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ABSTRACT

State of the art high speed color printers require sheets
ing accurately positioned as they arrive to the image transer
station (ITS). This goal has been achieved by constructingnd
building a steerable nips mechanism, which is located upstream
from the ITS. This mechanism consists of two rollers whicht
only rotate to advance the paper along the track, but also ser
the paper in the yaw direction. This paper presents the desn,
experimental setup, system model, and the control law necesary
to precisely correct for the lateral and angular positions of the
sheet as well as to deliver it on time to the ITS. The system mel
is nonlinear and subject to four nonholonomic constraints.The
control strategy used is based on linearization by state feedback
with the addition of internal loops for the control of the process
direction velocity and steering position of the rollers. This paper
also provides a formal convergence analysis for the controler
designed as well as the methodology required to tune it. Theuc-
cess of this mechatronic approach is corroborated through sim-
ulation and experimental results, which show that the controller
is able to correct sheet errors under the condition that the page
has nonzero initial and final longitudinal velocities.
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1 INTRODUCTION
State of the art paper path control currently requires the

sheets to be accurately positioned as they arrive to the image
transfer station (ITS). This is achieved by using a registration de-
vice, which not only corrects for longitudinal, lateral andangular
errors, but also delivers the sheet on time to the ITS. However,
current designs cannot correct position errors at high speeds or
cannot do it without marking the page.

In this paper we present a mechatronic solution to this prob-
lem, which corrects for errors at high speeds without damaging
the sheet. This is achieved by using the steerable nips device
depicted in Fig. 1 (US Patent Number 6,634,521).

The problem of controlling paper trajectories with steerable
nips is similar to the control of two-wheel robots, such as the
one studied in [1]. However, not only the two-wheel robot has
one less degree of freedom, but also the control law proposed
by the authors fails to account for singularities that arisewhen
the steering angle of the wheels approaches zero. Also, in the
case of the two-wheel robot, three inputs are needed to follow
a reference trajectory. This is not the case with steerable nips,
where four inputs are needed due to the flexibility of the paper;
two inputs rotate and steer roller 1, whereas the other two inputs
do the same for roller 2 (see Fig. 1).

Similar to the two-wheel robot, the steerable nips mecha-
nism is a nonlinear system with four nonholonomic constraints.
1 Copyright c© 2007 by ASME
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These constraints come from non slip conditions on the rollers,
and local velocities (of the paper) being zero in the direction per-
pendicular to the rotation of the rollers. Additional details on the
constraints of this particular system can be found in [2].
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Figure 1. Schematic of Steerable Nips Fixture

The control objective of the steerable nips device consistof
correcting the position of the sheet on a horizontal plane with the
sheet moving in the longitudinal direction at all times. Since the
page should move without getting damaged, it is also necesry
to control the sheet’s amount of buckling. The control strategy
used to achieve these goals is based on state feedback lineiza-
tion [3] with inner loops for the control of the roller’s rotational
angular velocity and steering angular position.

The remainder of this paper is organized as follows. S
tions 2 and 3 describe the design of the steerable nips mechaism
and the experimental setup, respectively. Section 4 presents the
kinematic and dynamic model of the system. Sections 5 and 6-
scribe the control strategy and convergence analysis for a simpli-
fied system and for the system implemented, respectively. Sm-
ulation and experimental results are also shown. Finally, conclu-
sions are stated in Section 7.
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2 STEER-ABLE NIPS MECHANISM DESIGN
The steerable nips mechanism has been designed so that it

can correct for lateral errors without having to move the actuators
and without inflicting any damage on the paper. This has been
achieved by steering two rollers, which are underneath a backer
ball, as seen in Fig. 2. As a result, each roller is in contact
with the sheet at only one point, letting the sheets safely move
laterally while they are being driven forward. The roller isdriven
by a servo motor (process direction motor) attached to a rotating
table, which is in turn steered by another servo motor (steering
motor) through a coupling as shown in Fig. 2.

Backer Ball

Steering

Motor

Process Direction

         Motor

Roller

Motor

Shaft

Belt

Roller Shaft



Coupling

Figure 2. Process Direction Actuator and Steering Motor Mechanism

3 EXPERIMENTAL SETUP
As it can be seen in Fig. 3 the steerable nips mechanism is

located below the horizontal plate where the page moves. A page
is delivered to this mechanism by a feeder unit and it is removed
from it by an exit roller. For practical purposes, we would like to
correct the position of the sheet as it arrives to the exit roller.
In order to determine the position, orientation, and the amount

of buckling of the sheet, it is required to detect the edges ofthe
page. As seen in Fig. 1, two laser sensors are located on the right
hand side of the page to measure the lateral and angular positions
of the page. Furthermore, to measure the longitudinal position
of the page, five single photodiode sensors, spaced 52mmapart,
are located along the process direction. It should be noticed that
whereas we are able to obtain continuous measurements for lat-
eral and angular positions, we need to estimate the longitudinal
position of the sheet between sensors and the amount of buckling
Copyright c© 2007 by ASME



Figure 3. Experimental Setup

through the use of an observer. For this paper we have imp
mented an open-loop observer based on the kinematic relatins
described in the following section.

