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Abstract 

 

Control of high precision roll-to-roll manufacturing systems 

 

Grant Zheng, M.S.E. 

The University of Texas at Austin, 2018 

 

Supervisor:  Dongmei Chen 

 

 The flexible electronic industry has been growing rapidly over the past decade. One 

of the barriers to commercialization is the high cost of manufacturing micro- and nano-

scale printed electronics using traditional methods. Roll-to-roll manufacturing has been 

identified as a method of achieving low cost and high throughput.  

 A dynamic model of a roll-to-roll system is presented. In all roll-to-roll 

applications, tension and velocity must be accurately controlled to desired reference 

trajectories to ensure a quality finished product. Additionally, a registration error model is 

presented for the control design. Minimization of the registration is the primary objective 

for flexible electronics, but web tension and velocity cannot be neglected. The model is 

needed in order to formulate a methodology that can simultaneously control tension, 

velocity, and registration error in the presence of disturbances. 

 Micro and nano-scale features are susceptible to damage from friction between the 

web and the roller. Therefore, tension estimation techniques is highly desired to eliminate 

load cells from the system. The reduced order observer, extended Kalman filter, and an 

unknown input observer is presented. 

 Development of tension and velocity control strategies have historically revolved 

around decentralized SISO control schemes. In order to achieve higher precision, a 

centralized MIMO strategy is proposed and compared to decentralized SISO. The 

advantage of the MIMO controller improved handling of the tension velocity coupling in 
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roll-to-roll systems. The tension observer is introduced to the control design and evaluated 

for overall effectiveness.   

 In simulation, the centralized MIMO control with the unknown input observer 

demonstrated superior tension and velocity tracking as well as minimal registration error. 

Development of the proposed MIMO control strategy can enable flexible electronic 

fabrication using roll-to-roll manufacturing.  
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1 INTRODUCTION 

1.1 BACKGROUND 

Roll-to-Roll (R2R) manufacturing refers to any processing technique applied on a 

roll of flexible material that is unwound from an unwind roller, undergoes web processing, 

and rewound onto a rewind roll as a finished product. Some applications of R2R include 

paper, textiles, coatings, metal foils, coatings, and other thin-films. In recent years, the 

production of flexible electronics has gained popularity as a low cost high throughput 

manufacturing process. Examples of flexible electronics produced using R2R include solar 

panels, thin-film batteries, electric circuits, displays, and sensors [1].  

Combining roll-to-roll manufacturing with the flexible electronic industry has 

enormous potential in making a sustainable, low cost, and mass producible process, leading 

to further advancement of the industry. The advantage of roll-to-roll lies in the fact that the 

material is processed continuously during web transfer, rather than conventional 

manufacturing methods such as batch processing. The global flexible electronics market is 

expected to grow to $13.23 billion in 2020 [1]. To meet the global market demand, 

advancements in manufacturing productivity is necessary.  

During production, tension and velocity must be closely regulated to prevent 

stretching or wrinkling of the web. Real time controllers must be designed to meet this 

demand. An additional requirement for flexible electronics is minimizing the registration 

error, which is defined as the displacement error between printed components. 

Furthermore, as the industry moves towards micro and nano-scale applications, there is a 

need for high performance controllers that can meet these tolerances. 

1.2 MOTIVATION 

 Recently, roll-to-roll manufacturing has been considered for producing micro and 

nano-scale products in the field of flexible electronics. The advantages of R2R processing 

compared to traditional methods(deposition, etching, printing) include lower energy costs 
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and higher throughput per unit area of material [1]. However, precision at the sub 

micrometer level must be guaranteed to ensure a quality finished product. 

 The main challenge in controls for R2R machines is maintain proper tension and 

velocity in the material while minimizing the registration error in the printed components. 

Proper tension and velocity control is necessary to prevent web breaks, wrinkling, slips, 

and other material defects in the finished product. Registration error is the displacement 

error between the printed feature and the desired location. Improper alignment of 

components can lead to lower quality or a completely dysfunctional finished product, in 

the case of electronic circuits for example. Therefore, the goal of this research is to design 

a control strategy for a R2R machine that will meet performance requirements for micro- 

and nano-manufacturing.  

 In addition, one of the challenges of roll-to-roll is the high initial capital cost [1]. 

One method of designing more economic systems is the reduction of sensors in the systems 

by replacing them with estimators. Therefore, we will also explore methods to estimate the 

web tension in roll-to-roll systems. 

 Since we are interested in implementation of real time control in the future, the 

control framework must also account for uncertainties and disturbances in the system. This 

must be addressed in the control algorithm and the observer design to ensure proper control 

effort and estimation of tension. 

 Due to the developments in micro- and nano-scale manufacturing and desire to 

produce high quality flexible electronics efficiently and economically, there is a need to 

develop improved control algorithms for roll-to-roll manufacturing in order to make 

flexible electronic fabrication feasible. 
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2  LITERATURE SURVEY 

To develop an improved control methodology for roll-to-roll systems, an extensive 

review of existing modelling, control, and estimation techniques was conducted. While the 

focus of the research is in minimization of registration error, the controller must also 

perform well in tension and velocity tracking. Thus, state of the art in tension and velocity 

modeling and control must be included in the control design. Additionally, the relationship 

between system states and registration must be understood for the control formulation.  

2.1 SYSTEM MODEL 

A number of models based on fundamental laws exist which model general web 

and roller behavior [2–5]. Some assumptions must be made to use this basis model. The 

web material must be thin compared to the size of the roller to treat the radii of the unwind 

and rewind roller as time invariant. To relate strain and tension using Hooke’s law, the 

material must be assumed to be elastic. Additionally, these relations only apply when the 

machine is in operation under tension (in other words, no sagging between rollers). Idle 

roller dynamics are neglected at steady state operation [5]. No slip is assumed at the point 

of contact between the web and the roller [4]. This model can be found in many control 

designs because many roll-to-roll machines operate under these assumptions. 

The fundamental model can be expanded by including effects from web processing, 

roller dynamics, and other physical phenomena.  Temperature changes can affect the 

elastic modulus of the web and need to be included in processes that involve heating or 

cooling [6–8]. Vedrines and Knittel improved the sliding friction model in [9]. Non-ideal, 

or eccentric, roller modeling can be found in [10–12]. For 2-D modeling of the web, lateral 

and longitudinal dynamics can be found in [13,14]. Dynamics of viscoelastic webs was 

developed in [15]. The effect of backlash in gear driven rollers was modeled in [16]. Wu 

et al. modeled taper winding to characterize internal stress on a center-wound roll [17].  

For the scope of the research, the fundamental model is sufficient for control design. 

Details of the model and derivation will be presented in Section 3. The effect of fabrication 
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processes is assumed to be negligible compared to the tension and velocity of the web, 

especially since we are considering micro and nano scale features on a large continuous 

web. However, adding complexity to the model can be considered in the future if 

performance requirements are not met or advances in control technology allow for higher 

order models to run in real time. Web processing is not considered for the research because 

the framework that is developed is for general roll-to-roll systems without a specific 

manufacturing process in mind. However, process modeling should be considered when 

designing for a real machine. 

Overall, the modeling of roll-to-roll systems is well developed. Motivation to 

update the fundamental models mainly comes from new technological advancements and 

applications.  

2.1.1 Registration Error 

Modeling of registration error was conducted to understand the relationship 

between the error and web dynamics. It is important to minimize registration error in 

flexible electronics as excessively large error will lead to low quality or even 

nonfunctioning finished products. Models on registration error can be found in [18–22]. 

These models describe the relationship between longitudinal registration error and web 

dynamics. However, the models are limited to only single layer printed applications. Liu 

et al extended the model to include multilayered printing [23]. Kang et al. modeled the 

oblique directional registration error in [24].  

Much of the literature focuses on longitudinal registration error, or in other words, 

the direction of the moving web. Lateral error is often neglected since the error is typically 

much smaller than longitudinal error. For our research, registration error refers to only 

longitudinal error. The registration model is readily derived from geometric relationships 

in a roll-to-roll machine and will be described in detail in Section 3.2. The purpose of the 

model is to understand the relationship between the tension and velocity of the web and 

the registration error to design a controller. The single layer registration model is used for 

the work in this thesis.  
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2.2 CONTROL 

Numerous approaches to tension and velocity control have been studied in 

literature. Decentralized PID controllers have been successfully implemented for a variety 

of applications [17,25–29]. With accurate models, feedforward control can be used to 

compensate for known disturbances [18,30].Linear optimal controllers have also been 

designed based on H∞ [31–36],  H2 [37], and time optimal [38]. Sliding mode control has 

been used to improve performance against modeling uncertainty and disturbances [39–42]. 

Backstepping technique was used to design globally stable controls [43–46]. Active 

disturbance rejection controller had also been used to estimate and compensate for 

disturbances to the system [47–49].  

