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ABSTRACT 

We derive an analytical model of the machine direction registration dynamics of a 
continuous-web, electronic line shaft (ELS) rotary printing press.  We use the model to 
quantify the affect of tension disturbances on machine direction registration dynamics 
with different control schemes.  With standard ELS registration control schemes, we 
show the benefits of using a compensator roller vs. electronic differential gear (advance 
or retard print cylinder’s angular position).  Next, we develop a novel cascaded reference 
control scheme for an electronic differential gear controlled ELS printing press that 
allows it to rival the performance of a compensator roller controlled ELS printing press. 
Finally, we demonstrate the benefits of using a cascaded reference empirically on a 6-
station rotogravure ELS printing press. 

NOMENCLATURE 

E  Young’s modulus of web 
ratiog  gear ratio 

h  web thickness 
i  motor current 
IC  initial condition 
J  angular inertia 

shaftk  shaft rotational stiffness 

dthK  motor back emf constant 

psK  velocity loop proportional gain 

isK  velocity loop integral gain 

piK  current loop proportional gain 

iiK  current loop integral gain 
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tqmK  motor torque constant 

l  armature inductance 
L  web span length 
MOP  correction speed 
r  armature resistance 
R  roller radius 

avgR  average roller radius of all ELS cylinders 
t  time  
T  web span tension 
V  motor voltage 

CRV  compensator roller speed 

DGV  differential gear correction speed 
w  web width 
x  web length 
X  registration error (e.g., 35X  refers to a registration error between images  

 printed at stations 3 and 5) 
CRX  compensator roller position 

DGX  differential position difference 
ε  web span strain 
ϕ  dummy time index 
τ  shaft torque 
θ  angular position 
•
θ  angular velocity 
••
θ  angular acceleration 
 

Subscript 
 
i  index variable referring to span or roller number 

error  difference between the addition of reference and trim with feedback 

m  motor 

P  proportional gain 

ref  reference 

trim  trim to reference value 
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Superscript 
 
T  transient solution 
delay  transport delay in variable 
ref  reference variable 
SS  steady-state solution 
trim  trim variable based on output of differential gear registration control loop 
0  untensioned web 

INTRODUCTION 

Commercial printing is a huge and rapidly changing industry.  The U.S. market alone 
is estimated to exceed $140 billion dollars annually [1].  Products made on continuous-
web rotary printing presses represent a significant portion of this market.  The printing 
industry is extremely competitive with constant pressure to reduce unit-manufacturing 
costs.  Good color-to-color registration is key to product quality.  Registration control is 
also key in the manufacture of flexible displays and electronics in a roll-to-roll fashion 
[2].   

Figure 1 depicts a 6-station rotary printing press.  Registration refers to the ability to 
lay images down from different printing cylinders onto a web in a known position with 
respect to each other.  Automatic registration control requires a sensor to detect 
registration marks. 

 

Figure 1 – Schematic of a 6-Station Electronic Line Shaft Printing Press 

Let us assume that we desire to print an array of “+” directly on top of an array of 
“” in the printing press depicted in Figure 1.  A printed image with a lateral and 
longitudinal translational registration error is shown in Figure 2.  We will limit our 
discussion to longitudinal registration errors only. 
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Figure 2 – Schematic of a 6-Station Electronic Line Shaft Printing Press 

There are numerous press designs used in the industry.  Rotogravure, flexography, 
letterpress, lithography, screen printing, and digital [1] are common printing methods 
used on rotary presses.  Printing presses have either an electronic line shaft (ELS), 
typically used in new presses, or a mechanical line shaft (MLS).  Compensator rollers 
(CR) or differential gearing are used to control longitudinal registration for MLS printing 
presses.  Differential gearing refers to changing the relative angular position between 
printing cylinders mechanically. Compensator rollers (CR) or electronic differential gear 
(DG) are used to control longitudinal registration for ELS printing presses.  DG refers to 
changing the relative angular position between printing cylinders electronically. 