4 KINEMATICS AND DYNAMIC MODEL OF THE
STEER-ABLE NIPS MECHANISM
Figure 4 represents a sheet while it is being tracked in t

direction of the arrow labeledv; the horizontal plate is not shown
in this figure for clarity purposes. The leading right cornerof the
sheet, pointC, will be used to track the position of the page.

C
φ1

φ2

θ̇1

θ̇2 2b

2b+ δ v

1

2

Figure 4. Steerable Nips with Paper Buckle

4.1 Notation
Figure 5 shows a schematic representation of the model va

ables for the steerable nips mechanism. This system has
independent steering rollers, located at points 1 and 2, which
are separated by a distance 2b. The space-fixed coordinates of
the system(x,y,φ,δ) locate the leading right corner of the shee
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(point C), wherex and y are the lateral and longitudinal posi-
tion, respectively,φ is the angular position, andδ is the amount
of buckling along the sheet, which is the difference betweenthe
distance separating points 1 and 2, as measured along the paper
(2b+δ) and along the straight line (2b), as shown in Fig. 4. Vari-
ables(θ1,θ2,φ1,φ2) are coordinates at the actuator level (rollers);
whereasθi represents the angular position of rolleri in the direc-
tion parallel to the sheet,φi represents its angular position in the
direction perpendicular to the sheet.

(0,0)b b
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i f

j
f
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j
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i2
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Figure 5. Schematic of Sheet and Roller from Top

4.2 Kinematics
The kinematic model of the system is derived so that the four

nonholonomic constraints mentioned in Section 1 are satisfied at
all times. This model, whose complete derivation can be found
in [4], is represented by the following equations:

ẋ = r1(sinφ1−
y

2b+ δ
cosφ1)θ̇1 +

r2y
2b+ δ

cosφ2θ̇2 (1)

ẏ = r1 cosφ1(
x+b
2b+ δ

−1)θ̇1−
r2(x+b)

2b+ δ
cosφ2θ̇2 (2)

φ̇ =
1

2b+ δ
(r1 cosφ1θ̇1− r2cosφ2θ̇2) (3)

δ̇ = r2sinφ2θ̇2− r1sinφ1θ̇1 (4)

4.3 Actuator Dynamics
Assuming that the belt connecting the process direction mo-

tor to the roller is very stiff (Fig. 2) and that the motor inductance
is sufficiently low, we can obtain the following simple modelfor
the process direction actuator dynamics:

θ̈i + αpiθ̇i = βpiVpi; (i = 1,2) (5)
Copyright c© 2007 by ASME



whereVpi is the voltage input to the motor, andαpi andβpi de-
pend on the inertias and rotational viscous damping coefficients
of the different components shown in Fig. 2 as well as on t
resistance and torque constant of the motor; subindexi refers to
each of the two process direction motors.
Similarly, we can obtain the following model for the steering ac-
tuator dynamics:

φ̈i + αsiφ̇i = βsiVsi; (i = 1,2) (6)

whereVsi, αsi andβsi are defined as in the previous case.

4.4 Dynamic System Model
Letting x = [x y φ δ ẋ ẏ φ̇ δ̇]T be the state vector and

y = [x y φ δ]T be the output vector, differentiating Eqs. (1)
(4), and using Eqs. (5) and (6) for both process direction motors
and both steering motors, respectively, we obtain the following
dynamic system model:

ÿ = m(x)+N(x)









θ̈1

θ̈2

φ̇1

φ̇2









(7)

θ̈1 + αp1θ̇1 = βp1u1

θ̈2 + αp2θ̇2 = βp2u2
(8)

φ̈1 + αs1φ̇1 = βs1u3

φ̈2 + αs2φ̇2 = βs2u4
(9)

wherem(x) is a 4×1 vector andN(x) is a 4×4 matrix, both of
which depend nonlinearly on the system states.

5 CONTROL STRATEGY AND CONVERGENCE
ANALYSIS FOR A SIMPLIFIED SYSTEM
Before engaging into the analysis of the system impl

mented experimentally, we should look into a simplified casefor
two main reasons. First, it will facilitate the understanding of the
controller developed for the implemented system, since thecon-
troller synthesis for both the simplified and implemented systems
undergo similar steps although the latter has a higher degree of
complexity. Secondly, some of the controller gains obtained for
the simplified system will serve as initial points for tuningthe
controller of the implemented system.
Let us then consider the case for which the input voltages tohe
process motors are two of the four system inputs,u1 andu2, but
the other two inputs,u3 andu4, are the steering angular veloci
ties. Thus, Eqs. (9) reduce to

φ̇1 = u3

φ̇2 = u4
(10)
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5.1 Control Strategy
The block diagram for this simplified case is shown in Fig.6.
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Figure 6. System Block Diagram for Simplified System

