length profile, the following graphs will be shown: 

• Desired Length Profile vs. Plant Output 

• Error Signal 

• Die Gap Opening Profile 

• Extruder Speed Profile 

5.1.1 Oesired Length Profile 1 

Desired Length vs. Output Length for Profile 1 
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Figure 5-9: Desired vs Output Length Profile (#1) 
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Error Signal for Profile 1 
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Figure 5-10: Error Signal for Profile 1 

Die Gap Opening Needed for Profile 1 
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Figure 5-11: Die Gap Openings for Profile 1 
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Extruder Speed Needed for Profile 1 
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Figure 5-12: Extruder Speed for Profile 1 

5.1.2 Oesired Length Profile 2 

Desired Length vs. Output Length for Profile 2 
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Figure 5-13: Desired vs Output Length Profile (#2) 
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Error Signal for Profile 2 
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Figure 5-14: Error Signal for Profile 2 

Die Gap Opening Needed for Profile 2 
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Figure 5-15: Die Gap Openings for Profile 2 
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Extruder Speed Needed for Profile 2 
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Figure 5-16: Extruder Speed for Profile 2 

5.1.3 Desired Length Profile 3 

Desired Length vs. Output Length for Profile 3 
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Figure 5-17: Desired vs Output Length Profile (#3) 
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Error Signal for Profile 2 
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Figure 5-18: Error Signal for Profile 3 

Die Gap Opening Needed for Profile 3 
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Figure 5-19: Gap Openings for Profile 3 
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Extruder Speed Needed for Profile 3 
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Figure 5-20: Extruder Speed for Profile 3 

Inc1uded in the controller design from Figure 5-5 are two saturation blocks located 

immediately after the PI and P controllers. These saturation blocks are necessary to force 

the controller outputs to lie within a range that is physically possible for the system. 

Therefore, the saturation block in the die gap loop has a minimum of 0% and a maximum 

of 100%. Similarly, the saturation block located after the P-controller in the extruder 

speed loop is set to a minimum of 4Orpm. This is the slowest extruder speed allowable 

by the Battenfeld to perform the EBM process. An arbitrary extruder speed of 100rpm 

was given as the maximum for the saturation block. Figure 5-21 shows the output of the 

P-controller in the extruder speed loop for Profile #1 before reaching the saturation block. 
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Extruder Speed Before Saturation Block for Proifle #1 
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Figure 5-21: Extruder Speed Profile without Saturation Block 

The shape of the extruder speed profile before the saturation block depicts the role of the 

P-controlleL Figure 5-21 is Kp = 5000 times greater than the error signal in Figure 5-10. 

Excluding the saturation block after the P-controller would force the extruder to spin at a 

negative value for the first two seconds of extrusion time_ Negative extruder speeds are 

not physically possible_ After text = 2 seconds, the output of the P-controller passes 

through the saturation block without any change_ Figures 5-16 and 5-20 show that the 

saturation block is enforced throughout the entire cycle as it outputs a constant extruder 

speed of 40rpm_ These results confinn that the presence of the saturation block in the 

extruder speed loop is required for this design of a robust in-cycle controlleL The 

usefulness of the saturation block in the ho loop will be shown in the next section_ 

5.2 Single-Loop Control Systems 

The control system in the previous system is a MISO configuration_ Although there are 

two individual feedback loops in Figure 5-5, the inputs are coupled inside the plant 
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Figure 5-22 shows a simple block diagram representing the system. Due to the non

linearity of the plant, it is not possible to generate a linear transfer function. 

p 

Figure 5-22: Block Diagram Representing EBM Control System 

The three desired length profiles created in the previous section proved that the MISO 

control system was effective. It was able to control the evolution of the EBM parison 

length to within a few tenths of a millimetre of the desired parison length path. However, 

what if the MISO system became a SISO system? In other words, if one of the feedback 

loops was removed, how would it affect the control system as a who le? The next two 

subsections will study the effects of relaxing one feedback loop at a time. 