Control literature on R2R machines have extensively covered tension and velocity 

requirements. However, registration error control has become an increasingly important 

topic in the field of flexible electronics. Choi et al. designed a backstepping registration 

error control [21]. Liu et al. designed a decoupling control using feedforward and ADRC 

[47]. Kang et al. used a compensator based on variation in print phase with PID controller 

[18]. Lee et al. investigated dominating factors in registration error using a PID control 

scheme [50]. Seshadri and Pagilla developed decentralized memoryless state feedback 

control [51]. Chen et al. optimized a feedforward PD control using a membrane inspired 

algorithm [52].  Yang et al. applied sliding mode control to minimize registration error 

[41]. Kang and Baumann designed a Linear Quadratic Regulator for registration error [20]. 

Overall, multiple approaches to tension and velocity control had been extensively 

studied in literature. Linear control strategies have been proven to have acceptable 

performance in both simulation and experimentally. Likewise, nonlinear controllers have 

shown excellent results. However, the systems studied in literature do not include high 

precision machines with high tolerance required for flexible electronics. Furthermore, 

research has been focused on large scale systems where decentralized controllers are 

preferred for scalability without increasing controller order. In order to meet performance 

requirements, we explore the performance improvements a centralized controller would 

have over decentralized control.  
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Another comment on the control literature is the lack of focus on registration error 

minimization. Historically, roll-to-roll manufacturing had been used to create uniform web 

of materials. Only in recent years has roll-to-roll manufacturing has involved printed 

features requiring position alignment. 

A last point worth mentioning is that the literature focuses on longitudinal web 

control, in other words, along the direction of movement. In roll-to-roll machines, there is 

typically a separate lateral guide system to keep the web aligned during transport. Lateral 

web control can be further explored to explain the dynamics of web slippage and whether 

control is possible without the use of a guidance system. 

2.3 STATE ESTIMATION 

Estimation of the web tension is highly valuable in R2R web processing machines. 

In the absence of estimators, load cells must be installed in systems to provide tension 

feedback. Use of load cells lead to higher economic cost in the machine design [19]. 

Furthermore, frictional contact between load cell and web can lead to material degradation 

or damage  [53]. Lack of space can also limit the availability of tension sensors [54]. 

Examples of estimators that use velocity or motor torque can be found in [54,55]. 

Gassmann and Knittel applied a Kalman filter using the linearized model as well as the 

nonlinear Kalman filter on the nonlinear model [56]. Lin et al. developed PI observers that 

includes the effects of friction and inertia of the rollers[57], and the PI gains were 

determined through frequency analysis in [58]. Gassmann and Knittel developed an 

optimized H-∞ PI which has performance improvements over Kalman filtering techniques 

[59]. Nonlinear observers and sliding mode observers have been developed and compared 

to linear type observers in [60,61]. The techniques described so far have mainly used web 

velocity measurements to perform the estimation, but other methods exist. Lee et al. used 

registration error measurements and the elastic registration error model to inversely 

estimate the tension [50]. Cheng et al. indirectly estimates tension by first estimating the 

load torque on the unwind roller [53]. 
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 Tension estimators are highly desirable for flexible electronic fabrication. Tension 

sensors would risk damaging or degrading the electronic features on the web. To develop 

a complete control system, a highly accurate estimator will need to be developed. 

Furthermore, the estimation must be accurate even with modeling uncertainties and 

disturbances.  

2.4 OBJECTIVE 

 The objective of this research is to develop a complete control framework that 

will meet the needs of flexible electronic fabrication using roll-to-roll technology. In 

order to meet this objective, an extensive literature survey was conducted to identify 

existing control technology. The contribution of this thesis is a novel centralized 

observer-based MIMO control strategy utilizing existing system models and estimation 

techniques found elsewhere in literature. Three candidate tension observers were selected 

and a comparative study was conducted to identify the most suitable observer for control 

design.  
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3 SYSTEM MODEL 

3.1 PHYSICAL SYSTEM 

The three main components in a general roll to roll system are the rewind roller, 

unwind roller, and the web of material. The system can be expanded by the addition of 

intermediate rollers which help support the web during transport and processing. These 

rollers may be motor driven or free rollers. Rollers free to rotate are also known as idle 

rollers. Intermediate rollers are added to systems in order provide structural support to long 

spans of web during the transport and change the direction of the web. Driven intermediate 

rollers provide additional control actuation to the system. A schematic of the roll-to-roll 

system used for control design is shown in Figure 1. 

 

 

 

Figure 1. A schematic of a simple R2R system including registration error 

Based on the model derivation from Pagilla et al, the dynamic equations for the 

system shown in Figure 1 is as follows [62]. System dynamics will be discussed in the 

following while registration error modeling can be found in Section 3.2.  

 First, the dynamics of the unwind roller is derived as follows. Radius 𝑟1 is the 

radius of the roller, while 𝑅1 includes the outer roll of material. The inertia, 𝐽1, of the 

unwind roller can be written as follows[62]: 
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𝑱𝟏(𝒕) =
𝝅

𝟐
𝒘𝝆( 𝑹𝟏

𝟒(𝒕) − 𝒓𝟏
𝟒) 

(1) 

 

Where w is the web width, and p is the density of the web. The velocity of the unwind 

roll can be written as follows[62]: 

𝒅

𝒅𝒕
(𝑱𝟏𝝎𝟏) = 𝑱̇𝟏𝝎𝟏 + 𝝎̇𝟏𝑱𝟏 = 𝒕𝟏𝑹𝟏 − 𝒖𝟏 − 𝒃𝒇𝟏 𝝎𝟏 

(2) 

 

Where 𝑢1 is the motor input, and 𝑏𝑓1 is the coefficient of friction between the roller and 

the web. The motor input is assumed to be a velocity input, while literature typically 

includes motor armature inertia, gearing ratio, etc.[62]. From Equation 1, the change in 

roller inertia can be derived as follows[62]: 

𝑱̇𝟏 = 𝟐𝝅𝒘𝝆𝑹𝟏
𝟑𝑹̇𝟏 (3) 

 

The velocity of the web, 𝑣1, is related to the angular velocity by 𝑣1 = 𝑅1𝜔1. Therefore, 

the change in angular velocity can be written as follows[62]: 

𝝎̇𝟏 =
𝒗̇𝟏

𝑹𝟏
−

𝑹̇𝟏𝒗𝟏

𝑹𝟏
𝟐 

 
(4) 

By substituting Equations 3 and 4 into 2, the velocity dynamics can be rewritten and 

simplified as[62]: 

 𝑱𝟏𝒗̇𝟏

𝑹𝟏
= 𝒕𝟐𝑹𝟏 − 𝒖𝟏 −

𝒃𝒇𝟏 𝒗𝟏

𝑹𝟏
+

𝑹̇𝟏𝒗𝟏 𝑱𝟏

𝑹𝟏
𝟐 

− 𝟐𝝅𝒘𝝆𝑹𝟏
𝟐𝑹̇𝟏𝒗𝟏 

(5) 

The rate of change of the radius 𝑅1 is a function of the velocity and web thickness, 𝑡𝜔 , 

and can be approximated as the following[62]: 

𝑹̇𝟏 ≈ −
𝒕𝝎 𝒗𝟏

𝟐𝝅𝑹𝟏
 

(6) 

The relationship is approximated since the radius will only change after a full rotation 

rather than continuously. However, the web thickness is generally very small so the 

approximation is valid[62]. By substituting Equation 6 into Equation 5, the velocity 

dynamics can be simplified to the following[62]: 
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 𝑱𝟏𝒗̇𝟏

𝑹𝟏
= 𝒕𝟐𝑹𝟏 − 𝒖𝟏 −

𝒃𝒇𝟏 𝒗𝟏

𝑹𝟏
−

𝒕𝝎 

𝟐𝝅𝑹𝟏
(
 𝑱𝟏

𝑹𝟏
𝟐
− 𝟐𝝅𝒘𝝆𝑹𝟏

𝟐)𝒗𝟏
𝟐 

(7) 

 

The tension dynamics can be derived using conservation of mass applied around the web 

span between two rollers. For the tension span downstream of the unwind roller, the 

tension dynamics is given as follows[62]: 

 

 𝒍𝟏𝒕̇𝟐 = 𝑨𝑬( 𝒗𝟐 −  𝒗𝟏) +  𝒕𝟏𝒗𝟏 −  𝒕𝟐 𝒗𝟐  (8) 

 

where A is the cross-sectional area of the web, E is the elastic modulus of the web 

material, and 𝒕𝟏 is the wound-in tension in the unwind roller. 