There are two basic modes of active registration control that we term key-color and 
color-to-color, respectively.  We use the 6-station press depicted in Figure 1 to describe 
the two control methods.  In key-color registration, registration errors for each station are 
referenced back to one “key” station.  For example, registration marks printed at stations 
4, 5, and 6 are all referenced to marks printed at station 3 for error calculations.  In color-
to-color registration, each color is compared to the previous color for registration errors.  
For example, registration marks printed at station 4 are referenced to marks printed at 
station 3; registration marks printed at station 5 are referenced to marks printed at station 
4; and registration marks printed at station 6 are referenced to marks printed at station 5. 

The purpose of this paper is study the longitudinal registration dynamics for a typical 
6-station ELS rotogravure printing press both analytically and empirically.  The 
analytical equations developed will be general enough to handle any combination of the 
aforementioned designs.  Numerous references [3-8] discuss issues affecting registration 
control performance.  Puckhaber [4] categorizes 65 possible reasons for machine 
direction registration problems into eight categories.  Using a system model, we study 
how two of these categories—tension variations and registration compensation system—
affect registration.  We use this model to study the registration response of existing 
control schemes and a novel control scheme to an infeed tension disturbance.  Finally, we 
demonstrate the benefits of using a cascaded reference empirically on a 6-station 
rotogravure printing press with DG control.  
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ANALYTICAL EQUATIONS LONGITUDINAL REGISTRATION DYNAMICS 

Figure 3 represents a simple three-span two-station printing press.  Equation {1} is 
the governing equation for longitudinal registration dynamics and is derived in Appendix.  
This equation builds on the previous work of Brandenburg et al [8-10], Seshadri et al 
[11], and Kang et al [12]. 
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This expression may be integrated with respect to time to compute the total 
registration error in the untensioned web.  The “delay” superscript represents the 
transport delay from stations 1 to 2—the same piece of web is printed at two different 
stations at different points in time.  Equation {2} is the governing equation for 
longitudinal tension dynamics and was derived by Walton and Rice [13].  This equation 
advanced the previous work of Brandenburg [8], Young et al [14,15], and Shin [16]. 
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Figure 3 – Simple Two-Roller Conveyance Path 

System Model Six-Station Rotogravure Printing Press 
We extend the methodology developed in Appendix for the longitudinal registration 

dynamics of a 2-station MLS printing press to a 6-station ELS printing press depicted in 
Figure 1.  In order to accurately model an ELS press, we need to bring in the dynamics of 
the velocity and current loops.  These dynamics are critical to modeling the response and 
interactions of the individual drives in an ELS printing press. 

Typical registration control loop.  A schematic of a typical registration control 
loop is shown in Figure 4.  There is one control loop per station that requires automatic 
registration, three in our example.  Most commercial registration systems use an optical 
sensor to detect a mark (trapezoid in our example) that is printed once per cylinder 
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revolution.  The sensor looks at the trapezoid marks once every given number of 
revolutions (Num_Rev).  For example, if Num_Rev = 3 the registration control loop only 
updates every three cylinder revolutions.  The sensor computes the distance between the 
trapezoid just printed and a trapezoid printed at an earlier station.  This distance is 
subtracted from the desired distance, 20 mm in our example, yielding the registration 
error (Reg_Err).  If the registration error is smaller than the dead band (Dead_Band), it is 
set equal to zero.  If it is larger than maximum correction (Max_Corr), it is set equal to 
the maximum correction value.  Finally, an advance or retard signal is sent out to the 
registration compensation mechanism that modifies the web length between a pair of 
cylinders or the surface velocity of a cylinder for a certain length of time.  This length of 
time is equal to Reg_Err divided by the motor-operated pot (MOP) correction speed.  
After Num_Rev cylinder revolutions, the process described above is repeated.  The 
previous correction does not have to complete prior to a new Reg_Err being computed.  
(A level of detail beyond what is described here is not typically shared by vendors.) 

 

Figure 4 – Schematic of a Typical Registration Control Loop 

Typical velocity and current control loops.  A schematic of a typical velocity and 
current control loop for an DG ELS press is shown in Figure 5.  For an DG ELS press, 
the angular velocity reference is trimmed by the MOP rate correction speed for each 
station that needs to be registered.  For a CR ELS machine spd_trim = 0, and the MOP 
correction speed (divided by 2) is used to translate the CR mechanism.  The speed-loop 
control logic is the same for all stations: 
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(A level of detail in these control loops beyond what is described here is not typically 
shared by vendors with ELS systems.)  A simple model of an armature-controlled motor 
[17] is: 
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For a 6-station press, there will be six sets of the above equations, one for each 
station.  