5.2.1 'Relaxed' Extruder Speed Loop 

Figure 5-23 shows the EBM control system with a single feedback loop controlling the 

die gap opening ho. The MISO system from the previous section became a SISO system 

by removing the rpm feedback loop (inc1uding the P-controller) and replacing it by a 

constant extruder speed. Ideally, the extruder speed constant should represent a value 

attainable by the extruding machine. As previously mentioned, the minimum value for 

the Battenfeld to run the process is 40rpm. The extruder screw was set to rotate at 45rpm 

for the following example. 
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Figure 5-23: SISO Control System with Relaxed Extruder Speed Loop 

Figure 5-24 shows the randorn length profile created to validate this controller. 

Desired Parion Length Profile for Relaxed rpm Loop 
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Figure 5-24: Desired Paris on Length for Relaxed rpm Loop 
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The resulting die gap profile is shown in Figure 5-25 while the error signal is shown in 

Figure 5-26. 

85 



Die Gap Opening with Relaxed rpm Loop 
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Figure 5-25: Die Gap Profile with Relaxed rpm Loop 

Error Signal for Relaxed rpm Loop 
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Figure 5-26: Error Signal for Relaxed rpm Loop 

9 10 

The example shown here proves that the SISO controller works well for an extruder 

speed of 45rpm. The desired versus the output parison lengths differ by a maximum of 
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just over Imm. The same simulation was performed for an extruder speed of IOOrpm 

yielding similar results. The resulting error signal is shown in Figure 5-27. 

I 
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Error Signal for Relaxed rpm Loop (100rpm) 
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Figure 5-27: Error Signal for Relaxed rpm Loop (lOOrpm) 

These two simulations prove that the system is stable for any extruder speed entered. 

Hence, for a well-designed parison length profile, the SISO controller with the relaxed 

rpm loop displays robust properties. 

5.2.2 'Relaxed' Die Gap Loop 

A similar procedure was repeated in this section except the die gap loop is relaxed rather 

than the extruder speed. Figure 5-28 shows the analogous version of Figure 5-23 with a 

constant die gap opening of 50%. 
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Compliment2 
Produc12 

Figure 5-28: SISO Control System with Relaxed Die Gap Loop 

Parison 
Length 

The identical desired parison length profile shown in the previous subsection (Figure 5-

24) will be used to validate this SISO controller. The resulting extruder speed profile and 

error signal are shown in Figure 5-29 and 5-30, respectively. 
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Figure 5-29: Extruder Speed Profile with Relaxed Die Gap Loop 
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Error Signal for Relaxed Die Gap Loop 
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Figure 5-30: Error Signal for Relaxed Die Gap Loop 

Although the signal in Figure 5-30 shows a larger error at text = 4 seconds, the rest of the 

extrusion process seems to be weIl controlled. This statement is misleading. The 

constant value of ho entered in the plant is able to pro duce a parison length profile close 

to that of the desired profile, making the output of this SISO controller seem tolerable. 

Unlike the previous SISO controller where drastically varying the rpm block has little 

effect on the overall system, any change in the ho block can lead to an unstable system. 

Figure 5-31 shows the error signal of a simulation with a ho = 10%. 
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Error Signal for Relaxed Die Gap Loop 
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Figure 5-31: Error Signal for 10% Die Gap Opening 

This result is not surprising considering the role the extruder speed played in Models 'E' 

and 'F'. Recall that the extruder speed simply scaled the output of the LUT(s). As a 

result, it is not strong enough to control a parison length profile on its own unless the die 

gap profile is well-designed. This will be explained further in the next section. 

The last two subsections clearly demonstrate that the SIMO controller designed III 

Section 5.1 can be simplified to a S1S0 controller. 

5.3 Batfenfeld EBM Machine 

The SIMO in-cycle controller design in Section 5.1 could be implemented on any 

extruding machine where the die gap openings are adjustable during a cycle of the EBM 

process. Should this feature not be available to the EBM machine, the user is restricted to 

implementing the S1S0 controller shown in Figure 5-28 with a relaxed die gap loop. 

Results have shown that implementing this type of S1S0 controller severe1y limits the 

control capabilities. Error divergence in this S1S0 controller can only be avoided if the 

die gap signal entering the plant resembles the parison programming profile that 
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produced the initial desired evolution of the parison length. In other words, the operator 

must have a prior knowledge of the parison programming profile before starting the EBM 

process. The block diagram representing the SISO controller is shown in Figure 5-32. 

