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Abstract—This paper describes the mechatronics design, pro- and sheet; hence, decreasing the possibility of marking the
totype testing and control of a steerable nips component fopaper  sheet. By controlling the steering angle and spinning \igloc
path mechanisms in high speed color printers and photocopis. of each of the two nips, it is possible to control the longitad

When placed upstream from the image transfer station alonghe iti lateral it d | ientati f theet
paper path, this device precisely controls the longituding lateral posiuon, lateral position and angular orientation o

and skew directions of papers sheets, as they arrive to the imge 1N @ somewhat analogous manner to steering a two-wheel
transfer station. robot cf. [2], [29], [27], [28]. However, unlike the two-
The paper also presents a complete kinematic and dynamic wheel robot steering control problem, the sheet controkund
analysis of the paper sheet steering mechanism, which is vdhted the steerable nips mechanism proposed in this paper has
by experimental results. It is shown that the dynamics of a o .
sheet under the control of the steerable nips mechanism are an additional degree of freedom, since the p_aper sheet_ can
nonlinear and subject to nonholonomic constraints. A feedack buckle, whereas the pavement does not. As will be explained
linearization control strategy that includes dynamic surface con- in subsequent sections, the buckling of the paper makes it
trol is developed and implemented to control the sheet's pion  possible to linearize the system dynamics through feedback
and angular orientation under the condition that the sheetS \oraas feedback linearization cannot be achieved in the tw

speed in the longitudinal direction remains positive at alltimes. heel robot steeri bl Th trol t for th
Experimental results verify that the steerable nips mechaism wheel robot steering probiem. € control system for the

under the proposed feedback linearization control stratey is Steerable nips mechanism must be designed so the paper is
able to meet or exceed all design performance requirement®rf neither folded nor stretched too severely to prevent theepap

deployment as a component of an actual printer paper path from tearing or having skid marks from the nips.
control mechanism. Prior recent work in the area of sheet control in a printer
Index Terms—paper sheet control, nonlinear control, state paper path has primarily focused on the design of control

feedback linearization, nonholonomic. architectures and control algorithms for coordinating tiple
actuated sections of the paper path, in order to correcbfor |
. INTRODUCTION gitudinal inter-spacing errors among sheets, and syncweon

TATE of the art paper path control requires the sheets to Be arrival of a sheet to the image transfer station with its

accurately positioned as they arrive to the image transfé?rresponding image, with respect to both time and longitud
station. This includes correction for longitudinal, laterand nal velocity [26], [15], [14], [18], [4], [3], [16], [13], [3, [6],
angular errors. To accomplish this task, current machiaes h [1], [12]. However, none of these works address that issue of
a registration station at the end of the paper path and beféig simultaneous correction of paper sheet longitudiaggral
the image transfer station, which must correct for laterai a@nd angular positioning errors, which is the focus of thisega
skew errors and deliver the sheet to the image transfepstatPrior works that address this issue are more scarce cf. [b] a
on time and with a constant longitudinal velocity. Howevef$ pPrimarily in the form of patent disclosures. The desooipt
most state of the art registration devices can not corract ff the steerable nips mechanism in this paper, as well as
errors at high speeds, whereas others mark the paper sifie&inematic analysis, was first presented in [21]. However
they rely on high contact point forces to move the shebgcause the fabrication of the steerable nips prototypenats
laterally. In this paper we present the mechatronics desig®mpleted, [21] only presented a simplified dynamic analysi
control and experimental verification of an innovative geyi ©f mechanism, which did not include actuators’ dynamics,
known as the Steerable Nips Mechanism [11] that permits& well as a significantly simplified version of the feedback
swifter correction of sheet lateral, longitudinal, and alag control scheme presented in this paper and some simulation
errors without marking the sheet. A prototype of this devid€sults. [22] presents a hybrid automata-based contratiesfy
was designed and built at the Department of Mechanidgr the model described in [21], which has four finite states
Engineering of University of California at Berkeley (UCB).among which the control system switches during the trajgcto
The sheet actuation mechanism in this device consists of tif#8cking process. It is shown in [22] that, by using a hybrid
rollers, which are free to rotate parallel and perpendictda automata, itis possible to drive the paper from rest to ahgrot
the sheet, and will henceforth be referred to as “steerafiesition. [20] presented a more complete dynamic model of
nips”. A freely rotating ball is spring-loaded against eaci'e steerable nips mechanism in this paper, which included
of the steerable nips, providing a normal force that creat@§tuators’ dynamics, as well as experimental results, soime
the friction force needed to propel the sheet through mjlinwhich are included in this paper. Recently, [7] presented a