 Similarly, the fundamental principles used to derive dynamic equations for the 

unwind roller can be applied to the drive roller and the rewind roller. The drive roller is 

simpler than the other two rollers since there is no center wound roll of material. The 

velocity dynamics of drive roller 2 is given as follows[62]: 

 

 𝑱𝟐𝒗̇𝟐

𝑹𝟐
= (𝒕𝟑−𝒕𝟐)𝑹𝟐 + 𝒖𝟐 −

𝒃𝒇𝟐 𝒗𝟐

𝑹𝟐
  

 

(9) 

 

Finally, the web dynamics for the rewind roller can be given as follows [62]: 

 𝑱𝟑𝒗̇𝟑

𝑹𝟑
= 𝒕𝟑𝑹𝟑 − 𝒖𝟑 −

𝒃𝒇𝟑 𝒗𝟑

𝑹𝟑
−

𝒕𝝎 

𝟐𝝅𝑹𝟑
(
 𝑱𝟑

𝑹𝟑
𝟐
− 𝟐𝝅𝒘𝝆𝑹𝟑

𝟐)𝒗𝟑
𝟐 

(10) 

 𝒍𝟐𝒕̇𝟑 = 𝑨𝑬( 𝒗𝟑 −  𝒗𝟐) +  𝒕𝟐𝒗𝟐 −  𝒕𝟑 𝒗𝟑  (11) 

3.1.1 Linearization 

 Equations 7-11 describe a nonlinear set of dynamic equations for the roll-to-roll 

system. To achieve tension and velocity control objectives, the system is linearized 

around a tension and velocity reference point, so that a control framework may be 
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designed. First, the variations in states and inputs from the reference point are defined as 

follows: 

𝑻𝒊 = 𝒕𝒊 − 𝒕𝒓𝒊 (12) 

𝑽𝒊 = 𝒗𝒊 − 𝒗𝒓𝒊 (13) 

𝑼𝒊 = 𝒖𝒊 − 𝒖𝒊𝒆𝒒 (14) 

 

Where 𝑇𝑖 is the tension variation, 𝑡𝑟𝑖 is the tension reference, 𝑉𝑖 is the velocity 

variation, 𝑣𝑟𝑖 is the velocity reference, 𝑈𝑖 is the input variation, and 𝑢𝑖𝑒𝑞 is the input 

required to maintain the desired tension and velocity references. Combining equations 

12-14 with 7-11, and canceling out reference terms with the equilibrium input, the system 

can be rewritten into the following linearized set of equations 

For the unwind roller[62]: 

 

𝒍𝟏𝑻̇𝟐 = 𝑨𝑬( 𝑽𝟐 −  𝑽𝟏) +  𝒕𝟏𝑽𝟏 −  𝑻𝟐𝒗𝒓𝟐
−  𝑽𝟐𝒕𝒓𝟐

 (15) 

𝑱𝟏𝑽̇𝟏

𝑹𝟏
=  𝑻𝟐𝑹𝟏 − 𝑼𝟏 −

𝒃𝒇𝟏 𝑽𝟏

𝑹𝟏
−

𝒘

𝟐𝝅𝑹𝟏
(
 𝑱𝟏

𝑹𝟏
𝟐
− 𝟐𝝅𝒃𝝆𝑹𝟏

𝟐) (𝑽𝟏
𝟐 + 𝟐𝒗𝒓𝟏

𝑽𝟏) 
 

(16) 

 

For the drive roller 2[62]: 

 

𝑱𝟐𝑽̇𝟐

𝑹𝟐
= ( 𝑻𝟑 −  𝑻𝟐)𝑹𝟐 + 𝑼𝟐 −

𝒃𝒇𝟐 𝑽𝟐

𝑹𝟐
 

(17) 

 

For the rewind roller[62]: 

 

𝒍𝟐𝑻̇𝟑 = 𝑨𝑬( 𝑽𝟑 −  𝑽𝟐) + 𝒕𝒓𝟐
𝑽𝟐 +  𝑻𝟐𝒗𝒓𝟐

−  𝑻𝟑𝒗𝒓𝟑
−  𝑽𝟑𝒕𝒓𝟑

 (18) 

𝑱𝟑𝑽̇𝟑

𝑹𝟑
= −𝑻𝟑𝑹𝟑 + 𝑼𝟑 −

𝒃𝒇𝟑 𝑽𝟑

𝑹𝟑
+

𝒘

𝟐𝝅𝑹𝟑
(
 𝑱𝟑

𝑹𝟑
𝟐
− 𝟐𝝅𝒃𝝆𝑹𝟑

𝟐) (𝑽𝟑
𝟐 + 𝟐𝒗𝒓𝟑

𝑽𝟑) 
 

(19) 
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For the control design, Equations 15 – 19 are arranged into the following state 

space formulation: 

𝒙̇ = 𝜦𝒙 + 𝑩𝒖 (20) 

𝒚 = 𝑪𝒙 + 𝑫𝒖 

 

(21) 

 

Where coefficient matrices are defined as follows [62]: 

𝛬 =

[
 
 
 
 
 
 
 
 
 
 
 −

𝑣𝑟2

𝑙1

𝑡1 − 𝐴𝐸

𝑙1

𝐴𝐸 − 𝑡𝑟2
𝑙1

0 0

𝑅1
2

𝐽1
𝑎22 0 0 0

−
𝑅2

2

𝐽2
0 −

𝑏𝑓2 

𝐽2

𝑅2
2

𝐽2
0

𝑣𝑟2

𝑙2
0

𝑡𝑟2 − 𝐴𝐸

𝑙2
−

𝑣𝑟3

𝑙2

𝐴𝐸 − 𝑡𝑟3
𝑙2

0 0 0 −
𝑅3

2

𝐽3
𝑎55 ]

 
 
 
 
 
 
 
 
 
 
 

 

𝑎22 = −(
𝑤𝑣𝑟1

𝜋𝑅1
2 −

2𝑤𝑏𝜌𝑣𝑟1𝑅1
2

𝐽1
+

𝑏𝑓1 

𝐽1
) 

𝑎55 = −(−
𝑤𝑣𝑟3

𝜋𝑅3
2 −

2𝑤𝑏𝜌𝑣𝑟3𝑅3
2

𝐽3
+

𝑏𝑓3 

𝐽3
) 

 

𝐵 =

[
 
 
 
 
 
 
 
 

0 0 0

−
𝑅1

𝐽1
0 0

0
𝑅2

𝐽2
0

0 0 0

0 0
𝑅3

𝐽3 ]
 
 
 
 
 
 
 
 

          𝐶 =

[
 
 
 
 
1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
0     0     0     1    0
0     0     0    0    1]

 
 
 
 

            𝐷 = 0 
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The state vector, x, is defined as 𝑥𝑇 = [𝑇2, 𝑉1, 𝑉2, 𝑇3, 𝑉3], where 𝑇2 and 𝑇3 are linearized 

𝑡2 and 𝑡3, and 𝑉1, 𝑉2, and 𝑉3 are linearized 𝑣1, 𝑣2, and 𝑣3. The inputs to the system 

are the disturbance in motor inputs to the rollers. The control input matrix is defined as 𝑈 =

[𝑈1, 𝑈2, 𝑈3], where U1, U2 and U3 are motor torque inputs to the unwinding roller, drive 

roller 2, and rewinding roller, respectively. The system output vector is defined as 𝑦𝑇 =

[𝑇2, 𝑉1, 𝑉2, 𝑇3, 𝑉3]. 

 All the parameters for the roll-to-roll system used in the simulation is given in 

Table 1.  

 

Parameters Values Units 

Length of span 1 (L1) 0.3 m 

Length of span 2 (L2) 0.3 m 

Reference velocity 0.1 m/s 

Reference tension 50 N 

Web cross sectional area(A) 25 mm2 

Web's Young's modulus (E) 3000000 Pa 

Effective friction constant 0.000685 (N*ms/rad) 

Inertia of roller (Jc0) 7.39E-06 kg*m2 

Radius of roller (r0) 9.925 mm 

Initial number of web layers 30 - 

 

Table 1. System Parameters 

These parameters are based on an experimental platform from another research 

group at UT and may be used for experimental validation in the future [63]. 
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3.1.2 Relative Gain Array Analysis 

One of the factors in designing an appropriate control strategy for a MIMO system 

is the coupling between the input and output variables. For a low coupled dynamics system, 

the system may be decomposed and a decentralized SISO control formulation can perform 

well. However, for a highly coupled system will require a MIMO controller. For this thesis, 

relative gain array(RGA) is used to quantify the level of coupling in the roll-to-roll system. 

The RGA matrix is calculated by the following [64] 

 

𝑹𝑮𝑨 (𝑮) = 𝑮 𝑿 (𝑮−𝟏)𝑻 (22) 

Where X denotes element-wise multiplication and G is the transfer function of the 

system. If the RGA matrix is close to diagonal, the closed loop system can be divided into 

multiple SISO systems [64]. 