Parison 
Programming 

... ... 
Profile p ... 

• .. Krpm 
... .. ... 

JiI' 

Figure 5-32: SISO rpm-controller Block Diagram 

For example, suppose the operator is given a parison programming profile similar to 

Figure 4-4 (bottom) in Section 4.1.2 where the die gap altemates between 80% - 20%. 

Based on the corresponding experimental parison length evolution for such an input, the 

following desired length profile was created and shown in Figure 5-33. 

91 



Desired Length Profile for SISO rpm-Controller 
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Figure 5-33: Desired Parison Evolution based on Initial Programming Profile 

Running the simulation in Simulink glves the error signal as weIl as the necessary 

extruder speed profile shown in Figures 5-34 and 5-35 respectively. 
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Figure 5-34: Error Signal for SISO rpm-controller 
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Extruder Speed with Relaxed Die Gap Loop 
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Figure 5-35: Extruder Speed Profile for SISO rpm-Controller 

The Batlenfeld EBM machine located at the CNRC-NRC lMI can only implement the 

SISO controller explained in this section. As mentioned previously in Section 2.5.1, the 

operator can only modify the parison programming profile between cycles. Therefore, 

the only possible in-cycle controller that can control the evolution of the parison length is 

the rpm-SISO controller shown in Figure 5-32. However, the last example shows that if 

the parison programming profile is well designed, then the SISO rpm-controller works to 

within tenths of a millimetre. The goal of controlling the evolution of the parison length 

is ultimately achieved. 
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6 Conclusion 

6.1 Summary 

The purpose of this thesis was to develop an in-cycle control strategy that was able to 

track the evolution of the parison length. Furthennore, empirical-based models were 

developed to represent the parison fonnation stage of the EBM process. The benefits to 

developing this control strategy are three-fold. The first benefit of a closed-Ioop 

controller is to minimize the effect of process disturbances and machine drift to 

consistently produce repeatable parison melts. Another benefit is a financial one. An in

cycle parison length controller will minimize the parison tail and flash thus reducing 

scrap and lowering cycle time. Lastly, the control of a specific process variable such as 

the parison length can lead to design of controllers of other process variables. A Multiple 

Input/Multiple Output (MIMO) system mode! could be developed with its objective to 

control both the length and thickness of an extruded parison for example. Considering 

the lack of in-cycle parison length control systems for the EBM process, a brief literature 

review followed illustrating parison length models, closed-Ioop controllers for other 

EBM process variables and cycle-to-cycle parison length controllers. 

Chapter 2 offered the reader a briefbackground of the EBM process. Extrusion, injection 

and stretch are aIl different blow molding processes. The history and market share were 

described showing the influence of EBM over time and its importance in the industrial 

world of today. The remainder of Chapter 2 focused on explaining the different stages of 

EBM and equipment employed throughout the research. 

Chapter 3 presents a theoretical derivation of the evolution of the panson length 

excluding any rheological properties of the resin. The theoretical mode! outputs were 

compared to experimental tests yielding poor results. Improvements to the first model 

were suggested for models in the next chapter. 

Chapter 4 proposed several mode!s predicting the evolution of the parison length. These 

models were deve!oped using basic system identification methods based pure!y 

experimental data. Over seventy extruded parisons were filmed with a high-speed 
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camera and analyzed using pixel-tracking software. Abnormalities brought forth by 

changing the die gap opening during the extrusion were also discussed in great detail. 

These discrepancies in the die gap transition required the presence of more detailed LUTs 

in the model. Finally, the last model in the chapter produced precise predictions of the 

evolution of the parison length. 

A robust in-cycle controller was designed in Chapter 5 for a simpler, more general plant 

shown in Model 'F'. Three examples of desired parison length profile were simulated 

generating very precise control. Relaxing one loop in tum of the MISO system produced 

two individual S1S0 controllers. These S1S0 systems were simulated using the same 

desired parison profile. The results showed that one of the SISO controllers remained 

robust while the other displayed severe control limitations. Finally, the last section in 

Chapter 5 explained the controllers which were suitable for the Battenfe1d EBM machine 

used throughout this work. 