while minimizing the contact area between the steerable rfipntrol strategy for an underactuated steerable nips méstha
for printer sheet registration devices that is similar te th
This work was supported by the National Science FoundatimeuGrant device presented in this paper. However, since the meahanis
CMS 0301719 and by financial support and collaboration frben Xerox . .
Corporation in [7] has one less degree of freedom than the mechanism

Manuscript received April 19, 2005; revised January 11,7200 presented in this paper and no sheet buckling nor actuators’
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dynamics is included in the control system design model, the
control problem in [7] resembles more that of the steering a
two-wheel robot, precluding the use of feedback lineaiorat
and the resulting control strategy is significantly differ&éom

the one presented in this paper.

The objective of the steerable nips mechanism is to control
the motion of a sheet of paper on an horizontal plane, from
the time instant when the leading edge of the sheet enter
in contact with the nips until the time instant when the
trailing edge of the sheet losses contact with the nips, deior
to reduce longitudinal, lateral and angular position tiagk
errors to acceptable levels before the sheet enters theeimag @
registration station. The control strategy presented iis th
paper uses linearization by state feedback [23] and a back
stepping technique similar to dynamic surface control [24]
and considers a realistic steerable nip mechanism model th&:
accounts for small amounts of sheet buckling and includes
actuator dynamics. Simulation and experimental resulés ar
in close agreement and show that, by using the proposed
control strategy, the steerable nips mechanism can correc
for large initial sheet tracking errors, which exceed irtdus
specifications, and attain sheet tracking errors when thetsh
enters the registration station that are well below ingustr
requirements without damaging the sheet.

Section Il describes in detail the design process of some
of the important components of the experimental setup. In
order to derive a realistic model of the controlled plang th
dynamic models for each of the actuators were derived and
validated with experimental data, this is the topic of smtti
[1l. In Section IV we derive the kinematic model and in Sentio
V we derive the overall dynamic model of the steerable nips
mechanism. The control strategy developed to control paper
position and orientation of a sheet are presented in Se¥tion
The model and experimental results are presented in Secti@i o,  steerable Nips Mechanism
VII. Finally, conclusions and some comments regarding the
design, control strategies, and experimental results tateds
in Section VIII.

1. Experimental Setup

AvssanIRaaR

until its back edge exits the nips without inflicting any dayaa

or visible skid marks on the sheet. Each roller is rotated by
The fixture shown in Fig. 1 was designed to allow thea servo motor, which will henceforth be referred to as the

steerable nips concept shown in Fig. 2, to be tested. Tipgocess motor, through a belt and pulleys as shown in Fig.2.

mechanism has two rotating steerable rollers, which propEhe process motors were chosen to be light in weight and

while steering a sheet in the horizontal plane. The fixtuse alsmall in size, in order to minimize the steering inertia. Tle

has an exit roller, which moves the sheets out of the fixturellers are separated by a distance266 mm. This spacing

as trailing edge of the papers losses contact with the $ilserds compatible with standard sheet sizes. Each roller and its

nips, and a feeder unit that feeds the sheets into the fixtureespective process motor are attached to a rotating tabhke. T
The steerable nips mechanism in Fig. 2 can correct fostating table is steered by another servo motor, which will

lateral errors in the sheet’s initial position, in addittmlongi- henceforth be referred to as the steering motor, as shown

tudinal and angular errors, without laterally moving théens, in Fig.3. This steering table is connected to the servo motor

as is the case of most current registration and deskewithgough a precision shaft coupling. This coupling allows th

systems. This is achieved by steering the paper sheet througtating table to be driven directly by the servo motor under

the coordinated angular rotation and steering of the twlerml small shaft misalignment. This is a desirable feature since