Here, thePlant is represented by Eq. (7) andPp1 andPp2 by
Eqs. (8). Furthermore, the nonlinear feedback control law,CFBL,
is based on feedback linearization [5]:









θ̈1d

θ̈1d

u3

u4









= N−1(x)(v−m(x)) (11)

Whereas two of the inputs to the plant,u3 andu4, are obtained
from the feedback linearization control law, the other two,u1 and
u2, are generated by a feedback plus feedforward control strategy
used for velocity control of the process direction motors:

CFBpi (s) = ηpi +
γpi
s ; CFFpi (s) = 1

βpi
(1+

αpi
s ); (i = 1,2) (12)

whereηpi andγpi are the PI controller gains, andαpi andβpi are
defined in Eq. (8) fori = 1,2. The success of this control strategy
depends on the invertibility of matrixN(x). In [4] it is shown that
this matrix is invertible as long as the sheet is always moving in
the longitudinal direction. Also notice that for the nonlinear part
of the system, Eq. (7), since each of the four outputs has a relative
degree of 2, the zero dynamics is of dimension zero.

5.2 Convergence Analysis of Closed-Loop System
Let us first note that the process actuator errors are defined

by

εpi = θ̇id − θ̇i ; (i = 1,2) (13)

and thus we can combine Eqs. (7), (11) and (13) to obtain

ÿ = v−N(x)









ε̇p1

ε̇p2

0
0









(14)
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If we further letv be

v =









v1

v2

v3

v4









=









ẍd +(Kx + λx) ˙̃x+Kxλxx̃
ÿd +(Ky + λy) ˙̃y+Kyλyỹ

φ̈d +(Kφ + λφ)
˙̃φ+Kφλφφ̃

δ̈d +(Kδ + λδ)
˙̃δ+Kδλδδ̃









(15)

where paper coordinate errors are defined by

x̃ = xd −x; ỹ = yd −y
φ̃ = φd −φ; δ̃ = δd − δ (16)

then from Eq. (14) we can see that ifε̇p1 and ε̇p2 tend to zero,
thenx, y, φ, andδ will converge asymptotically toxd, yd, φd, and
δd, respectively.

In order to show the converge of this control strategy let u
also define the following surface errors:

sx = ˙̃x+ λxx̃; sy = ˙̃y+ λyỹ

sφ = ˙̃φ+ λφφ̃; sδ = ˙̃δ+ λφδ̃
sεp1 = ε̇p1 + λεp1εp1; sεp2 = ε̇p2 + λεp2εp2;

(17)

Expressingv in term of the surface errors and lettingγp1 andγp2

be defined by

γpi =
(αpi+βpiηpi−λεpi)λεpi

βpi
; (i = 1,2) (18)

the time derivatives of the errors above mentioned (Eqs. (1),
(16), and (17)) can be expressed as:

˙̃x = −λxx̃+sx
˙̃y = −λyỹ+sy
˙̃φ = −λφφ̃+sφ
˙̃δ = −λδδ̃+sδ

ε̇p1 = −λεp1εp1 +sεp1

ε̇p2 = −λεp2εp2 +sεp2

ṡx = −Kxsx +n11ε̇p1 +n12ε̇p2

ṡy = −Kysy +n21ε̇p1 +n22ε̇p2

ṡφ = −Kφsφ +n31ε̇p1 +n32ε̇p2

ṡδ = −Kδsδ +n41ε̇p1 +n42ε̇p2

ṡεp1 = −(αp1 + βp1ηp1−λεp1)sεp1

ṡεp2 = −(αp2 + βp2ηp2−λεp2)sεp2

(19)

whereni j (i = 1,2,3,4; j = 1,2) are elements of the first two
columns of matrixN(x).
If we define the desired trajectory by

(xd,yd,φd,δd, ẋd, ẏd, φ̇d, δ̇d) = (0,νt,0,0,0,ν,0,0) (20)
5

s
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whereν is the nominal longitudinal velocity of the sheet, and
we linearize the system described in Eq. (19) around ˜x = ỹ =
φ̃ = δ̃ = εp1 = εp2 = sx = sy = sφ = sδ = sεp1 = sεp2 = 0, we can
obtain an expression of the form

ė(t) = G(t)e(t) (21)

wheree(t) is defined as

e(t) =
(

x̄ ȳ φ̄ δ̄ ε̄p1 ε̄p2
)T

(22)

andG(t) is given by

G(t) =



















Ax 0 0 0 B
εp1
x (t) B

εp2
x (t)

0 Ay 0 0 B
εp1
y B

εp2
y

0 0 Aφ 0 B
εp1
φ B

εp2
φ

0 0 0 Aδ 0 0
0 0 0 0 Aεp1 0
0 0 0 0 0 Aεp2



















(23)

The elements of vectore(t) in Eq. (22) are

x̄ =

(

x̃
sx

)

, ȳ =

(

ỹ
sy

)