6.2 Recommendations and Future Work 

The next logical step following this research is the implementation and testing of the 

designed controllers on an extruding machine. Unfortunately, due to the restrictions of 

the parison programming feature on the console, the MISO in-cycle system cannot be 

used on the Battenfeld. However, a specifie SISO controller for the Battenfeld was 

proposed in Chapter 5. A cycle-to-cycle die gap controller could still be applied in 

addition to the in-cycle rpm controller designed in this work. These two controllers could 

work in parallel to achieve complete control of the parison length. Furthermore, real

time software such as RT-Lab 6.2 by OPAL-RT can be used in conjunction with an 

appropriate sensor to implement the rpm in-cycle controller. Similarly, control using 

OPAL-RT software allows for: real-time execution of the simulation, real-time 

communication with the 110 devices, initialization and synchronization of the 110 

devices, data acquisition from 110 devices, and data recording [33]. 
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Future research projects could repeat the methodology described in this work for different 

polymer resins such as pp or PVC. This method could also be used for different dies. A 

database of in-cycle controllers may be created for any combination of machine or 

material parameters. The SIMO controller presented in this research may exp and to 

include these aforementioned parameters as inputs. This new controller would 

encompass the entire parison length control for that particular EBM machine. A similar 

process could be performed on other EBM machines. 

As previously mentioned, closed-Ioop control of other process variables (e.g. parison 

thickness and parison melt temperature) has already been attempted. Assuming these 

variables can be measured in a feasible manner, empirical model-based in-cycle 

controllers could then be designed in the same fashion. Ideally, the entire EBM parison 

formation process can be represented by a MIMO-control system. 

96 



7 Bibliography 

[1] Ryan, M.E., Optimization of the Blow Moulding Process, Blow Moulding RETEC 

(1997), p.5l. 

[2] Kamal, M.R., Patterson, W.I., DiRaddo, R.W., On-Line Measurement and Closed 

Loop Control of Parison Dimension Profiles in Extrusion Blow Molding, ANTEC (1989), 

p.954. 

[3] DiRaddo, R.W. and Garcia-Rej on, A., In-cycle Deterministic and Stochastic 

Dynamics of Extrusion Blow Molding, Intem. Polymer Processing VII (1992), p.257. 

[4] Schrand, H., Adaptive Control Loops Reduce Scrap, ANTEC (1989), p.952. 

[5] Technical Glossary, LNP Engineering Plastics, 

http://www.lnp.com/LNPlDesign/Glossary/p1.html. 

[6] Sheptak, N. and Beyer, C.E., SPEJ, 21 (1965), p.190. 

[7] Kalyon, D.M., Tan, V. and Kamal, M.R., The Dynamics of Parison Development in 

Blow Molding, Polymer Engineering Science, 20 (1980), p.773. 

[8] Ryan, M.E., and Dutta, A., Mathematical Modeling of the Blow-Molding Process, 

Polymer Engineering Science, 22 (1982), p.1075. 

[9] Dormeier, S., Model Reference System for Continous Acquisition of Parison Length, 

ANTEC (1986), p.796. 

[10] Dealy, J.M and Orbey, N., A Model for Parison Behavior in the Extrusion Blow 

Molding Process, AICHE (1985), p.807. 

[11] Noguchi, et al., Parison Length Control Method for Extrusion Blow Molding 

Machine, United States Patent (5,399,302), 1995. 

[12] Chabot Jr., Joseph F., The Development of Plastics Processing Machinery and 

Methods, John Wiley and Sons Inc., New York, NY, 1992, 196pp. 

97 



[l3] Hu, C-L., Blow Molding, Department of Chemical Engineering, University of 

Connecticut, http://www.engr.uconn.edu/cheg/chegblow.htm. 

[14] Blow Molding, Jobwerx Manufacturing Network, 

http://www.jobwerx.com!plastics/blowmolding.htm. 

[15] Extrusion Blow Molding, British Plastics Federation, 

http://www.bpf.co.uk/bpfindustry/process plastics extrusion blow moulding.cfm. 