The rollers are designed to have only a point of contact witdn additional belt would have decreased the stiffness of the

the sheet, as shown in Fig.2. A ball is spring loaded on top stieering mechanism. The rotating table sits on a trust fgari

each rollers, providing a normal force that allows the mslle that allows it to freely rotate while supporting its weighhere

to drive the sheet. The combination of roller and ball is knoware also two ball bearings that prevent the rotating tatdenfr

as the nip. Properly controlled, the rollers can drive theesh moving axially.

Il. EXPERIMENTAL SETUP
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Variable | Units Description Value
Roller__ gacker Ball ia Anzlps Current
i m ra Motor Ang. Pos.
Nip Shaft 0r rad Roller Ang. Pos.
| Belt u 1% Motor Input
Motor Shaft K ZX%;; Motor Torque Cons. 0.047
R Ohms Motor Res. 19.8
. L Hen Motor Induc. 0.0071
Coupling Im N —m? | Motor and Pulley Mo-| 3.1e-6
. ments of Inertia
Steering Motor Iy N —m? | Roller and Pulley Mo-| 1.95¢-006
, ments of Inertia
Ty N —m?2 | Ball Moment of Inertia | 2.3e-7
K o Belt Spring Coef. 369.2
B oot Belt Damping Coef. 1
ra
Bfm %;’;S Motor Visc. Fric. 6.5e-7
Fig. 3. Process Direction Actuator and Steering Motor Medma Bfr Nmi?s Roller Viscous Fric. 9.55e-6
Bfy e Ball Visc. Fric. 3.50e-6
Frequency Response — Motor Position over Voltage 1 m Motor PUHEy Rad!us 0.0058
50 : : oo T2 m Roller Pullgy Radius 0.012
g o — Model r3 m Roller Radius 0.02
= T4 m Ball Radius 0.011
% -50
3 TABLE |
-100L o o - s PROCESSACTUATOR VARIABLES AND EXPERIMENTALLY DETERMINED
10 10 Phase 10 10 MODEL PARAMETERS

Experimental

P — Model
%7200 - Real and Simplify Model - (Motor Position over Voltage)
© 300 50
— — Real Model
~400 - .l — . g o Simplify Model
10 10 10 10 10 @
Frequency (Hz) S
% =50
Fig. 4. Experimental and Modeled Frequency Response ofeBso&ctuator " 100 - - . . s
10 10 P%gse 10 10
_;Zz — Real Model
» Simplify Model
1. ACTUATOR DYNAMICS § -150 e
. . . & 200
There are four actuators in the steerable nips mechanism. “ 250 1
Two of the actuators rotate each of the rollers and the other T e o e e

Frequency (Hz)

two steer them. In this section describe the dynamic model
derivation, rgductlon _and validation for each of the adt®t rig 5. Frequency Responses of the Process Motor High-amttReduced-
of the experimental fixture. order Models

A. Process Dynamics

The process actuators rotate the two rollers and each con- O, + oy = Byu (1)
sists of a d.c. servo motor, which drives a roller through a
timing belt, as shown in Fig. 3. A fifth order linear statévhere
space model of this actuator was derived, which accounted g, 5 | (py, 452"
for the stiffness of the timing belt and inductance of the d.ca,, = L —
motor. The parameters of the model were determined through
experimental frequency response tests and are listed ie tab 1o frequency response of the simplified model, Eq. (1),
. _ ) can be seen in Fig. 5. It is shown that the magnitude of the
Figure 4 plots the experimental frequency response of Wg:qnq_order model closely matches the fifth-order model in
transfer function between the voltage input and the rollgr, frequency range shown. As expected, the phase of the

angular rotation output of the process actuator, as well agy,ced-order model diverges from the fifth-order model at
the corresponding frequency response of the derived fiftﬁl—gh frequencies.

order model. As shown in the figure, the model frequency
response closely matches experimental data at frequencies . .
below 100H =. B. Steering Dynamics