φ̄ =

(

φ̃
sφ

)

δ̄ =

(

δ̃
sδ

)

ε̄p1 =

(

εp1

sεp1

)

, ε̄p2 =

(

εp2

sεp2

)

(24)

and the matrix components ofG(t) in Eq. (23) are

Ax =

(

−λx 1
0 −Kx

)

Ay =

(

−λy 1
0 −Ky

)

Aφ =

(

−λφ 1
0 −Kφ

)

Aδ =

(

−λδ 1
0 −Kδ

)

Aεp1 =

(

−λεp1 1
0 −g10,10

)

Aεp2 =

(

−λεp2 1
0 −g12,12

)

B
εp1
x (t) =

(

0 0
g2,9 g2,10

)

B
εp2
x (t) =

(

0 0
g2,11 g2,12

)

B
εp1
y =

(

0 0
g4,9 g4,10

)

B
εp2
y =

(

0 0
g4,11 g4,12

)

B
εp1
φ =

(

0 0
g6,9 g6,10

)

B
εp2
φ =

(

0 0
g6,11 g6,12

)

(25)

Elementsgi, j , above, depend on system parameters and the con-
troller gains. Elementsg2,9, g2,10, g2,11, andg2,12 depend explic-
itly on time, and they do so linearly. This dependence on time
comes from the desired trajectory of the sheet shown in Eq. (20).

From Eqs. (21)-(25) we can obtain the following expres-
sions

˙̄x = Axx̄+B
εp1
x (t)ε̄p1 +B

εp2
x (t)ε̄p2

˙̄y = Ayȳ+B
εp1
y ε̄p1 +B

εp2
y ε̄p2

˙̄φ = Aφφ̄+B
εp1
φ ε̄p1 +B

εp2
φ ε̄p2

˙̄δ = Aδδ̄
˙̄εp1 = Aεp1ε̄p1
˙̄εp2 = Aεp2ε̄p2

(26)
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We can easily solve for̄δ(t), ε̄p1(t), andε̄p2(t) from Eq. (26):

δ̄(t) = eAδt δ̄(0)

ε̄p1(t) = eAεp1t ε̄p1(0)

ε̄p2(t) = eAεp2t ε̄p2(0)

(27)

Finally, using Eqs. (26) and (27), the solutions for ¯x(t), ȳ(t), and
φ̄(t) are given by

x̄(t) = eAxt x̄(0)+ [
R t
0 eAx(t−τ)B

εp1
x (τ)eAεp1τdτ]ε̄p1(0)

+[
R t

0 eAx(t−τ)B
εp2
x (τ)eAεp2τdτ]ε̄p2(0)

ȳ(t) = eAyt ȳ(0)+ [
R t

0 eAy(t−τ)B
εp1
y eAεp1τdτ]ε̄p1(0)

+[
R t

0 eAy(t−τ)B
εp2
y eAεp2τdτ]ε̄p2(0)

φ̄(t) = eAφt φ̄(0)+ [
R t

0 eAφ(t−τ)B
εp1
φ eAεp1τdτ]ε̄p1(0)

+[
R t

0 eAφ(t−τ)B
εp2
φ eAεp2τdτ]ε̄p2(0)

(28)

It should be noticed that even though the solutions for ¯x(t), ȳ(t),
andφ̄(t) involve convolution integrals, these can easily be sol
algebraically. In fact, this is true even for the case of ¯x(t), due
to the linear nature of the time-dependent terms inB

εp1
x (t) and

B
εp2
x (t).

Furthermore, we can see from Eqs. (25), (27) and (28) tha
proper selection of the controller gains we can make matrs
Ax, Ay, Aφ, Aδ, Aεp1, andAεp2 Hurwitz, and thus we can make th

solutions ¯x(t), ȳ(t), φ̄(t), δ̄(t), ε̄p1(t), andε̄p2(t) converge.

5.3 Controller Design Methodology
The control specifications are as follows:

i. The sheet has finite dimensions and moves with a nom
longitudinal velocity,ν.

ii. The distance between the first and last optical sensors inFig.
1 is given byL. Thus, the leading edge of the sheet will e
the stear-able nips section at timeT = L/ν.

iii. The sheet has initial maximum errors|x̃(0)|, |ỹ(0)|, |φ̃(0)|,
and|δ̃(0)| (as in Table 1).

iv. The error at timeT, when the sheet exits the nips sectio
must be smaller than or equal to|x̃(T)|, |ỹ(T)|, |φ̃(T)|, and
|δ̃(T)| (as in Table 1).