[16] Lee, Norman C., Plastic Blow Molding Handbook, Van Nostrand Reinhold, New 

York, NY, 1990, 56Opp. 

[17] Lee, Norman C., Blow Molding Design Guide, Hanser Publishers, Cincinnati, OH, 

1998,212pp. 

[18] Rubin, Irvin J., Handbook of Plastic Materials and Technology, John Wiley and 

Sons Inc., New York, NY, 1992, 1745pp. 

[19] Wood, B., Blow Molding's Steady Growth Will Continue, Plastics Technology, 

http://www.plasticstechnology.com!artic1es/20041 Obib4.htmL 

[20] Blow Molders - 2004, Plastics News, 

http://www.plasticsnews.com/subscriber/rankings/listbm.html. 

[21] Thedinger, B., No Recession in Blow Molded Packaging, Plastics Technology, 

http://www.plasticstechnology.com/artic1esI200203bib3 .htmL 

[22] 2001 North American Blow Molding Survey, Plastics News, 

http://www.plasticsnews.com/subscriber/fyi.html?id=1005174270. 

[23] Thedinger, B., Blow Molded lndustrial Packaging Grows Slowly, Plastics 

Technology, http://www.plasticstechnology.com!artic1esI200207bib2.html. 

[24] Polyethylene Summary Data (HDPE 1000), Petromont, 

http://www.petromont.com/enlFichesEng/HDPE%20 1 OOO.pdf. 

98 



[25] Be1cher, S.L., Practical Extrusion Blow Molding, Marcel Dekker Ine., New York, 

NY, 1999, 381pp. 

[26] Polyethylene Technical Publication #10, BP Solvay, 

http://www . bpso Ivaype.eorn/na/upload/teehpub nI O. pdf. 

[27] Tadrnor, Z. and Gogos, c.G., Principles of Polymer Processing, John Wiley and 

Sons Ine., New York, NY, 1979, 736pp. 

[28] Mathworks Ine., http://www.mathworks.comlproducts/simulink/. 

[29] Oppenheim, A.V., Willsky, A.S., Signais & Systems - rd Edition, Prentice Hall, 

Upper Saddle River, NJ, 1997, 957pp. 

[30] Bélanger, Pierre R., Control Engineering: A Modern Approach, Saunders College 

Publishing, Orlando, FL., 471pp. 

[31] Castellano, G., Background, 

http://www.cranfield.ac. uk/wsc3/tutorial/souceklchater 14/node l.htrnl. 

[32] Barr, M., Introduction to Closed-Loop Control, o 'Reilly Network, 

http://www.oreillynet.com/pub/ a/networkl synd/2003108/05/ closed loop.html. 

[33] RT-LAB v6.2 User 's Manual, Opal-RT Technologies, Inc., Rev. A, January 2003, 

Il Opp., http://support.opal-rt.com/ common/ docs/pdf/rt -lab usersrnanual. pdf. 

[34] PCI Fastcam Spec Sheet, Optikon, http://www.optikon.ca/pdf/FASTCAMPCLpdf. 

[35] Lee, N.C, Control Flash in Extrusion Blow Molding, Plastics Technology, 

http://www.plasticstechnology.com/articlesI200209tsl.htrnl. 

99 



8 Appendix A: Blow Molding Time Line 

• 1937: LDPE patented in the UK 

• 1940: Plax Corp. first blow molds LDPE 

• 1947: Custom blow molded packaging 

• 1950: Kautex, Bekum, Fisher - First commercial blow molding machine 

• 1951: Phillips Petroleum develops pp and HDPE 

• 1957: Plax Corp. manufactures first HDPE bottle (baby nurser) 

• 1957: HDPE and pp come to market 

• 1969: Proctor and GambIe Labs. develops electronic parison programming based 

on mandrel position feedback 

• 1980: Volkswagen (Passat) is the first car to use a blow molded fuel tank 

• 1989: Placo Machinery (Japan) introduces 3D blow molding 

• 1991: Johnson Controls introduces its UNILOY coextrusion blow molding 

machine (individual concentricity adjustment rings for each layer) 
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9 Appendix B: HOPE 1000 Properties (Petromont) 