 

Figure 5 – Schematic of a Typical Velocity Control Loop with an ELS 

NUMERICAL EXAMPLES 

In this section, we will study how an infeed-tension disturbance affects the 
registration performance of the printing press depicted in Figure 1.  As mentioned in the 
introduction section, there are two basic modes of active registration control, key-color 
and color-to-color, and two different control mechanisms, CR or DG.  In addition, a new 
control method, termed “cascade,” will be modeled.  The cascade control scheme 
addresses the deficiency in DG color-to-color control, namely, changing the speed of a 
print cylinder to correct a registration error introduces a registration error in the 
subsequent station.  For example, changing the speed of the cylinder in station 4 to 
correct a registration error between stations 3 and 4 introduces a registration error 
between stations 4 and 5.   
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A cascaded control scheme addresses this deficiency by “cascading” the speed 
correction of an upstream cylinder to all downstream cylinders. For example, a speed 
correction to station 4, based on a registration error between stations 3 and 4, is cascaded 
to stations 5 and 6.  Likewise, a speed correction to station 5, based on a registration error 
between stations 4 and 5, is cascaded to station 6.  

Using the modeling techniques developed in this paper we create a numerical model 
of a 6-station rotogravure printing press.  A schematic of the model with a numbering 
scheme is shown in Figure 6.  We use ACSLTM, a commercial ODE solver, to model the 
examples in this section.  We use a second-order Runge-Kutta numerical integration 
routine with a fixed time of 0.0001 sec.   

In the following examples, web speed is 3.75 m/sec, inlet tension 1T  is 99.68 N, web 
thickness is 4.5 µm, web width is 1.6 m, and coupling stiffness is 4.3 × 106 N/rad.  The 
gravure cylinder radius for all stations, except station 1, is 0.255 m.  The radius for 
station 1 is 35 µm less than the others.  (The exact radii for the different stations are not 
known.  A slightly smaller radius is assumed for station 1 based on the actual tension 
profile discussed in the empirical example section.  The smaller radius accounts for a 
4.45 N increase in tension from station 1 to station 2.)  Young’s modulus of the web is 
6.6 × 106 kPa in the infeed section (21.1 °C) and 4.5 × 106 kPa in the dryer sections (88 
°C).  (The values for Young’s moduli were measured from samples of comparable 
material coated in the experiments for this paper.)  

Registration tuning parameters of interest are Corr_Spd = 0.75 mm/sec, Num_Rev = 
2, and Max_Corr = 1.3 mm.  The velocity and current loop bandwidths are 20 and 350 
rad/sec, respectively.  (Bandwidths are computed using Bode diagram techniques.  The 
bandwidths are based on a reduction in transfer function of 0.707 from its steady-state 
value at low frequency.  The transfer function for the velocity loop is the roller angular 
velocity divided by the speed reference.  The transfer function for the current loop is 
motor torque divided by current reference.)  

 

Figure 6 – Schematic of a 6-Station ELS Printing Press Registration Model 

Figure 7 shows how a 22.5 N step in the infeed tension (T1) affects the dryer 
tensions; the infeed tension step occurs at t = 10 sec.  The control scheme used for this 
example is DG color-to-color.  Tension in the dryer sections reduces by the same 
percentage, 32%, as the magnitude of Young’s modulus decreases with temperature.  
Thus, a 22.5 N infeed tension step only results in a 15.3 N increase in the dryers’ steady-
state tensions.  The bounce in dryer tensions T9 and T11 is a result of the registration 
controls modifying the last two print cylinders’ speeds in an effort to hold registration. 
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Figure 7 – Dryer Tension Response to an Infeed Tension Step of 22.5 N 

Registration performance as a result of the same infeed tension step is shown in Figs. 
8 and 9.  These figures plot registration error vs. time.  Most ELS printing presses today 
use DG with either a color-to-color or key-color registration control scheme.  Figure 8 is 
a plot of the color-to-color registration errors (X34, X45, X56) for four different control 
schemes.  Here, color-to-color refers to the registration error not the control scheme.  
Figure 9 is a plot of the key-color registration errors (X34, X35, X36) for the same control 
schemes as shown in Figure 8.  Here, key-color refers to the registration error not the 
control scheme.  Very little difference between DG with color-to-color or key-color 
control is seen in either Figs. 8 or 9; here, color-to-color is referring to the control 
scheme. 
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Figure 8 – Color-to-Color Registration Error 