For the roll-to-roll system given in Figure 1, the three inputs are motor torques u1, 

u2, and u3 and three output velocities are v1, v2 and v3. Several steady-state RGA matrices 

were calculated with different web material layers on the unwind and rewind rollers. 
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30 layers on unwind, 0 layer on rewind 

 U1 U2 U3 

V1 40.95 0.00 -39.95 

V2 -39.95 40.95 0.00 

V3 0.00 -39.95 40.95 

 

20 layers on unwind, 10 layer on rewind 

 U1 U2 U3 

V1 45.66 0.00 -44.66 

V2 -44.66 45.66 0.00 

V3 0.00 -44.66 45.66 

 

 

10 layers on unwind, 20 layers on rewind 

 U1 U2 U3 

V1 45.65 0.00 -44.65 

V2 -44.65 45.65 0.00 

V3 0.00 -44.65 45.65 

 

0 layer on unwind, 30 layers on rewind 

 U1 U2 U3 

V1 40.93 0.00 -39.93 

V2 -39.93 40.93 0.00 

V3 0.00 -39.93 40.93 

 

Table 2. RGA steady state matrices for several web layering conditions 

In Table 2, several RGA steady state matrices for four different unwind and 

rewind layer thickness combinations. In all cases, the RGA matrix is significantly 

different from identity matrix. This implies that there is high coupling between the input 

torques and output velocities. This inference provides motivation to design a centralized 

MIMO controller for the roll-to-roll system. However, a decentralized SISO scheme was 
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designed and simulated to illustrate the effect of using decentralization on a highly 

coupled system. 

 

3.2 REGISTRATION ERROR MODEL 

Multilayered patterns in flexible electronics must have correct alignment to ensure 

a high-quality functioning product. The registration error is defined as the positional shift 

in a point on the web between two references. To minimize the error, an accurate model 

relating the registration error to the tension and velocity of the web must be developed. 

The registration error is illustrated in Figure 1. The mark represents a reference point 

while 𝑒3 represents the error. Mathematically, the registration error model can be 

defined as follows [21]: 

 

𝒆𝟑 = 𝒍𝟐 − ∫ 𝒓𝝎𝟑𝒅𝝉
𝒕

𝒕−𝑳

 
(23) 

 

Where L is the time lag between adjacent rollers, which is defined as 

 

𝑳 =
𝒍𝟐
𝒗𝒓𝟐

 
(24) 

 

From equation 23 and 24, the registration error is defined as the difference 

between the length between adjacent rollers, and the integral of the web velocity between 

the initial time and the time lag. Since the time lag is defined based on the reference 

velocity in equation 24, the registration error will be zero if the actual web velocity 

tracked the desired reference velocity. Combining the registration error and the system 

from equation 20, a controller can be designed to track desired tension, velocity, and 

registration error simultaneously. Note, that equation 23 assumes that the registration 

error is only measured between adjacent rollers. The formulation can be extended to more 
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complex roll-to-roll machines by summing together successive registration errors to 

calculate the overall error. Equation 23 is sufficient for the control design in this work 

and will be used in the Section 5.  
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4 TENSION ESTIMATION 

4.1 OVERVIEW 

In this section, three different tension estimators will be developed and compared 

in the simulation. As discussed in Section 1, tension estimators are desirable to eliminate 

the need for load cells in the roll-to-roll machine. The effectiveness of each estimator will 

be evaluated by simulation in conjunction with controllers developed in Section 5. Each of 

the estimation techniques have different advantages such as ease of implementation or 

accuracy and will be compared and discussed in Section 6.  

4.2 REDUCED ORDER LINEAR OBSERVER 

Assuming the velocity measurements accurately represent the actual web velocity, 

a reduced order observer can be developed to estimate only the tension rather than all the 

states in the case of a full order observer. The reduced order observer framework comes 

from [65]. The state space form from equation 20 is rewritten to the following[56]: 

[
𝒙𝟏̇

𝒙𝟐̇
] = [

𝑨𝟏𝟏 𝑨𝟏𝟐

𝑨𝟐𝟏 𝑨𝟐𝟐
] [

𝒙𝟏

𝒙𝟐
] + [

𝑩𝟏

𝑩𝟐
] 𝒖 

 

where 

𝑨𝟏𝟏 =

[
 
 
 
𝒂𝟐𝟐 𝟎 𝟎

𝟎 −
𝒃𝒇𝟐 

𝑱𝟐
𝟎

𝟎 𝟎 𝒂𝟓𝟓]
 
 
 

                          𝑨𝟏𝟐 =

[
 
 
 
 
 
 

𝑹𝟏
𝟐

𝑱𝟏
𝟎

−
𝑹𝟐

𝟐

𝑱𝟐

𝑹𝟐
𝟐

𝑱𝟐

𝟎 −
𝑹𝟑

𝟐

𝑱𝟑 ]
 
 
 
 
 
 

 

𝑨𝟐𝟏 =

[
 
 
 
 
𝒕𝟏 − 𝑨𝑬

𝒍𝟏

𝑨𝑬 − 𝒕𝒓𝟐

𝒍𝟏
𝟎

𝟎
𝒕𝒓𝟐

− 𝑨𝑬

𝒍𝟐

𝑨𝑬 − 𝒕𝒓𝟑

𝒍𝟐 ]
 
 
 
 

      𝑨𝟐𝟐 = [

−
𝒗𝒓𝟐

𝒍𝟏
𝟎

𝒗𝒓𝟐

𝒍𝟐
−

𝒗𝒓𝟑

𝒍𝟐

] 

(25) 
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   𝑩𝟏 =

[
 
 
 
 
 
 −

𝑹𝟏

𝑱𝟏

𝑹𝟐

𝑱𝟐

𝑹𝟑

𝑱𝟑 ]
 
 
 
 
 
 

          𝑩𝟐 = [
𝟎
𝟎
] 

 

 

where 𝑥1= [𝑉1, 𝑉2, 𝑉3] and 𝑥2= [𝑇2, 𝑇3]. 𝐴11, 𝐴12, 𝐴21, and 𝐴22 are rearrangements of 

the 𝛬 matrix and 𝐵1 and 𝐵2 are from the B matrix in equation 20. Hence, 𝑥1 

represents the measured velocity states, while 𝑥2 represents the tension states to be 

estimated. The reduced order observer designed to estimate 𝑥2 is given as follows [66]: 

𝒛̇ = 𝑷𝒛 + 𝑴𝒖 + 𝑵𝒚 

𝒙̇̂𝟐 = 𝒛 + 𝑳𝒚 

(26) 

(27) 

where  

𝑃 = 𝐴22 − 𝐿𝐴12 

𝑀 = 𝐵2 − 𝐿𝐵1 

𝑁 = 𝑃𝐿 + 𝐴21 − 𝐿𝐴11 

 

L is the observer gain, y is the velocity measurement error, and 𝑥̂2 is the tension estimate. 

The advantage of the reduced order observer is that the order of the observed system is 

reduced by directly using output measurements rather than through calculation. However, 

the technique is based on the linearized system from equation 20 and may not perform well 

on the nonlinear plant. This leads into the extended Kalman filter which can handle not 

only the nonlinearity, but also noise in the measurements. 

4.3 EXTENDED KALMAN FILTER 

The R2R system depicted in Figure 1 is a nonlinear, highly coupled system. The 

above developed reduced order linear observer may have inferior performance when the 

system is far from the linearization point. Therefore, an extended Kalman filtering 
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approach may provide better estimate. The following extended Kalman filter comes from  

[56]. The tension estimate is updated through prediction by using the nonlinear model of 

the R2R system and the velocity measurement error. The process and measurement noise 

were assumed to be zero mean Gaussian white noise.  

The extended Kalman filter is described as follows. Define the nonlinear state 

equations in the following form 

𝒙̇ = 𝒇(𝒙, 𝒖) + 𝒘 (28) 

𝒚 = 𝒉(𝒙) + 𝒗 (29) 

Where 𝒇(𝒙, 𝒖) is the nonlinear system, w is the process noise, h(x) is the output 

and v is the measurement noise. Next the prediction-update equations are as follows [56]: 

 

𝒙̇̂ = 𝒇(𝒙̂, 𝒖) + 𝑲(𝒕)( 𝒚 − 𝒉(𝒙̂) ) (30) 

𝑷̇ = 𝑭(𝒕)𝑷(𝒕) + 𝑷(𝒕)𝑭(𝒕)𝑻 − 𝑲(𝒕)𝑯(𝒕)𝑷(𝒕) + 𝑸(𝒕) (31) 

𝑲(𝒕) = 𝑷(𝒕)𝑯(𝒕)𝑻𝑹(𝒕)−𝟏 (32) 

𝑭(𝒕) =
𝒅𝒇

𝒅𝒙
 

(33) 

𝑯(𝒕) =
𝒅𝒉

𝒅𝒙
 

(34) 

 

Where 𝒙̂ is the state estimate, P(t) is the covariance, Q(t) is the process noise, 

R(t) is the measurement noise, and K(t) is the Kalman gain. For the continuous time 

formulation in equations 30-34, the state estimate, covariance, and Kalman gain 

equations must be solved simultaneously because the prediction and update steps are 

coupled. 