Now, by looking at the first expression in Eqs. (27) and
definition of Aδ in Eq. (25), we can see that, for a page of
nite dimensions moving at a given nominal longitudinal velocity,
we can easily obtain the controller gains,λδ andKδ, required to
reduce the error,̄δ, from δ̄(0) to δ̄(T). We can similarly obtain
the rest of the controller gains using the remaining expressions
in Eqs. (27) and Eqs. (28).
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Initial Errors Final Errors

|x̃(0)| 6 0.008m |x̃(T)| 6 0.0013m

|ỹ(0)| 6 0.040m |ỹ(T)| 6 0.0016m

|φ̃(0)| 6 0.025rad |φ̃(T)| 6 0.0035rad

|δ̃(0)| 6 0.0001m |δ̃(T)| 6 0.00002m

Table 1. Initial and Final State Errors for Simulation Tests

Thus, based on the control specifications just mentioned, wecan
use the following procedure, which summarizes the steps re-
quired to obtain all controller gains:

i. Determine gains (λδ,Kδ), (λεp1,ηp1), and (λεp2,ηp2) from
each of the three expressions in Eqs. (27), respectively.

ii. Once the gains from step (i) have been obtained, determine
gains (λx,Kx), (λy,Ky), and (λφ,Kφ) from each of the three
expressions in Eqs. (28), respectively.

5.4 Simulation Results
In order to determine the efficacy of the controller described

above we performed simulation tests. The goal was to take a
letter-sized sheet moving at a nominal longitudinal velocity of
0.5m/s from the initial to the final state errors shown in Table 1.
Based on the procedure presented in Section 5.3 and the initial
and final errors shown in Table 1 the following controller gains
were obtained:

(λx,Kx) = (80,4.5); (λy,Ky) = (80,8.0)
(λφ,Kφ) = (80,4.9); (λδ,Kδ) = (100,3.9)

(λεp1,ηp1) = (100,0.26); (λεp2,ηp2) = (100,0.26)

As we can see in Fig. 7, the controller gains effectively corrects
the position of the sheet within 0.42 seconds.

6 CONTROL STRATEGY AND CONVERGENCE
ANALYSIS FOR THE SYSTEM IMPLEMENTED
Contrarily to the simplified system in Section 5, when de-

signing the controller for the actual setup, the steering actuator
dynamics, as defined in Eqs. (9), must be taken into account.
Due to these extra dynamics the control strategy becomes more
involved, since we now need to control locally the position of the
steering motors. As we will see in Section 6.3, even though the
methodology to obtain the controller gains is not as direct as in
the simplified system, controller gains can still be easily obtained
after a couple of iterations.

6.1 Control Strategy
The block diagram of the control system is shown in Fig.8.
Copyright c© 2007 by ASME
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Figure 7. Simulation Results for the Simplified System
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Figure 8. System Block Diagram for Implemented Syetem

As in the simplified case, thePlant, the process direction
motorsPp1 andPp2, the nonlinear feedback control law,CFBL,
and the feedback and feedforward controllers for the process mo-
tors are given by Eqs. (7), (8), (11) and (12), respectively.This
time the plant for the steering motors,Ps1 andPs2 are given by
Eqs. (9). Furthermore, the position of the steering actuators is
controlled by a feedback plus feedforward control strategygiven
by:

CFBsi(s) = ηsi + γpis; CFFsi(s) = 1
βsi

(1+ αsi
s ); (i = 1,2) (29)
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whereηsi andγsi are the PD controller gains, andαsi andβsi

are defined in Eqs. (9) fori = 1,2. As shown in Fig. 8, in
order to use feedforward control, we need to generate the steering
acceleration estimate,φ̈id , through the use of a first order filter
with gain τi (i = 1,2). Note that ifτi is sufficiently small, the
value ofφ̇id will be very close to that oḟ̄φi for i = 1,2.

6.2 Convergence Analysis of Closed-Loop System
The convergence analysis of the closed-loop system follows

the same development as in Section 5.2. For instance, the process
actuator errors are defined as in Eq. (13), the steering actuator
errors are defined by

εsi = φid −φi ; (i = 1,2) (30)

and the errors from the first order filter filtersεi are defined by
εi = ˙̄φi − φ̇id; (i = 1,2) (31)

We can now definev as in Eq. (15) and the paper coordinate
errors as in Eq. (16). Furthermore, in addition to the surface
errors defined in Eq. (17), we should also define surface errors
for the steering motors:

sεs1 = ε̇s1 + λεs1εs1; sεs2 = ε̇s2 + λεs2εs2 (32)

Then, if we defineγp1 andγp2 as in Eq. (18) and defineηs1 and
ηs2 as

ηsi =
(αsi+γsiβsi−λsi)λsi

βsi
(i = 1,2) (33)

by differentiating Eqs. (13), (16), (17), (30), (31), and (32) we
obtain the following error dynamics:

˙̃x = −λxx̃+sx
˙̃y = −λyỹ+sy
˙̃φ = −λφφ̃+sφ
˙̃δ = −λδδ̃+sδ

ε̇p1 = −λp1εp1 +sεp1

ε̇p2 = −λp2εp2 +sεp2

ε̇s1 = −λs1εs1 +sεs1

ε̇s2 = −λs2εs2 +sεs2

ṡx = −Kxsx +n11ε̇p1 +n12ε̇p2 +n13(ε̇s1 + ε1)+n14(ε̇s2 + ε2)
ṡy = −Kysy +n21ε̇p1 +n22ε̇p2 +n23(ε̇s1 + ε1)+n24(ε̇s2 + ε2)
ṡφ = −Kφsφ +n31ε̇p1 +n32ε̇p2 +n33(ε̇s1 + ε1)+n34(ε̇s2 + ε2)
ṡδ = −Kδsδ +n41ε̇p1 +n42ε̇p2 +n33(ε̇s1 + ε1)+n34(ε̇s2 + ε2)

ṡεp1 = −(αp1+ βp1ηp1−λεp1)sεp1

ṡεp2 = −(αp2+ βp2ηp2−λεp2)sεp2

ṡεs1 = −(αs1 + βs1ηs1−λεs1)sεs1

ṡεs2 = −(αs2 + βs2ηs2−λεs2)sεs2

ε̇1 = − 1
τ1

ε1 + δ ˙̄φ1
δΨ Ψ̇+ δ ˙̄φ1

δt

ε̇2 = − 1
τ2

ε2 + δ ˙̄φ2
δΨ Ψ̇+ δ ˙̄φ2

δt
(34)
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whereni j (i,j=1,2,3,4) are elements of matrixN(x) andΨ is de-
fined by:

Ψ =
(

x̃ sx ỹ sy φ̃ sφ δ̃ sδ
)T

(35)

Linearizing Eq. (34) around ˜x = ỹ = φ̃ = δ̃ = εp1 = εp2 = εs1 =
εs2 = sx = sy = sφ = sδ = sεp1 = sεp2 = sεs1 = sεs2 = ε1 = ε2 = 0
we obtain an expression of the form

ė(t) = G(t)e(t) (36)

where this timee(t) is defined as

e(t) =
(

x̄ ȳ φ̄ δ̄ ε̄p1 ε̄p2 ε̄s1 ε̄s2 ε̄
)T

(37)

andG(t) is given by

G(t) =































Ax 0 0 0 B
εp1
x (t) B

εp2
x (t) Bεs1

x 0 Bε
x

0 Ay 0 0 B
εp1
y B

εp2
y 0 0 0

0 0 Aφ 0 B
εp1
φ B

εp2
φ 0 0 0

0 0 0 Aδ 0 0 Bεs1
δ Bεs2

δ Bε
δ

0 0 0 0 Aεp1 0 0 0 0
0 0 0 0 0 Aεp2 0 0 0
0 0 0 0 0 0 Aεs1 0 0
0 0 0 0 0 0 0 Aεs2 0
Bx

ε 0 Bφ
ε(t) Bδ

ε B
εp1
ε (t) B

εp2
ε (t) Bεs1

ε Bεs2
ε Aε































(38)

Elements ¯x, ȳ, φ̄, δ̄, ε̄p1, andε̄p2 in Eq. (37) are defined as in Eq.
(24) andε̄s1, ε̄s2, andε̄ are similarly defined by:

ε̄s1 =

(

εs1

sεs1

)

ε̄s2 =

(

εs2

sεs2

)

ε̄ =

(

ε1

ε2

)
(39)

ElementsAx, Ay, Aφ, Aδ, Aεp1, Aεp2, B
εp1
x (t), B

εp2
x (t), B

εp1
y . B

εp2
y ,

B
εp1
φ andB

εp2
φ of matrix G(t) are defined as in Eq. (25), matrices

Aεs1, Aεs2 andAε are given by

Aεs1 =

(

−λεs1 1
0 −g14,14

)

Aεs2 =

(

−λεs2 1
0 −g16,16

)

Aε =

(

−λε1 0
g18,17 −λε2

) (40)
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and the remaining components ofG(t) are defined as

Bεs1
x =

(

0 0
g2,13 −ν

)

Bε
x =

(

0 0
−ν 0

)

Bεs1
δ =

(

0 0
g8,13 ν

)

Bεs2
δ =

(

0 0
g8,15 −ν

)

Bε
δ =

(

0 0
ν −ν

)

Bx
ε =

(

g17,1 g17,2

g18,1 g18,2

)

Bφ
ε(t) =

(

g17,5 g17,6

g18,5 g18,6

)

Bδ
ε =

(

0 0
g18,7 g18,8

)

B
εp1
ε (t) =

(

g17,9 g17,10

g18,9 g18,10

)

B
εp2
ε (t) =

(

g17,11 g17,12

g18,11 g18,12

)

Bεs1
ε =

(

g17,13 g17,14

g18,13 g18,14

)

Bεs2
ε =

(

0 0
g18,15 g18,16

)

(41)

The elements,gi, j , of the matrices defined above depend on sys-
tem parameters and the controller gains. As in the simplified
system, we can break down Eq. (36) into