 

Figure 9 – Key-Color Registration Error 
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The peak-to-valley registration error X56 is 2.8 mm with DG color-to-color control. 
One method to improve registration performance is to use a CR with color-to-color 
control.  With CR control, the peak-to-valley registration error X56 is 0.7 mm.  While CR 
control significantly improves registration performance over DG, CR control has the 
obvious disadvantage of additional hardware.  Using the model a new control method 
termed DG cascaded color-to-color control is investigated.  DG with a cascaded color-to-
color control scheme has a peak-to-valley registration error X56 of 0.9 mm.  This new 
control method has essentially same registration performance improvement as the CR 
color-to-color method.  (The same registration, velocity, and current loop-control gains 
were used to model the different registration control schemes.  The controller gains were 
optimized for the base case DG color-to-color only.  No attempt was made to re-optimize 
them for the other control schemes.) 

COMPARISON OF NUMERICAL AND EMPIRICAL RESULTS 

In this section, we compare the model-predicted response with empirical data from 
an ELS printing press using DG color-to-color control and DG with cascaded color-to-
color control, respectively.  The disturbance is the same 22.5 N infeed tension step 
studied in the previous section.  Figures 10 and 11 show a comparison of model data with 
actual data from the 6-station gravure printing press with an DG using standard color-to-
color registration control.  Figure 11 shows a comparison of our model with an actual 6-
station gravure printing press with an ELS DG using cascaded color-to-color registration 
control.  Table 1 shows a comparison of peak-to-valley registration errors for the two 
control schemes of interest for both actual and model data.   

 

Figure 10 – ELS DG Color-to-Color Registration Control, Model vs. Empirical 
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Figure 11 – ELS DG Cascade Color-to-Color Registration Control, Model vs. Empirical 

 

Table 1 – Comparison of Model to Actual Peak-to-Valley Registration Errors 

As evidenced by Figs. 10 and 11 and Table 1, correlation between model and actual 
tension and registration data is excellent.  Both actual and model data show the cascaded 
control scheme significantly reduces the peak-to-valley registration errors X45 and X56 vs. 
the standard DG control method.  Both the actual and model data show a reduction in X56 
registration error by a factor of 0.3 and 0.4, respectively. 

(Actual data has additional fluctuations—higher frequency—that the model does not 
contain.  This is likely due to sources of noise that are not accounted for in the model.  
Noise sources include: doctor blade oscillation, nonuniform cylinder-frictional properties, 
which is due to the presence of liquid being only present in the etched areas of the 
cylinder, dryer pressure fluctuations, roller imbalance, roller run-out, etc.). 

SUMMARY 

We derived an analytical model of the machine direction registration dynamics of a 
continuous web ELS, 6-station rotary printing press.  With standard registration control 
schemes, we showed the benefits of using CR vs. DG.  A novel, cascaded reference 
control scheme for an DG ELS printing press was developed.  It allowed an DG-
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controlled press to rival the performance of a CR-controlled press.  Actual data from an 
ELS press was used to verify our model and show the benefits of our new cascaded-
control, registration-control scheme for DG ELS presses. 
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APPENDIX - GOVERNING EQUATIONS 

To derive the governing equations for longitudinal and registration dynamics, the 
following assumptions will be made: strain is uniform in a web span, web strain is much 
less than unity, no slip between web and roller, web is linearly elastic, web material 
properties are isotropic and homogeneous, web cross-sectional area is uniform, web 
thickness is small compared to the roller radii, and the web has only membrane stiffness. 

Longitudinal Tension Dynamics 
Figure 3 represents a simple three-span, two-roller conveyance path.  The governing 

equation given for longitudinal tension dynamics was derived by Walton and Rice [13] 
and is shown below: 
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The time rate of change of strain in span 2 is a function of span 1 and 2 strain, web 
velocity entering and exiting rollers, and the length of web in span 2. 