 

 



 21 

4.4 UNKNOWN INPUT OBSERVER 

In a real manufacturing process, the R2R plant is subject to unknown input 

disturbances and plant uncertainties. Both the reduced order linear observer and the 

extended Kalman filter estimate states by using the output measurement error. A unknown 

input observer (UIO) can be designed to provide better estimates if the disturbance can be 

modeled as an input, even if disturbance is unknown. The unknown input observer 

formulation comes from [67] and will be presented in this section. A system with 

disturbance can be modeled in state space form as follows [67]: 

𝒙̇ = 𝑨𝒙 + 𝑩𝒖 + 𝑬𝒅 (35) 

𝒚 = 𝑪𝒙 + 𝑫𝒖 (36) 

where E is the unknown input distribution and d is the unknown disturbance. The unknown 

input distribution models the disturbance as an additive term to the state model. The 

necessary and sufficient conditions for designing the UIO are as follows [67]: 

1) 𝑅𝑎𝑛𝑘(𝐶𝐸) = 𝑅𝑎𝑛𝑘(𝐸) 

2) (𝐴1, 𝐶) 𝑖𝑠 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑏𝑙𝑒, 𝑤ℎ𝑒𝑟𝑒 𝐴1 = 𝐴 − 𝐸[(𝐶𝐸)𝑇𝐶𝐸]−1(𝐶𝐸)𝑇𝐶𝐴 

 

In a roll-to-roll machine, we assume most disturbances will occur at the driven rollers 

especially compared to web transport sections. Furthermore, disturbances on the web can 

be lumped together with the input disturbances due to the coupling between the web 

dynamics and input. Therefore, E can be defined as the input matrix B to check necessary 

and sufficient conditions. The conditions are met in our simulation and the simulation 

results will be presented in Section 6. 
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Figure 2. Structure of Unknown Input Observer[67] 

 

 In order to implement the unknown input observer in Figure 2, the blocks F, T, K, 

H must be calculated. From [67], the following observer matrices are defined[67]: 

 

𝑯 = 𝑬[(𝑪𝑬)𝑻𝑪𝑬]−𝟏(𝑪𝑬)𝑻 (37) 

𝑻 = 𝑰 − 𝑯𝑪 (38) 

𝑨𝟏 = 𝑻𝑨 (39) 

Before proceeding with the observer design, the pair (C, 𝑨𝟏) must be detectable. If the 

pair is observable, then the unknown input observer exists and the observer pole K1 can 

be calculated using pole placement. If the pair is not observable, an observable canonical 

decomposition can be constructed, and the instructions can be found in [67]. Once a 

desirable observer pole has been selected, the following matrices can be calculated and 

the observer scheme in figure can be used: 
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𝑭 = 𝑨𝟏 − 𝑲𝟏𝑪 (40) 

𝑲 = 𝑲𝟏 + 𝑭𝑯 (41) 

 

Note, in figure , the system refers to the linearized state space model. Therefore, the 

unknown input observer is a linear type. Furthermore, the formulation presented in this 

section is full order and estimates all the states including the measured velocity output. 

The additional advantage of this methodology is that measurement errors can be detected 

and compensated for as it is treated as input disturbance. 
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5 CONTROL METHODOLOGY 

5.1 PROBLEM FORMULATION 

 The control objective for this study is defined as the following: Track tension and 

velocity to desired references and minimize the registration error. In order to achieve this 

objective, a linear quadratic regulator, or LQR, framework is proposed. LQR has been 

widely used in optimal control theory to track a state trajectory while minimizing state error 

and control input according to a cost function. For this research, we will examine two 

variations of LQR: decentralized and centralized. Decentralized controllers have been 

widely implemented in roll-to-roll systems, and a decentralized LQR scheme was 

formulated to represent the state of the art. A novel centralized LQR is proposed to 

demonstrate significant tracking performance compared to the decentralized scheme.  

 Furthermore, the effectiveness of each tension estimator from Section 4 will be 

studied in conjunction with the control design. The objective is to determine if the 

controller can perform well without relying on tension sensors. 

5.2 LINEAR QUADRATIC REGULATOR 

In optimal control theory, the objective is to operate a dynamic system at minimum 

cost. For the linear quadratic regulator, the cost, J, is defined as follows:  

 

𝑱 =  ∫𝒙𝑻𝑸𝒙 +  𝒖𝑻𝑹𝒖 
(42) 

Where x is the state error, u is the control input, Q is the state weighting function, 

and R is the input weighting function. For the roll-to-roll system, the state and input vector 

differ between the decentralized and centralized controller. For the decentralized control, 

the states and input refer only to the localized variables pertaining to the subsystem. In the 

centralized controller, the cost function contains the full state and input vectors.  
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For the simulation in MATLAB, the built in LQR function was used to determine 

feedback gains. The weights, Q and R, were taken to be identity matrices. These weights 

should be tuned for control objectives desired of the real system. For simulation purposes, 

these weights need only to be held constant between trials to compare the effectiveness of 

different control strategies.  

5.3 Feedforward Control 

 One of the most fundamental control methods is the feedforward control. In this 

design, a control input is calculated offline based on the model inverse and desired 

reference trajectory. The formulation of a feedforward control gain N is as follows [68]: 

 

𝑵 = −(𝑪𝒛(𝑨)−𝟏𝑩)−𝟏 (43) 

Where  

𝐶𝑧 = [
1 0 0 0 0
0 0 0 1 0
0 0 0 0 1

] 

The feedforward compensation is calculated as follows: 

 

𝒖 = 𝑵𝒓 (44) 

Where r is the desired reference, and u is the control input. 

5.4 DECENTRALIZED SISO CONTROL 

 For large scale roll to roll systems, decentralized controllers have been used 

extensively. The benefit of a decentralized scheme is the scalability into large systems 

without increasing the controller order. The disadvantage of decentralized control is the 

lack of compensation for coupling effects between the subsystem. Nevertheless, 

decentralized control has been used successfully in a wide variety of applications. In this 

work, a decentralized LQR control is designed to represent the industry standard.  
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 To design the decentralized control, the original system is first subdivided into 

subsystems. From Figure 3, the original roll-to-roll system is divided into 3 subsystems, 

based on the tension and velocity pairs on each driven roller. 

 

 

Figure 3. Roll-to-roll system divided into subsystems 

 

 The decomposition is based on the physical configuration of the system. 

Intuitively, a decentralized control system would have a controller for each driven roller 

with local state information. Using equation 20, the decentralized system can be 

represented as follows: 

 

𝒙̇𝒔𝒖𝒃,𝟏 =

[
 
 
 
 −

𝒗𝒓𝟐

𝒍𝟏

𝒕𝟏 − 𝑨𝑬

𝒍𝟏

𝑹𝟏
𝟐

𝑱
𝟏

𝒂𝟐𝟐
]
 
 
 
 

 𝒙𝒔𝒖𝒃,𝟏  +  [

𝟎

−
𝑹𝟏

𝑱
𝟏

] 𝒖𝟏   

(45) 

𝒙̇𝒔𝒖𝒃,𝟐 = [−
𝒃𝒇𝟐 

𝑱
𝟐

] 𝒙𝒔𝒖𝒃,𝟐  +  [
𝑹𝟐

𝑱
𝟐

] 𝒖𝟐   
(46) 
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𝒙̇𝒔𝒖𝒃,𝟑 =

[
 
 
 
 −

𝒗𝒓𝟑

𝒍𝟐

𝑨𝑬 − 𝒕𝒓𝟑

𝒍𝟐

−
𝑹𝟑

𝟐

𝑱
𝟑

𝒂𝟓𝟓
]
 
 
 
 

 𝒙𝒔𝒖𝒃,𝟑  +  [

𝟎

−
𝑹𝟏

𝑱
𝟏

] 𝒖𝟑   

(47) 

Where 𝑥𝑠𝑢𝑏,1
𝑇 = [𝑇2, 𝑉1] , 𝑥𝑠𝑢𝑏,2

𝑇 = [𝑉2] , and  𝑥𝑠𝑢𝑏,3
𝑇 = [𝑇3, 𝑉3] . For each of the three 

subsystems, a standard LQR methodology was used to design a tracking controller for 

tracking only the localized tension and velocity variables. Coupling effects from the other 

subsystems were treated as disturbances to the subsystem. The feedback gains can be 

calculated as follows using the LQR methodology: 