˙̄x = Axx̄+B
εp1
x (t)ε̄p1 +B

εp2
x (t)ε̄p2 +Bεs1

x ε̄s1 +Bε
xε̄

˙̄y = Ayȳ+B
εp1
y ε̄p1 +B

εp2
y ε̄p2

˙̄φ = Aφφ̄+B
εp1
φ ε̄p1 +B

εp2
φ ε̄p2

˙̄δ = Aδδ̄+Bεs1
δ ε̄s1 +Bεs2

δ ε̄s2 +Bε
δε̄

˙̄εp1 = Aεp1ε̄p1
˙̄εp2 = Aεp2ε̄p2
˙̄εs1 = Aεs1ε̄s1
˙̄εs2 = Aεs2ε̄s2

˙̄ε = Aεε̄+Bx
εx̄+Bφ

ε(t)φ̄+Bδ
εδ̄+B

εp1
ε (t)ε̄p1 +B

εp2
ε (t)ε̄p2

+Bεs1
ε ε̄s1 +Bεs2

ε ε̄s2

(42)

We can see from Eq. (42) that we can easily solve forεpi,
εsi, (i = 1,2):

ε̄p1(t) = eAεp1t ε̄p1(0)

ε̄p2(t) = eAεp2t ε̄p2(0)

ε̄s1(t) = eAεs1t ε̄s1(0)

ε̄s2(t) = eAεs2t ε̄s2(0)

(43)

The expressions for ¯x(t), ȳ(t), φ̄(t), δ̄(t), andε̄(t) can be obtained
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from Eq. (42) and (43):

x̄(t) = eAxt x̄(0)+ [
R t

0 eAx(t−τ)B
εp1
x (τ)eAεp1 τdτ]ε̄p1(0)

+[
R t

0 eAx(t−τ)B
εp2
x (τ)eAεp2 τ

dτ]ε̄p2(0)+ [
R t

0 eAx(t−τ)Bεs1
x eAεs1 τdτ]ε̄s1(0)

+[
R t

0 eAx(t−τ)Bεs2
x eAεs2 τdτ]ε̄s2(0)+

R t
0 eAx(t−τ)Bε

xε̄(τ)dτ

ȳ(t) = eAyt ȳ(0)+ [
R t

0 eAy(t−τ)B
εp1
y e

Aεp1 τ
dτ]ε̄p1(0)

+[
R t

0 eAy(t−τ)B
εp2
y eAεp2 τdτ]ε̄p2(0)

φ̄(t) = eAφ t φ̄(0)+ [
R t

0 eAφ(t−τ)B
εp1
φ e

Aεp1 τ
dτ]ε̄p1(0)

+[
R t

0 eAφ(t−τ)B
εp2
φ eAεp2 τdτ]ε̄p2(0)

δ̄(t) = eAδt δ̄(0)+ [
R t

0 eAδ(t−τ)Bεs1
δ eAεs1 τdτ]ε̄s1(0)

+[
R t

0 eAδ(t−τ)Bεs2
δ eAεs2 τdτ]ε̄s2(0)+

R t
0 eAδ(t−τ)Bε

δ ε̄(τ)dτ

ε̄(t) = eAεt ē(0)+
R t

0 eAε(t−τ)Bx
εx̄(τ)dτ

+
R t

0 eAε(t−τ)Bφ
ε (τ)φ̄(τ)dτ+

R t
0 eAε(t−τ)Bδ

ε δ̄(τ)dτ

+[
R t

0 eAε(t−τ)B
εp1
ε (τ)eAεp1τdτ]ε̄p1(0)+ [

R t
0 eAε(t−τ)B

εp2
ε (τ)eAεp2 τdτ]ε̄p2(0)

+[
R t

0 eAε(t−τ)Bεs1
ε eAεs1 τdτ]ε̄s1(0)+ [

R t
0 eAε(t−τ)Bεs2

ε eAεs2 τdτ]ε̄s2(0)

(44)

As in the case of the simplified system, we can see from Eq
(25), (40), (43), and (44) that, by proper selection of the con-
troller gains, we can make matricesAx, Ay, Aφ, Aδ, Aεp1, Aεp2,
Aεs1, Aεs2, andAε Hurwitz, and thus we can make the solutions
x̄(t), ȳ(t), φ̄(t), δ̄(t), ε̄p1(t), ε̄p2(t), ε̄s1(t), ε̄s2(t), and ε̄(t) con-
verge.

6.3 Controller Design Methodology
Let us first assume the same control specifications as in S

tion 5.3. Then, just as in the case of the simplified system an
based on the expressions in Eqs. (43) and (44), we can deve
a procedure to calculate the controller gains for a sheet of finite
dimensions moving at a pre-specified nominal longitudinal ve-
locity with some given initial and final state errors. This time,
however, the gains corresponding to ¯x(t), δ̄(t), and ε̄(t) cannot
be obtained directly, since the expressions for ¯x(t) and δ̄(t) de-
pend on̄ε(t) and vice versa. Thus, we need to use the followin
iterative procedure.

i. Determine gains (λεp1,ηp1), (λεp2,ηp2), (λεs1,γs1), and
(λεs2,γs2) from Eqs. (43).

ii. Once the gains from step (i) have been obtained, determie
gains (λy,Ky), and (λφ,Kφ) from the second and third expres-
sions of Eqs. (44).

iii. Using the gains (λx,Kx) and (λδ,Kδ) obtained in Section 5.3
as initial guesses, determine gains (τ1,τ2) from the last ex-
pression in Eqs. (44).

iv. Check that the initial guesses for gains (λx,Kx) and (λδ,Kδ)
are fine by using the first and fourth expressions in Eqs. (44

v. Iterate between steps (iii) and (iv) if necessary.