The fifth-order process actuator model was reduced to aThe steering actuator consists of a d.c. servo motor that
second order model, by neglecting the inductance of the drotates a table, as shown in Fig. 3. This table holds the
motor and assuming that the timing belt connecting the twiyocess actuator and is connected to the motor through a
pulleys of the actuator is very stiff. The resulting tramsfecoupling. A third order linear state space model of this aftiu
function between the input voltage and the roller angulavas derived, which accounted for inductance of the d.c.
rotation output is motor. The parameters of the model were determined through

horo

1 Kt

R
and By = ——=*———
FARRL Y
4 1

=1

2 2
Jrt+ S T+ 3 Jm
"1 1
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Variable | Units Description Value Simplified Steering Mechanism Frequency Response

i Amps Current 50 ‘ VS

) rad Steering Ang. @ of
u \% Motor Input = gl |
K ]Xjn’: Motor Torque Cons. 0.05 2

R Ohms Motor Res. 6.78 & ~100r

L Hen Motor Ind. 0.0023 -150'7; o : > 3
Ji N —m?2 | Total Moment of Inertia| 6.24e-4 10 10 Phase 10 10

Bfm 2 Motor Visc. Fric. 1.4e-6 -100 ‘ : @
TABLE Il _150F Simplify Model ||

STEERINGACTUATOR VARIABLES AND EXPERIMENTALLY DETERMINED aEf
PARAMETER VALUES Q -200p
_250 ; :
10 10° 10" 10° 10°
Frequency (Hz)
Model and Experimental Steering Mechanism Frequency Response
50 : .
& o Fig. 7. High-order and Reduced-order Steering Actuatogli@acy Response
k)
§ -50)
§ -100}
['4
-150 : : :
10" 10° 10" 10° 10°
Phase
0 . S—
Experimental
n 0r del -
8 100 e
& -1500
o
-200+
-250 :
107 10° 10' 10° 10°

Frequency (Hz)

Fig. 6. Experimental and Modeled Steering Actuator FrequdResponse

experimental frequency response tests and are listed ia tab
I. Fig. 8. Sheet Entering the Steerable Nips System

Figure 6 plots the experimental frequency response of the

transfer function between the voltage input and the stgenin - . . .
ular rotation. as well as the corresponding frequenc when it first makes contact with the nips. Figure 9 shows the
g ' P gireq YIBSP  sheet while it is being driven by the nips. The left corner of

of the derived third-order model. As shown in the figure, th e sheet, poinC, is used as a reference point for tracking.

model frquency response closely matches experimental tote that even if the paper buckles, potitwill remain on
at frequencies below0H z.

. . the flat surface since, bucking occurs only between pdints
The mismatch between the modeled and experimental 9 y P

sults for frequencies higher thaih Hz can be attributed to a%d2, where the sheet contacts the nips.
low signal to noise ratio. The system was exited with white ) , ,

noise and the excitation level did not produce a sufficientfy <inematic Analysis Assumption

large displacement at high frequency to overcome the emcodeA key modeling assumption in the kinematic analysis
accuracy. The estimated values for the parameters of that follows is that, even under buckling, the sheet remains
steering actuators are also shown in Table Il. As in the cagansversally stiff and it rotates as a rigid body under the
of the process actuators, the dynamic model of the steeriggfion of the steerable nips. This assumption is illustrate
mechanism can be reduced by assuming that the inductahige 9, where any line perpendicular to the line that corsmect
of the motor is negligiblel(% ~ 0). The resulting second

order transfer function is given by

& + asé = ﬁsu (2)

where

K2
_ (Bf+—#) _ K
g = 7 and (s = IR

The frequency response of the second-order and third-order
models are shown in Fig. 7.

IV. KINEMATIC ANALYSIS

The steerable nips mechanism with a sheet is illustrated in
Figs. (8) - (9). The steerable nips propel a sheet on a flat
surface. Figure 8 represents the initial position of theesheFig. 9. Steerable Nips with Sheet Buckle
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Cxy)

of the angular speed of the wheels in the local coordinate
frames:

v, = _Tlélil )
Vo = —729212 (6)

wherer; andr, are the radius of wheelsand?2 respectively.