 

𝑭𝒔𝒖𝒃,𝟏 = [  𝟎. 𝟗𝟖𝟐𝟏     − 𝟏. 𝟎𝟐𝟏𝟕] 

𝑭𝒔𝒖𝒃,𝟐 = 𝟎. 𝟗𝟑𝟑𝟒 

𝑭𝒔𝒖𝒃,𝟑 = [  𝟎. 𝟗𝟖𝟐𝟏      𝟏. 𝟎𝟐𝟏𝟖  ] 

 

(48) 

(49) 

(50) 

 

Where 𝑭𝒔𝒖𝒃,𝒊  is the feedback gain for subsystem i. Next, the control input can be 

calculated as follows: 

𝒖𝟏 = −𝑭𝒔𝒖𝒃,𝟏 𝒙𝒔𝒖𝒃,𝟏 

𝒖𝟐 = −𝑭𝒔𝒖𝒃,𝟐𝒙𝒔𝒖𝒃,𝟐 

𝒖𝟑 = −𝑭𝒔𝒖𝒃,𝟑𝒙𝒔𝒖𝒃,𝟑 

(51) 

(52) 

(53) 

 

5.5  CENTRALIZED MIMO CONTROL 

 In the centralized MIMO control framework, a feedback gain is calculated using 

the linear quadratic regulation design. The advantage is that coupled dynamics between 

states are all inclusive in the LQR optimization compared to the decentralized scheme. 

Furthermore, the motivation to use a MIMO controller is corroborated by the RGA analysis 

in Section 3.1.2. Instead of using the decomposed subsystems in equations 45-47, the 
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original linearized dynamic model in equation 20 will be used for control design. Using 

the LQR function in MATLAB and the system parameters from Table 1, the feedback gain 

F is as follows: 

 

𝑭 = [
𝟐. 𝟒𝟕𝟏𝟏 −𝟑. 𝟏𝟔𝟗𝟗 𝟎. 𝟎𝟑𝟒𝟖 𝟎. 𝟔𝟕𝟐𝟎 𝟎. 𝟎𝟏𝟓𝟖
𝟏. 𝟖𝟏𝟒𝟎 −𝟎. 𝟎𝟒𝟏𝟕 𝟑. 𝟏𝟔𝟒𝟎 −𝟏. 𝟖𝟏𝟐𝟐 −𝟎. 𝟎𝟒𝟏𝟕
𝟎. 𝟔𝟕𝟐𝟐 −𝟎. 𝟎𝟏𝟓𝟖 −𝟎. 𝟎𝟑𝟒𝟖 𝟐. 𝟒𝟔𝟗𝟏 𝟑. 𝟏𝟔𝟗𝟖

] 

 

(54) 

 

In the closed loop feedback scheme, the control input is calculated as follows: 

[

𝒖𝟏

𝒖𝟐

𝒖𝟑

] = −𝑭

[
 
 
 
 
𝒕𝟐

𝒗𝟏

𝒗𝟐

𝒕𝟑

𝒗𝟑]
 
 
 
 

 

(55) 

 

5.6 OBSERVER BASED CONTROL DESIGN 

 Both the decentralized SISO controller in Section 5.4 and the centralized MIMO 

controller in Section 5.5 rely on feedback of the state vector, 𝑥𝑇 = [𝑡2, 𝑣1, 𝑣2, 𝑡3, 𝑣3]. 

However, one of the control design goals is to eliminate the need for tension feedback from 

sensors in the roll-to-roll system. A tension observer can be implemented to estimate the 

tension for the feedback loop. The three tension observers proposed in Section 4 will be 

used for this purpose. For the centralized MIMO controller, the feedback gain F is the same 

as in equation 54. The difference is that the control input will now use estimated tension 

states as follows:  

[

𝒖𝟏

𝒖𝟐

𝒖𝟑

] = −𝑭

[
 
 
 
 
𝒕̂𝟐

𝒗𝟏

𝒗𝟐

𝒕̂𝟑

𝒗𝟑]
 
 
 
 

 

(56) 
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Where 𝒕̂𝟐 , and 𝒕̂𝟑  are tension 2 and tension 3 estimates, respectively. The method of 

calculating these estimates vary depending on the selection of observer, however the 

feedback control will remain the same as in equation 56. 
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6 SIMULATION AND RESULTS 

 This section presents the MATLAB/Simulink simulation results from the proposed 

control design. The goal is to highlight the benefits and drawbacks of each approach. For 

all simulation cases, the system parameters are the same as in Table 1. Input disturbances 

ranging from 1% to 15% of equilibrium torques is introduced to the system in order to 

analyze the control performance under disturbance conditions. Disturbances can originate 

elsewhere, but for the purpose of simulation, all disturbances are considered to be input 

disturbance. Since, the disturbance is unknown regardless of the source, we consider the 

input disturbance as a lump sum of all disturbances that can occur in the roll-to-roll system. 

Furthermore, various step sized disturbances are simulated to demonstrate both steady state 

and transient performance of the respective controllers. The motivation in having a variable 

step profile is to simulate periodic disturbance that occurs in roll-to-roll systems due to 

eccentricity in the roller; the disturbance is introduced to the system every revolution. 

 Based on the registration error model in Section 3, the output variables of interest 

are 𝑇2, 𝑇3, and 𝑉3 since they directly impact the registration error. These state errors will 

be presented along with the registration error in all the subsequent simulations. For all 

cases, the tension reference is 50 N and the velocity reference is 0.1 m/s. The total 

simulation time is set to 35 seconds to illustrate both transient and steady state behavior. 

These simulation parameters for all test cases are summarized below in Table 3. 

 

Parameters Values Units 

Reference velocity 0.1 m/s 

Reference tension 50 N 

Simulation Time 35 s 

 

Table 3. Simulation Parameters 
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 One of the motivation for this research is to demonstrate the capabilities of the 

control scheme and apply to a real-world machine for experimental validation. Therefore, 

the simulations were conducted using the nonlinear plant model before linearization. In 

theory, the control will demonstrate acceptable performance when the system state is near 

the linearization point, in this case the tension and velocity reference. To prove the 

effectiveness of the controller, the initial condition is set to zero, in other words, far from 

the reference, to determine if the control performance is acceptable.  

6.1 FEEDFORWARD CONTROL 

An open loop analysis was conducted to examine the input-output response of the 

system without any controllers. The result of the simulation is shown in the following. 

 

Figure 4. Open Loop Response 
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 Figure 4 shows the state error and registration error for the roll-to-roll system 

subject to a 15% equilibrium torque disturbance. The top graph was included to show the 

input disturbance in order to show the effect on the state and registration error. Note that 

the states , 𝑇2, 𝑇3, 𝑉3, are state errors, not the actual states. Therefore, the ideal tracking 

scenario is for these state errors to track zero. The last graph in Figure 4 shows the 

registration error. 

 In the open loop response, the system is at rest with zero velocity and zero tension 

until an input disturbance occurs. Note that the tension errors 𝑇2, 𝑇3 are at 50N during 

steady state since that is the desired reference. The velocity error is 10 cm/s at steady state, 

which is equivalent to the velocity reference of 0.1 m/s. The results are presented as error 

rather than actual states to remain consistent with the analysis for the other simulations; 

The key result to examine in all the results is whether the error tracks zero. At each step 

disturbance, the system accelerates and moves the web while introducing a small tension 

to both 𝑇2, 𝑇3. This illustrates the coupling effect between tension and velocity. Note that 

the peak registration error under these simulation conditions is 528.9 µm. 

 Next, a feedforward controller was designed to force the system to the desired 

tension and velocity as formulated in Section 5.3. Without disturbances to the system, 

including modeling uncertainty, the feedforward controller will be sufficient in tracking 

state errors.  The results of the feedforward controller is compared to the open loop 

response in the following. 
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Figure 5. Performance of feedforward control 

 

 For the feedforward controller with no tension or velocity feedback control gains, 

the results demonstrate reasonable performance during steady state with no input 

disturbances. Compared to the open loop response, the feedforward show zero state error 

during steady state operation. However, significant errors occur when the input disturbance 

is introduced. For the velocity, the peak error is 30.95 cm/s, around three times the desired 

velocity. Both peak tension errors 𝑇2, 𝑇3 are at 0.42 N. The peak registration error is 

3.566 µm, a significant improvement from the open loop response.  

 The errors introduced to the system due the input disturbance demonstrates the lack 

of robustness from open loop control. Furthermore, perfect tracking under steady state is 

shown in Figure 5 only under the assumption that the model is perfect; the performance is 
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expected to deteriorate in experimentation. For these reasons, there is motivation to 

develop a state feedback control framework even as this controller provides a better 

baseline for comparison than the open loop simulations. 