Longitudinal Registration Dynamics 
Consider the problem of registering patterns depicted in Figure 2 in the machine 

direction only.  Assume that the patterns are printed with a pair of driven rotogravure 
coating rollers, as shown in Figure 3.  On the first gravure roller, a “” pattern is laid 
down.  This pattern then conveys to a second gravure roller where the “+” pattern is laid 
down. 

It is well known in the industry that steady-state registration between these patterns 
is only possible if 

••

= 21 θθ  [3,8].  Thus, the change in steady-state registration for a relative 
change in the cylinders’ angular orientation at steady state is: 
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A positive registration change means that more “” than “+” are printed—“” are 
“walking” forward with respect to the “+”.  Taking the time derivative of Equation {11} 
yields: 
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There is a constant rate of registration error when 
••

≠ 21 θθ .  This equation only 
considers the steady-state registration; it ignores the effect of web stretch caused by 
tension transients on registration.   

Again consider the problem of registering patterns depicted in Figure 2 in the 
machine direction only; however, this time we are interested in the effect of tension 
transients on registration.  On the first gravure roller, a “” pattern is laid down.  This 
pattern then conveys to a second gravure roller.  Assuming the surface velocities of the 
rollers are different, the web span between the two gravure rollers will stretch to a 
different strain than the incoming strain to the first gravure roller.  The stretched web is 
now printed with the “+” pattern. 

We assume web at nip 1 and nip 2 is printed at 1ε and 2ε , respectively (i.e., the strain 

of the web during printing is the strain of the web in the incoming span).  Let 0
1x and 0

2x  
represent the length of a relaxed (untensioned) portion of pattern web printed at stations 1 
and 2, respectively.  Assuming no slip, the length of the tensioned patterned web printed 
at nip 1 per unit time is: 

 ( ).1 1
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111 εθ +=∆
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xtR  {13} 

Assuming no slip, the length of the tensioned patterned web printed at nip 2 per unit 
time is: 
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Additionally, unchanging registration requires that the same length of untensioned 
web be conveyed through both nips ( 0

2
0
1 xx = ).  If this is not true, a registration shift 

results.  Thus, the difference in 0
1

0
2 xx − represents the registration change (shift) in a 

time interval t∆ .   
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Letting t∆ approach an infinitesimally small time yields the differential equation for 
the time rate of change for registration of an untensioned web: 
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The above equation represents the transient effects of tension dynamics on 
registration.  It incorporates the effect of varying web strain on registration.  Combining 
Eqs. (12) and (16) yields total time rate of change in registration error: 
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This expression may be integrated with respect to time to compute the total 
registration error in the untensioned web.  The strains and angular velocities in Equation 
{17} represent two different points in time.  The strain 2ε  is the strain in the web when it 

is printed at nip 2.  The strain 1ε represents the strain in the same piece of web when it 

was printed at nip 1.  This happened approximately 𝐿𝐿2
𝜃𝜃2̇𝑅𝑅2

 time units earlier.  By the time 
the web arrives at nip 2, 1ε  and 1θ  have most likely changed.  This transport delay will 
be depicted by a superscripted “delay”:   
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The steady-state strain for unvarying registration is obtained by setting the time rate 
of change in registration equal to zero and 

••

= 21 θθ : 
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Likewise, by setting the time rate of change of strain for web span 2 equal to zero in 
Equation {10} and 

••

= 21 θθ , the same equation for steady-state 2ε is obtained.  (The 
superscripted “delay” is removed for steady state.)  This result is satisfying in that both 
the tension and the registration equations yield the same result for 2ε . 

System Model of a Two-Station Printing Press with CR Registration Control 
We now have equations to model longitudinal tension and registration dynamics.  A 

simple web path of a two-station printing press with a compensator roller for registration 
control is shown in Figure 12.  The basic equations to model the registration between 
stations 1 and 2, registration controls, web tensions, roller velocities, etc., are developed 
next. 
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Figure 12 – Simple Two-Station Printing Press with Compensator Roller Registration 
Control 

The acceleration of roller 2 is based on Newton’s second law ( 1

•

θ and 3

•

θ are inputs to 
model): 