Four constraint equations are obtained by writing Eqgs. (5)
and (6) in terms of the global coordinates and equating them
to Egs. (3) and (4).

_ 9 o . ) . 7
Fig. 10. System Coordinate 4 " 1.[ 511.1 (bllf +cos fbllf] ( )
= @+ dy— O+ (- oz +b)j,
contact pointsl and 2, drawn along the buckled surface L2 = _r292.[_ Sin Gai s +.COS ¢2] ] (8)
remains horizontal. Numerous experimental results coefirm = (T+oy)iy + (— oz —b))j
o . . "y . Lf

the validity of this assumption to within possible measueam
resolution. These equations result in four nonholonomic constraints:
B. Notation i+ dy—36=rsing b 9)

Figure 10 shows a schematic representation of the kinematic 7§ — gz')(a; +b) = —r1cosdy 6, (10)
variables for the steerable nips system. This system has + by = rysin ¢y by (11)

two independent steering wheels, located at polnend 2. o .
These steerable wheels are separated by a disindenree y— ¢z —b)=—racosdr 6y (12)
coordinate frames are defined to describe the position and _ )

orientation of the paper sheet: a fixed global coordinateays ~ Defining  the  generalized — coordinate p =
denoted {;,j . k), and two local framesif,j k) and [z y ¢ 6 61 6 61 ¢ ], .the constraints
(ix. 4, k,) attached to wheels and2 respectively. The gener- " be written in Pfaffian form [17] as:
alized coordinates of the system dre y, ¢, 9, 01,02, ¢1, P2).

Generalized coordinates and y will be used to respectively Alp)p=0 (13)
represent the lateral and longitudinal position of the ilegd \yhere A(p) is the4 x 8 matrix defined below.
right corner of the sheet (poin®). Coordinate¢ represents
the angular (or skew) rotation of the sheet andl represents 10 Yy -1 —rising; 0 0 0
the amount of buckle experienced by the sheet, which wep) = ? é _(“"’; b) 8 1 C((’)S‘z’l _m gin@ 8 8
assume to only take place along the line that connects points 0 1 —(z—b) 0 0 rocosda 0 O
1 and 2. The angular position of whedl in the directions
parallel and perpendicular to the sheet are denotéd asde,
respectively. Likewisef, and¢, describe the angular position
of wheel2 parallel and perpendicular to the sheet. D. Kinematic Equations
The kinematic model represents the relation between the

C. \Velocity Analysis moving parts of the system, when they comply with the

The velocities of the paper at pointsand 2 in global nqnh_olonpmic constraintg describe e.arlier. As detailed 1}
coordinates are: this is given by a basis of the right null space of the

constraints,a;(p), which will be denoted byg;(p) € R",
j=1,....n—k =m. By construction, this basis satisfies:

v (€ + ¢y)lf +(y— ¢(x + b))if - 51j ()
(@ + dy)is + (§ + o(~z+D))j, (4)

4
S
I

a;(p)gj(p) =0 i=1,...k j=1..,n—k peR"

Uy
and all allowable trajectories of the system can thus beemrit

whered is the rate of change of the sheet buckle (or stretchys the possible solutions of the system
which is assumed to only take place along the direction of
the line that connects pointand2 (along thegf unit vector). p=g1(p)u1 + ... + g (p)tm. (14)
Notice that a negativé implies that the sheet has buckled
while a positived implies that the sheet has stretched. Invokinghat is,p(¢) is a feasible trajectory of the system if and only
the non-slip conditiony; andwv, can also be written in termsif p(t) satisfies Eq. (14) for a choice of contre{t) € R™.
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Londitudinal Position

For our system this basis are easily obtained and the splutio 180
can be written as follows
. . 160f
T = _ym cos ¢1601 + (% cos ¢2 + T2 sin ¢2) 02 (15)
2b 2b 140¢
o (x +b)r1 _ y (@t b)rs ) 120t
y o= (7% cos ¢1 — 11 cos 1 | b1 5 cos 202 E
100f
(16)
. 1 . . 80t
¢ = %(7‘1 cos @101 — 12 cos p202) a7 — Kinematic Relation
60r Measured Position
5§ = rosin ¢292 — rysin ¢191 (18) \