Table 9-1: HDPE 1000 Properties 

,PROPERTIES UNI1'$ TESTMËTHOO .... L~W~~.VAlues 
$J. .... .,.EN9 .. ... ··.·.~.r.· > }' :·.~f . ;'. ..... ..i: .. :;;., ENC: 

CLASSIFICATION - - ASTM 04976 PE234 

Meil Index. b dglmin A$TM0238 0.33 0.33 
Flow Index, 121 dglmin A$TM 0 238 29 29 
Oensity glom3 ASTM0505 0.9550 0.956 

T ensile Strength al Yie'd MPa (PSI) ASTM0638 28.9 3,90 
Ultimate Elongation % ASTMD638 >800 >8(X 

Flexural Modulus MPa (PSI) ASTM 0 790 1,325 192.0< 
Brittleness Temperature Oc (oF) ASTM0748 <-76 <-101 
IZOD Impact Strength J/m (ft-lb/in) ASTM 0 256 160 3.0 
Hsrdness - SHORE 0 - ASTM 02240 67 67 

ESCR, 50% fsilure (Fw hours ASTM 0 1693 33 33 
@ 1000.4 Igepal Sok.Jtion (Condition B) 

VIICAT Softening T em perst ure <le fF) ASTM 0 1525 128 262 
Hest Deflection Temperature <>C (OF) A$TM 0 648 74 165 

- 455 KPaJ86 psi load 
Melüng Point <>C fF) Pétromont 134 273 
Crystallization Poil1t <>C fF) Pétromont 111 232 
Coefficient of lil1ear Expansion cmlc::mJ'OC ASTM 0696 1.3 x 10-4 

(in/inFF) 7 x 1C 
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10 Appendix C: Optikon PCI Fastcam 
Specifications PCI 

Frame RateSilfmn""",mn:l 

30 60 125 250 500 

Resolution B·bitll1JlIXlTolll! 14-titmor. 

Record Tinne"mnli("dtt''''''Î 

Frame Rate Re<;ord DuratlOn 
l' 

250 BJs (2.1161 

500 BJs (4352) 

100{) 8.1\ Œ.7Ml 

200{} B.7s ilIAOBî 

3,00{} lUIs (34,8161 

5,00{) 10.4, (52.1241 

10,000 lBs 022.lIS01 

Playback Speeds Il k'''''l''r .. "nd 

Semur 
Shutter 

7.4pm sqUdre pi .. !. progressive-scan CCO 

Global electrook limiter Irom 4ml 10 8.33ps 

1.000 

lPEG, AV!' Tlff. BMP, RAW (compre$Sed or uncompressed} 

2,000 

15 

3.000 

30 

Saved Image formats 
PC Control 

Phase loclt 

Triggering 

live image duling recllfd, camera CMÙrol. dig~al data Itansler. frle management and imag' analy;is 

tllilbles cameras to be synct~on~ed precisely together to a master camera or external ,otuee 

S'hitch c1ûSuf!!. open collectllf and HL 

Lens Mount C-111()unt standard, CS optiollal 

Comera Cable 20' (6ml standard. SO' (1om) optiooal 

5.000 10.000 

60 

Data OIsplay 
PC SpecificaUollS 

Frame Rate, ShuU.r Speed, Trigger Mode, Date 01 Time (can be switched), Status (PlaybadvRecord), Real lime, frame Counl and Resolution 

CPU: Pelllium3 750 Mhz recornmended; Pentiuml 333 Mhz minimum. 128 MS or mOle 01 RAU. 16 MB or more of V-RM.l recommended 

Dimensions and Weight 

PHOTRON USA, rNe. 
9520 Padgett Street. Suite 11() 
Siln Diego, CA 921ltH446 
8SB.684.l555 
BOO.S8S.2129 
fax B58.6Il4.35~ 
tmai, imageQ:photron.com 
wlW/.pho!rClloom 

OS, ZOOO!XP, 98SE!98, ME and NT 4.0 

Camera Head: 2" (51mm) HI 2" (51",m) W x 4,5" (n4mm) 0 lMlight: 1.6 lb (O.82kg). 