 .2
2

23
2 R

J
TT

dt
d

⋅
−

=





 •

θ  {20} 

The web strain rates are based on Equation {10} ( 1ε and 2ε are inputs to model): 
 
Span 2: 
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Span 3: 
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The registration error between stations 1 and 2 is based on Equation {18}: 

 ( ) .
211

13
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1

11

3

33
21
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



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

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


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RRRR
dt
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delay

delay

θθ
ε

θ
ε

θ  {23} 

The vertical velocity CRV  of the compensator roller is based on active registration 
control: 

 ( ) .1 214 Χ⋅+= εpCR KV  {24} 
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The registration error 21Χ  is for an unstretched piece of web.  The factor ( )41 ε+  
accounts for the stretch in web span 4 where the registration sensor is located.   

Web tensions are based on the following constitutive laws: 

 .iiiiii EwhEwhT εε ⋅⋅⋅==  {25} 

Registration error of stretched web: 

 ( ) ( ) .1 21
0

421 







+⋅Χ⋅+=Χ ∫ ICd

d
dt

τ
τ

ε  {26} 

Compensator roller linear position (what controls steady-state registration): 

 ( ) .
0

ICdV
d
dX CR

t

CR +⋅= ∫ τ
τ

 {27} 

System of a Two-Station Printing Press with DG Registration Control   
If the compensator roller is “locked out” in the simple web path of a two-station 

printing press shown in Figure 12, we can use DG (advance or retard roller 3 with respect 
to roller 1) instead to control registration.  The basic equations to model the registration 
between stations 1 and 2, registration controls, web tensions, roller velocities, etc., are 
basically the same as the compensator roller derivation, with these differences.  First, the 
registration control loop, Equation {24}, is changed to: 

 ( ) .1 214 Χ⋅+= εpDG KV  {28} 

Second, the angular velocities
•

1θ and
•

2θ are no longer equal, 
ref••

= θθ 1 and 3

•

θ  is given 
below: 

 .2
31

33
RR

VDG

reftrimref

+
⋅+=+=

••••

θθθθ  {29} 

Lastly, Equation {27} is changed to: 

 ( ) .
0

ICdV
d
dX DG

t

DG +⋅= ∫ τ
τ

 {30} 

This represents advance or retard of the surface position between rollers 1 and 3 or: 

 ( ) .
2

13
31 






 +
⋅−

RRθθ  {31} 

Numerical Simulation of a Tension Step with CR Control   
In this section we will study the effect of a step in the input tension and a step in 

registration error on the performance of a simple two-station compensator roller-
controlled printing press depicted in Figure 12.  We will use ACSLTM, a commercial 
ODE solver to model the examples in this section.  We will use a second order Runge-
Kutta numerical integration routine with a fixed time of 0.0001 s.  In all examples, web 
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speed is 4.0 m/s, inlet tension 1T is 100 N, web thickness is 4.5 µm, web width 1.6 m, 
Young’s Modulus of the web is 4.7 × 106 kPa, web span lengths are 3 m, =1R 0.25 m, 
and 3R is 25 µm larger.  (Using Equations {19} and {25}, the effect of 3R being 25 µm 
larger than 1R  on 13 TT − is calculated to be 3.57 N.  This is also seen in the example that 
follows.) 

Using the equations developed in section A.3, we model the system response to a 20 
N step in the inlet tension 1T .  Figure 13 shows a matrix of the results for three different 
proportional gains for the compensator registration loop.  Columns 1, 2, and 3 show 
results for a proportional gain of 0.25, 1.0, and 2.0 inverse seconds, respectively.  Rows 
1, 2, and 3 show results for span 1 (dotted line) and span 3 (solid line) tensions, 
registration error, and compensator linear position, respectively. 

Increasing registration gain from 0.25 to 1.0 to 2.0 results in a larger range and more 
oscillatory web tension, a similar range but more oscillatory registration error 
performance, and a larger range and more oscillatory compensator motion.  Increasing 
the control gain much above 0.25 was not beneficial.  A registration gain much larger 
than 2.0 results in slack tension and unstable behavior.  The tension plots also show that 

13 TT − = 3.57 N as a result of 3R radius being 25 µm larger than 1R . 

 

Figure 13 – Step of 20 N in Infeed Tension, Compensator Roller Control 
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