 

6.2 FULL STATE FEEDBACK LQR 

 

 In this first simulation, control schemes for both decentralized SISO and centralized 

MIMO control are developed. In this case, tension and velocity states are assumed to be 

known and used as feedback for the LQR control. In practice, these values are determined 

from tension sensors and encoders on the driven rollers, which will have uncertainty in the 

measurement. However, in the current study, the full state feedback controllers were 

developed to demonstrate the effectiveness of the control law rather than to develop a real 

controller. The scope of the research is to compare the performance of decentralized and 

centralized control under the same conditions. Therefore, the tension and velocity 

measurements are assumed to be exact. First, a decentralized SISO control was developed 

and compared to the feedforward control performance. 
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Figure 6. Performance of decentralized SISO vs. feedforward 

 In Figure 6, the decentralized SISO control drastically reduced the state and 

registration error. In both cases, the steady state error is zero; the key improvement is the 

disturbance compensation. By using the decentralized controller developed in Section 

5.4, a corrective feedback control action was achieved. Furthermore, the control strategy 

utilized local state feedback information without regard to the coupling in the overall 

system. This comparison demonstrates the importance of state feedback in compensating 

for disturbances and uncertainties in the system.  

 However, the decentralized SISO controller does not achieve the best 

performance. In this scheme, each SISO controller treated coupling from adjacent 

subsystem as disturbances. From Section 3.1.2, the RGA analysis shows strong coupling 

in the system, more than can be compensated for with decentralized control. Therefore, 
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we aim to develop a centralized MIMO controller for the roll-to-roll system in order to 

achieve high precision capability. This controller was developed and compared with the 

decentralized SISO in the following. 

 

 

Figure 7. Performance of decentralized SISO vs centralized MIMO with full state feedback 

 

 Across all torque disturbance cases, the centralized MIMO controller 

demonstrated over 10 times smaller registration error. Additionally, the performance in 

state errors showed significant improvement. For tension error 𝑇3, the errors have 

opposite signs for the two different controllers. For the decentralized SISO control, the 

negative tension error signifies undershooting the desired tension reference, while the 

centralized MIMO controlled showed overshooting. In a web handling system, both 
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scenarios are equally undesirable. By examining the magnitude of the error, the 

centralized MIMO outperforms the decentralized SISO control.  

 The simulation showed that the centralized control has a significant control 

performance advantage over the decentralized. The disadvantage of computational costs 

still exists for centralized control for higher order systems and will need to be addressed 

in the future. However, the results demonstrate that a centralized scheme is needed to 

meet the high precision requirements in flexible electronic fabrication; the decentralized 

SISO control underperforms since it treats the coupling effects between tension and 

velocity as disturbance. 

 Next, the centralized MIMO control is redesigned to include a tension observer 

rather than full state feedback. The decentralized SISO with observer is not presented 

since the full state feedback formulation did not meet performance requirements.  

6.3 OBSERVER BASED CONTROL DESIGN 

6.3.1 Reduced order 

 In this simulation, the tension is estimated using the reduced order linear observer. 

Velocity is assumed to be measured with encoders with no uncertainty and used to 

predict a tension estimate based on the plant model. Note, the model is from equation 20 

which is the linearized realization of the nonlinear plant model. Furthermore, the reduced 

order observer has dependency on the control input, but unknown to the observer model 

is the input disturbance. Due to the nonlinearity and disturbances, the observer is 

expected to have poor performance. Nevertheless, this result is important for future 

discussion since the reduced order observer is taken as the baseline for comparison. 

Additionally, the observer has the advantage of ease of implementation, if performance is 

acceptable. 
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Figure 8. Comparison of centralized MIMO control with reduced order observer and full 

state feedback 

 

From Figure 8, the centralized MIMO control with the reduced order observer is 

compared to the full state feedback test case from Section 6.2. The results show a 

significantly worse performance using the observer, over 1 µm peak registration error. In 

fact, the result is worse than the decentralized SISO control with full state feedback. The 

reason for the significant difference in results is mainly due to the presence of the 

unknown input disturbance. The state errors reach a steady state for the duration of the 

disturbance. This signifies that the observer did not converge on the true state values in 

the presence of disturbances.   

 While the reduced order observer framework is unsuitable for flexible electronic 

fabrication, the 1 µm registration error would be acceptable for a wide variety of other 
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roll-to-roll applications that does not require high precision. With an advantage in ease of 

design and implementation, the reduced order observer can be an efficient method for 

tension estimation.  

6.3.2 Extended Kalman Filter 

 The extended Kalman filter was designed to address the nonlinear plant. The idea 

is to improve on the reduced order observer results by creating a framework that can 

handle a nonlinear model. Furthermore, the formulation includes process and 

measurement noise, which addresses both any modeling uncertainty and the input 

disturbance. The noise is assumed to be zero mean Gaussian white noise. 

 

 

Figure 9. Comparison of the centralized MIMO controller with a reduced order observer 

and an extended Kalman filter 



 40 

  

In Figure 9, the extended Kalman filter performed slightly better than the reduced 

order observer, but still severely underperforms against the full state feedback controller. 

For a 15% torque disturbance, the extended Kalman filter results in a peak registration 

error of 1.8951 µm compared to 1.9305 µm for the reduced order. While the controller 

with the extended Kalman filter is unsuitable for flexible electronic fabrication, some 

insights can still be gained. The small difference in results can mostly be attributed to the 

nonlinearity. If the linear plant was significantly different from the nonlinear plant, the 

results in Figure 9 would have been much different. Another explanation is modeling the 

process noise allowed for some of the input disturbance to be compensated. If that is the 

case, without the noise term in the filter, the results would have been equivalent and 

corroborate the claim that the linearized plant accurately represented the nonlinear 

system. On the topic of input disturbance, modeling the noise as Gaussian white noise 

was insufficient. In the standard extended Kalman formulation, the noise refers to small 

disturbances, while in our simulation, the input disturbance is significantly higher in 

magnitudes. Furthermore, the periodic disturbance does not match a white noise model 

well. For both these reasons, the extended Kalman filter falls short because of inadequate 

disturbance modeling and compensation.  

6.3.3 Unknown Input Disturbance 

 The third tension observer developed is the unknown input disturbance observer. 

In this framework, the state space equation is modified to include a disturbance term. The 

assumption is that the disturbance to the system is linear and superposition principle 

applies. Furthermore, the control designer must select an appropriate input distribution. In 

other words, the source of the disturbance must be accurately modeled even if the 

magnitude of the disturbance is unknown. Knowledge of the input distribution is required 

in order to verify that necessary conditions are met from Section 4.4. These restrictions 

limit the type of systems where an unknown input observer may be used, but in 

applicable problems, the results are quite remarkable.  
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Figure 10. Comparison of the centralized MIMO controller with a reduced order observer 

and an unknown input observer 

 The unknown input observer is designed as described in Section 4.4. The input 

distribution variable, E, will be defined as follows:  

 

𝑬 = [𝟎    𝟎    𝟏] (57) 

 

This selection satisfies the necessary conditions and represents the expected disturbances 

to the roll-to-roll system. This indicates that disturbances are expected to enter the system 

through only on the rewind roller, even though input disturbance is present on all three 

driven rollers. Ideally, the input distribution E should be selected to reflect the actual 
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disturbances on the system. However, this will be different for each machine and a 

control designer will not always have an accurate disturbance model readily available. 

This simulation serves to show the performance of the observer even under poor 

assumptions.  Note that the selection of E is based on the necessary condition of the 

unknown input observer. The goal is to evaluate the viability of the strategy even when 

the control designer does not know the disturbances exactly. 

 Figure 11 shows the results of the MIMO controller with the unknown input 

observer and compared to the reduced order observer with a 15% torque disturbance. The 

performance significantly improves and nearly tracks zero error for both state and 

registration error. In fact, the capabilities of this controller with the unknown input 

observer closely matches the results with full state feedback. 

 

 

Figure 11. Comparison of centralized MIMO controller with full state feedback and an 

unknown input observer 
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 In Figure 11, the observer performance has comparable performance to the full 

state feedback MIMO controller result. The unknown input observer achieves a peak 

registration error of 5.8 nm compared to the full state feedback result of 4.4 nm.   

 The unknown input observer has the best performance but there are limitations 

that must be kept in mind. The most fundamental assumption in this framework is the 

disturbance to the system is introduced at the input. Disturbances can occur from other 

sources, such as modeling uncertainty, measurement noise, or state disturbance. Note that 

there is an offset on T3 in Figure 11. This can be explained by the fact that the input 

distribution E was wrongly assumed during the design phase. One of the principles 

behind the unknown input observer is the ability to not only estimate the state but also the 

disturbance. However, an incorrect input distribution model will lead to inaccurate 

disturbance estimation which results in state estimates not asymptotically converging. 