As stated in step (iii), even though this procedure requiressome
iteration, it should be noted that the results from the controller
design methodology obtained for the simplified system (Section
9
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5.3) can be used as initial points for the controller implemented
experimentally. Furthermore, in most cases we only need oneor
two iterations before we arrive to the right controller gains for
the desired specifications.

6.4 Simulation and Experimental Results
In order to determine the efficacy of the controller devel-

oped, we again have performed simulation tests for a letter-
sized sheet moving at the same nominal longitudinal velocity of
0.5m/s from the initial to the final state errors shown in Table
1. Based on the initial and final errors shown in Table 1 and the
methodology presented in Section 6.3 with the initial guesses for
(λx,Kx) and (λδ,Kδ) from Section 5.3, the following controller
gains were obtained:

(λx,Kx) = (80,4.5); (λy,Ky) = (80,8.0)
(λφ,Kφ) = (80,4.9); (λδ,Kδ) = (95,4.0)

(λεp1,ηp1) = (100,0.26); (λεp2,ηp2) = (100,0.26)
(λεs1,γs1) = (100,9.31); (λεs2,γs2) = (100,9.31)

(τ1,τ2) = (0.0042,0.0013)

Note that the controller gains obtained are similar to thosein
Section 5.4, which shows that we do not need to perform too
many iterations before arriving to an appropriate set of gains.
We can see in Fig. 9 that the controller effectively correctsthe
position of the sheet within the pre-specified allowable time of
0.42 seconds.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

2

4

6

8
Lateral Position Error

x e(m
m

)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

10

20

30

40
Longitudinal Position Error

y e(m
m

)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.01

0.02

Angular Position Error

φ e(r
ad

)

Time (sec)

Figure 9. Simulation Results for the System Implemented
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Initial Errors Final Errors

|x̃(0)| 6 0.004m |x̃(T)| 6 0.00026m

|ỹ(0)| 6 0.0074m |ỹ(T)| 6 0.0005m

|φ̃(0)| 6 0.025rad |φ̃(T)| 6 0.001rad

|δ̃(0)| 6 0.0001m |δ̃(T)| 6 0.00002m

Table 2. Initial and Final State Errors for the Experimental Test

Furthermore, we have also performed experimental tes
the system shown in Fig. 3. It should be noticed, howe
that the actual experimental fixture cannot handle initial errors
as large as those in Table 1 due to limitations in the setup dign
(size of the laser sensors for lateral and angular measurents
in Fig. 1). Therefore, based on the methodology present
Section 6.3 and the initial and final errors shown in Table 2he
following controller gains were obtained:

(λx,Kx) = (80,12.5); (λy,Ky) = (80,13.2)
(λφ,Kφ) = (80,11.2); (λδ,Kδ) = (80,7.9)

(λεp1,ηp1) = (100,0.26); (λεp2,ηp2) = (100,0.26)
(λεs1,γs1) = (100,9.31); (λεs2,γs2) = (100,9.31)

(τ1,tau2) = (0.0042,0.0013);

As shown in Fig. 10, using these gains we were able to co
the sheet’s position in about 0.3 seconds. Note that the loi-
tudinal position increases constantly because the sheet moves in
the longitudinal direction at all times. Here we can also seethe
correction made by the open-loop observer on the longitual
position once the sheet arrives to the second optical senso(see
Fig. 1) at about 0.09 seconds. The small discrepancies obse
between simulation and experimental results can be attributed to
sensor noise and accuracy.

7 CONCLUSION
In this paper we have presented an innovative design

permits a swifter correction of lateral, longitudinal and angular
position errors in a paper path control system for xerograic
and printing devices. This mechanism accomplished this task by
having steer-able nips.

In order to correct the sheet position errors we have us
control based on state feedback linearization [3] with the addition
of internal loops for the control of the process direction velocity
and steering position of the rollers.

In addition, not only have we provided a convergence a
ysis for the controller implemented, but also we have descrbed
a design methodology to determine its gains. Even thoughs
methodology requires some iteration, we can use the contler
gains obtained for a simplified system as initial points.
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Figure 10. Experimental and Simulation Results

Simulation and experimental results show that by using the
controller gains obtained from the methodology previouslymen-
tioned, it is possible to drive a sheet from an initial state with
nonzero longitudinal velocity to a final state also with nonzero
longitudinal velocity in a very short time.
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