PHOTRON (EUROPE) LIMITED 
Wilklooank Hou,,,, 
84 Station Rœd 
MariaN 
Burns. St? 1 NX 
United Krngdom 
.44 ICI 1628 004353 fax .44 (0) 1628894354 
errnil' image@jlh:Jtfllncom 
"NNI photron mm 

Canadlan Oistrlbutor 
The OPTIKON ccrroratian lId. 
1099 OJ"lph Sireet 
Ktchener, OnLllio N2B 2E4 CANADA 
TeL (518) 745·4115 fax (519) )45-0022 
[mail info'J\JplikOll ca 
WeœJte wlNI.optikmca 
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11 Appendix D: Complete List of Input Signais 

Table 11-1: List ofInput Signais Filmed 

Input 
Starting Next 

Signal 
ho(%) ho(%) 

RPM 
# 
1 50 100 50 
2 100 50 50 
3 20 50 50 
4 20 80 50 
5 80 20 50 
6 10 90 50 
7 15 75 50 
8 30 80 50 
9 35 80 50 
10 40 80 50 
11 45 90 50 
12 55 20 50 
13 60 20 50 
14 65 20 50 
15 70 20 50 
16 85 20 50 
17 90 20 50 
18 95 20 50 
19 10 90 45 
20 10 90 55 
21 10 90 60 
22 15 75 45 
23 15 75 55 
24 15 75 60 
25 20 80 45 
26 20 80 55 
27 20 80 60 
28 25 75 45 
29 25 75 55 
30 25 75 60 
31 30 75 45 
32 30 75 55 
33 30 75 60 
34 35 75 45 
35 35 75 55 
36 35 75 60 
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Input 
Starting Next 

Signal 
ho (%) ho(%) 

RPM 
# 
37 40 75 45 
38 40 75 55 
39 40 75 60 
40 45 90 45 
41 45 90 55 
42 45 90 60 
43 50 90 45 
44 50 90 55 
45 50 90 60 
46 55 90 45 
47 55 90 55 
48 55 90 60 
49 60 90 45 
50 60 90 55 
51 60 90 60 
52 65 90 45 
53 65 90 55 
54 65 90 60 
55 70 90 45 
56 70 90 55 
57 70 90 60 
58 75 90 45 
59 75 90 55 
60 75 90 60 
61 80 20 45 
62 80 20 55 
63 80 20 60 
64 85 20 45 
65 85 20 55 
66 85 20 60 
67 90 20 45 
68 90 20 55 
69 90 20 60 
70 95 20 45 
71 95 20 55 
72 95 20 60 

Notes: 

1. AlI input signaIs have text = 10 seconds. 
2. AlI input signaIs have four (4) die gap transitions 
3. AlI input signaIs have a shape similar to Figure (anyinpûfsignàl) 
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Çoptrol 
TyPe 
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,: :t<~", :'ç 
PD 

PID 

Advantages 

• Feedback makes system stable 
• Feedback increases natural frequency of 

system (ie makes it faster) 

• Before reaching the final value of the step 
input for the first time, the derivative 
controller (speed controller) already knows 
that it needs to slow down 

• 2 degrees of freedom (Kp, Kd) which means 
that both the roots and the damping factors 
can be adjusted to increase the speed of the 
system 

• Increases type of system by 1 by adding a 
pole at zero 

• Eliminates steady-state error, because it 
controls the system when there is no speed 
(ie better than PD controller) 

• Combines all advantages of the previous 
examples: faster rise time (Kd, and Kp), 
with no steady-state error (Ki) 

Disadvantage:s 

• No control when length first reaches 
the desired output 

• As soon as the system is past this point, 
it begins to correct the error 

• Only one degree of freedom (Kp) 

• Does not fix steady-state error 

• Does not fix steady-state error 
• Decreases bandwidth of system 
• Only controls the system when there is 

a speed 

• When Ki gets too big, the system 
becomes unstable because the poles 
get too close to the imaginary axis 

• A large Ki also leads to saturation of 
the system (ie casusing large 
overshooot) 

• Same observation as for PI controller, 
the Integral gain is not needed since 
the steady state error is minimal for 
the P case. This means that all the Ki 
is doing is adding instability to the 
system 
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