48.1 0.i5 0‘2 0.é5 013 0.35
which constitute the kinematic model of our system. Notice Time (sec)

that Egs. (15)-(18) can be succinctly written as follows Fig. 12. Predicted and Measured Sheet Longitudinal Pasitio

y=Gly,mn (19)
where the output so and sz of the two laser sensors located on opposite sides
of the sheet, while the angular position of the shegtwas
Y= [ x Yy ¢ 0 }T determined from readings, and sy of the two laser sensors

n the right side of the sheet. They are respectively given b
are the generalized coordinate vector of the paper shett, V\(/)I LS y peciively g y
) (20)

elements given respectively by the lateral and longitudina § = s9— 55 ¢:tan_1(

coordinatesr andy for the sheet’s leading edge right corner s

C (see Fig. 10), the sheet angular rotatiprand the buckle whered, is the longitudinal distance between the two laser

5, and sensors 1 and 2, as shown in Fig. 11.

n=| 01 6y &1 o ]T The position of pointC(z,y) on the r_ight side of_ the

leading edge of the sheet was determined every time the

is the input vector formed by the the nips’ rotor angular siseejeading edge of the sheet went over one the the optical

and steering angles. sensors. The longitudinal position of each sensor thatiisgbe
crossed is denoted hyand the distance from the center (zero

E. Sheet Motion Sensing and Kinematic Model Experimental value), then the coordinatgsand x of the pointC(z,y) are

81 — 52

Validation respectively given by
An array of optical sensors, located along the longitudinal y = 7+ (T—ytane+ s2)singcos¢ (21)
direction in the midpoint between the two rollers, as shown T = Z—ytang,

in Fig. 11, were used to detect the leading edge of the sheet. . ,

Three laser sensors, two of which are located on the right siifhere2z is the lateral distance between laser sensors 2 and
of the sheet at location&, —d,) and (z,0) respectively, and 3 (see Fig.11). The k_mematlc _state-model e_quatlons given
one is located on the left size of the sheet, at locatien, 0), by Egs. (19) were validated using the following procedure:
as shown in Fig. 11, were used to measure the lateral daviatfd'St: @ sheet of paper was fed into and controlled by the
of the sheet edge relative to the sensor location (g.gnds- steerable nips mechanism until it exited, while all sensaad
are zero if the right-hand sheet edge is on top of both sensoléas collected and stored. Secondly, the initial generdlize

The amount of buckle-§ was determined from the reading<oordinate vector of the paper shego) was set to the
values either directly measured or computed from Eqgs. (20)-

9 (21) at the instant when the leading edge of the sheet went
over the first optical longitudinal sensor. Subsequentlys.E
Optical Fénsor Clz,y (19) were numerically integrated using as inputs the meaksur

! || roller angular speed and steering angle of each nip. Fitladly
t numerically integrated sheet longitudinal, lateral andwdar
) Y positions {(t), x(t), ¢(t)) were plotted along with actual
=Nsor Laser Sensor values computed from Eqgs. (20)-(21) at the instances when
d the leading edge of the sheet went over one of the optical

0 y longitudinal sensors. Typical results are shown in Figs142

el |

Laser S

0
=
o
>
-~—
L

L Notice that there is a close match between the measured
and predicted data in spite of the fact that the edges of paper
sheets are not perfectly straight, and the data was conddain
=== - by sensor and quantization noise. The angular velocitiels an
steering angles used for the experimental validation of the
Fig. 11. Sheet Position from Optical and Laser Sensors kinematic equations were chosen in order not to induce
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Lateral Position