Essentially, measured velocity error has been attributed to disturbance rather than tension 

estimation error. Additionally, the theory is based on linear time invariant systems, but 

the simulation utilized the nonlinear plant model. While problematic from a theoretical 

perspective, the offset is small in comparison to the reference tension and registration 

error is within tolerance. The simulation was conducted under non-ideal conditions and 

assumptions to fully demonstrate the capabilities of the design. Thus, the proposed 

controller with unknown input observer can still have practical application.  

Since the purpose of the observer is to replace tension load cells in the system, 

evaluation of the estimation error should be compared to measurement noise from a load 

cell. Many high precision instruments are available with a rated 0.3% of rated output 

[69]. For our simulation, a 50N reference tension would have a range of ±0.15N while 

Figure 10 shows an estimation error less than 0.001N.  

There are still other important insights that can be gained from this simulation 

result. An accurate disturbance model will significantly improve control performance and 

state estimation even when the disturbance itself is an unknown. The assumption that 

disturbance occurs at the input is corroborated by the literature survey. Disturbances at 
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the driven rollers can include the motor, eccentric rollers, and velocity measurement 

error. These uncertainties will have a dominant effect on the overall system compared to 

disturbances during transport sections of the moving web. Despite inherent limitations, 

the unknown input observer has the best performance potential for observer based control 

designs and should be a priority for future work.  

6.4 RESULTS AND DISCUSSION 

 The results presented in Section 6.1 - 6.3 only include a peak input disturbance of 

15% equilibrium motor torque. Multiple simulations were conducted at various 

disturbance levels to create a more comprehensive data set for analysis. These results are 

shown in Table 4. 

 

 

 
Max registration error (µm) for different peak torque disturbances  

Torque disturbance 1% 3% 5% 10% 15% 

Decentralized SISO with full state feedback 0.0053 0.0164 0.0281 0.0598 0.0951 

Centralized MIMO with full state feedback 2.56E-04 7.98E-04 0.0014 0.0028 0.0044 

Centralized MIMO with reduced order observer 0.1209 0.3582 0.6026 1.2447 1.9305 

Centralized MIMO with extended Kalman filter 0.1127 0.3439 0.5829 1.2148 1.8951 

Centralized MIMO with unknown input observer 0.0021 0.0022 0.0027 0.0042 0.0058 

 

Table 4. Summary of Registration Error 

 

 One nano-manufacturing technique, electron-beam lithography has been shown to 

print features under 10 nm, or 0.01 µm [70]. One of the motivations for this research is to 

meet these precision requirements so that technology developed by nanomanufacturing 

field can be applied to a roll-to-roll process.  

Decentralized SISO with full state feedback is representative of typical control 

schemes for large scale roll-to-roll system. In fact, the decentralized controller would be 
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suitable for a wide variety of low precision applications. The drawback is that the control 

required full state feedback. Therefore, tension sensors would need to be placed in the 

system. Likewise, the state feedback is needed for the centralized MIMO controller. The 

difference is the centralized control provides significant improvement in minimizing the 

registration error.  

 The basic reduced order observer offers an easily implementable tension estimator 

at the expense of accuracy and performance. Even with a centralized MIMO framework, 

the reduced order observer performed the worst out of all the control schemes in this 

research. The second observer based control was the extended Kalman filter and the 

results did not improve significantly. The slight improvement was attributed to the 

nonlinear model and noise compensation but still fails to meet our control objective. The 

last control design, the unknown input observer, had the best performance out of all the 

observer based strategies.  
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Figure 12 Comparison of centralized MIMO control with full state feedback and all 

observer-based tension feedback 

The registration error results of the feedback and observer-based controllers under 

15% torque disturbance are summarized in Figure 12. Note that the reduced order and 

extended Kalman filter data set were too large compared to the unknown input and full 

state feedback results and had to be scaled down by 100 times. Therefore, it is important 

to know that the performance of these two observers are much worse than appears in 

Figure 12. For the unknown input observer, the performance closely matched the full 

state feedback. The error deviated from zero at three seconds since the observer states 

were initialized far from actual values. The registration error was not corrected due to the 

estimation error described in Section 6.3.3. 

One trend from Table 4 is the registration error scaled linearly with respect to 

torque disturbance, except for the unknown input disturbance. The error at 15% 
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disturbance is higher than at lower levels, but notice that at 1%, 3%, and 5%, the error 

seems to fall within a small range. We examine the relationship between magnitude of 

the disturbance with the magnitude of the state and registration error in the following. 

 

Figure 13. Performance of centralized MIMO full state feedback with 1% disturbance 

and with 15% disturbance 

 The results from Figure 13 show that the performance of the centralized MIMO 

control heavily depends on the level of disturbance. Across all the simulations presented 

in this thesis, the state errors and registration all seem to follow the same profile, but with 

different magnitudes. This seems to indicate that the control framework lacks a method of 

proportional disturbance compensation; for higher disturbance levels, the control action 

should be greater. Another fact is that the design is based on LQR and the weighting 

matrices had not been tuned for each of these simulations conditions. Even though the 

15% result in Figure 13 appears drastically worse, note that this is still within the 10 nm 

tolerance identified in this thesis. Therefore, the control objective set forth in this 
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research has still been met; however, there is possibility for further improvements should 

the need arise in the future.  
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7 CONCLUSIONS 

7.1 SUMMARY 

 In this paper, an observer based control methodology for minimizing registration 

error was presented. Modeling of the roll-to-roll system as well as a registration error model 

from literature was used in the control design. The control framework centered around 

selection of decentralized or centralized control strategy, as well as selection of appropriate 

tension observer, in order to maximize control performance. 

 The contribution of this thesis is a centralized MIMO control framework with 

tension observer that can meet the precision demands for flexible electronic fabrication 

using a roll-to-roll manufacturing process. The linear quadratic regulator from optimal 

control theory was formulated in order to minimize state and registration error. Both 

decentralized and centralized controllers were designed and simulated in order to compare 

performance. The centralized MIMO controller with full state feedback demonstrated 

significantly better tension and velocity reference tracking and smaller registration error 

compared to the decentralized scheme.  

 Second, three tension observers were designed and simulated to formulate a 

complete observer based centralized MIMO controller. The reduced order observer had an 

advantage in ease of implementation at the cost of worse tracking performance. The 

extended Kalman filter performed better by compensating for noise and nonlinearity, but 

still produced unacceptable performance. The reduced order observer and extended 

Kalman filter both failed to compensate for large input disturbances. The unknown input 

disturbance observer provided the best performance by modeling the disturbance as an 

unknown input in the state space model. Several assumptions and necessary conditions 

required for the unknown input disturbance observer made the formulation cumbersome 

and most difficult to implement compared to the other two observers.  

 Overall, a centralized MIMO controller with the unknown input observer 

demonstrated remarkable registration error minimization, well within the demands for high 

quality flexible electronic fabrication. The results from the decentralized controller and 
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other tension observers also provide valuable insights. In the simulation studies, all the 

results were under 2 µm. For many processes, this level of accuracy is sufficient and a 

simpler control design can be selected for ease of implementation.  

7.2 FUTURE WORK 

First, the centralized MIMO control design should be tested on an experimental 

platform to corroborate the simulation results. There are also multiple approaches to 

improving the controller proposed in this thesis. The unknown input observer can be 

improved with a better input disturbance distribution by using experimental data. 

As for practical application, the framework should be extended to include 

multilayer registration error modeling. In multilayered registration, two or more printed 

features need to be aligned in the finished products, and error upstream can quickly 

propagate to downstream processes. The multiple layers add complexity to overall system 

and it is unclear if the centralized framework can handle the higher order system in real 

time.  

State estimation for the roll-to-roll system has many potential areas of 

improvement. The proposed unknown input observer lacked methods for addressing 

modeling uncertainty and even introduced uncertainty in the input disturbance model when 

disturbance was in fact small or did not exist, causing a mismatch between the model and 

the system dynamics.  

 Ultimately, the main control objective is minimization of registration error. One 

main issue that needs to be addressed is the time delay component in the registration error 

model. By definition, the measurement of the error is time delayed: the difference 

between a reference and desired position is measured sometime after the reference point 

is selected. Furthermore, the time delay is variable based on the desired velocity. The 

delay was unaddressed in the proposed framework, hence the delay in the registration 

error could be seen in the results presented in this thesis. A control framework which 

addresses these time delay issues will significantly improve performance and warrants 

further investigation in the future.  
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 Unless control hardware has significant improvements in computational power, 

decentralized control strategies will still be needed to reduce computational burden for 

real time control. The challenge in roll-to-roll manufacturing is designing a decentralized 

framework that can still meet registration error requirements.   
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