Making use of the kinematic equations derived in sectioDIV-

0 - - -
qf _ sg;;fr‘gg F;f)[;‘t‘l'gg Eqg. (19) and its time derivative can be expressed as follows:
_27 91
2 i 6
-4 § = M(z)+N() | ; (23)
£ 1
£ -5 .
6l b2
_77 T
I vy = [z vy ¢ 0]
-9t . . . . T
1 ‘ ‘ ‘ ‘ z = [z y ¢ 6 ¢ d2 01 O o1 oo |
8.1 0.15 0.2 0.25 0.3 0.35

Time (sec)

Fig. 13. Predicted and Measured Lateral Sheet Position

Sheet Angular Position

0.05
0.045r
0.04f
0.035r
0.03f

wherey is the output vector, the vectdil (z) € R? is given
by .
~ ¢y
M@ =| % (24)
0

where the symbolsi, 3, ¢ and é should be respectively
replaced by the right hand side of Egs. (15)-(18), and the

lans

elements of the matrixv(z) € R3*3 are

0.025

Rad|

0.02f

0.015} ni = __y2rb1 cos ¢>.1 nig = _y2Tb2 cos ¢2 + ro sin g2 .
8 _Yri o — Yyra i
niz = Ll sing6 n14 = — L2 sin ¢p262 + 12 cos P26
0.01r . — Kinematic Relations 13 2b (zdilb)il 14 20 (Id)fb)iz 2 ¢2 2
0.0051 Measured n21 = —T1C0SP1 + 5 cos ¢y N2z = —-—5; = COS P2
: g . A x+b)r . A z+b)r . A
0 : : : : ng3 = r1sin¢1601 — % sin ¢1 61 nog = % sin ¢a6s
T T
0.1 0.15 0.2 0.25 0.3 0.35 na1 = 5k cos b1 a2 = — 52 cos ¢
I ) _ T2 )
) . . n33 = —5p sin¢101 N34 = 52 sin g6z
Fig. 14. Predicted and Measured Sheet Angular Position na1 = —71 sin é1 N2 = 1o sin o
n43 = —71 cos p101 N44 = 2 COS 202

appreciable buckle. Whatever buckle values were obtainedt should be emphasized that a necessary and sufficient
from measurements and Eq. (20 ) was within the range @@ndition for the matrixV(z) to remain nonsingular is that
error attributed to the fact that the sheets are not all éxacthe longitudinal speed; should remain positive.

the same length and their edges are not parallel to each othef he overall dynamic system model is given by

1:9:1 91 + 0419:1 = frur

V. DYNAMIC MODEL . C O + a0z = Bous
=M(x)+ N(z . , - . 25
Y () () 1 ¢1 + azd1 = Paus (25)

A. Dynamic Analysis Assumptions .

. . . . . b2 G2 + uda = Baug

The key modeling assumption used in the dynamic analysis
that follows is that the mass of the sheet is small and, tbezef VI. NONLINEAR CONTROL STRATEGY
it can be neglected. As a consequence, the overall modetof thThe control objective in this paper is to control a sheet on
steerable mechanism consists of the dynamics of the acsuate horizontal plane from an initial state with nonzero leng
and the kinematic relation between the roller and the shegiginal velocity to a final state also with nonzero longituai
We a|SO assume that a minute Stretching Of the Sheet W|" w'OCn:y The control Strategy presented in this secticuases
introduce dynamic coupling between the process and steerfirealistic second order model for all actuators, as dervet
motors. These assumptions were also verified with numergggidated in Section V-B. The control strategy developed fo
experimental results. this system is also dynamic and uses concepts of lineayizati
by state feedback [23] and a back-stepping technique simila
to dynamic surface control [24]. The desired sheet trajezto
lateral and longitudinal coordinates and y for the sheet’s

In this Section we derived a model based on the actuajggding edge right cornet’, the sheet angular rotatioh and
dynamics presented in Section (lll-A) and (Ill-B). Thesgne puckles are given by

models have the following simplified form:

B. Dynamic System with Reduced-order Servo Dynamics

0; + aif; = Biu; (22) zq(t) = dat) =#q(t) =0 (26)
wherea; and g; (i = 1,2,3,4) represent physical charac- va(t) = at, yd@ = Jat)=0
teristics of each actuator defined in Eq. (1) and (2). Inpts ¢a(t) = ¢alt) = ¢a(t) =0
u9, uz andu, are motor voltages to each of the servo motors. da(t) = —c1, da(t) =64(t) =0
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for t = [0,T], wherea and T are respectively the desiredlinearization portion of the controller does not depend los t

longitudinal velocity of the sheet and time at which the $he§c¥uator dynamics. In contrast, we have found [8] that @ontr

must leave the steerable nips mechanism. The amount . : I
buckle is ¢c;. The block dia '?am of the proposed Comro§9rateg|es that are based on direct output feedback |t

strategy is shown in Fig. 15. The control law is given by Eqlus dynamic extension [23] of the overall plant given Eq.

(27) and Eq. (28): (25) do not perform well, under identical conditions, due to
b1 Fa+ (K1 +M)F+ M7 parameter and dynami(_: uncertainty in the actuators. & als
bog | . fa + (K2 + A2)§ + X2 K2j presents a comprehensive robustness analysis which shaivs t
b | =N@ G+ (Ks + 2a)g+ Asksg |~ M@ the control strategy based on kinematic feedback linetiwiza
b2a a4 (K4 + M) + AaK4d with actuator internal loops is significantly more robust to

(27)  parameter and dynamic uncertainty in the actuators than the
control strategy that is based on the direct output feedback

_ kpi(stv)(s472) _ kpa(stv3)(stv4) ; = ) : .
Ci(s) = 28 Co(s) = 28— (28) linearization plus dynamic extension of the overall dynasni

S 32
Cys) ="l Cals) =SS

Equation (27), which is schematically depicted in Fig. 15 by VIl. SIMULATION AND EXPERIMENTAL RESULTS

Simulated and experimental results were obtained for a
0, sheet with initial conditions as shown in Table IV. The vaue

ém 91d €1 al
Hl—’ T Ci(s) for the above control parameters are shown in Table Ill.

) . ) Each of the control gains is the combination of all system
024 Ii O2q €2 Uo 0 gains such as gains of the amplifier, conversion factor from
(f Ca(s) radians to encoder pulses, etc. The sheet was steered fiwm th
Yd CraLl . Kin initial condition to a desired longitudinal, lateral, ancigalar
¢1dl P14 €3 us3 $1 osition. In addition, the sheet was kept with a small amount
H—=+HH—s0—(C5(s Ps(s p . , p
I T of buckle to avoid stretching the sheet. Figure 16(a) shows
; 5 P the sheet longitudinal and lateral errors, and Fig. 16(bjsh
ﬂl_.; 24 o@-—-_rw E2 the angular position and amount of paper buckle. The errors
Sl 4(s) 1 () g p pap
I ! were reduced in the time allowed, less th&f82 seconds.
This time is dependent in the sheet velocity, the amount of
t Z skew error, the gap between lateral sensors and the sizes of a
sheet. For example, for an A4 she&f4.6mm x 279.4mm)

traveling at the velocity 0f.5m/sec with a maximum angular

: . . ._error 0f0.025 radians and a sensor gap @fl.3 mm results
the blockC'rp., linearizes through feedback the kmemaﬂc% a allowable time 0f0.382 seconds for correction for all

and generates the desired angular accelerations and djeselrr(?ors The final errors are within the requirements: leas th
steering velocities for each of the rollers. These desieddes 413 ' in the lateral direction-t1.6 q i the .rocaesis
are then integrated to obtain reference trajectories, whie . °""" Dmim P

: . . direction and=+3.5mrad of angular error. Experimental and
tracked by local inner linear controllers given by Egs. (@8) . o
represented by the blocks (s), i — 1,2, 3, 4 in Fig. 15, where simulated results of sheet errors in Fig. 16(a) and 16(byvsho

n; and; (i=1.2,3,4) are positive coefficients. The actuatorS°Me discrepancies. These discrepancies can be attritnuted

process dynamics are represented by the blgtks), i — 1,2 sensor noise and slip between the ball and the sheet. The

I . : . ollers’ angular velocities and steering angular posgi@me
It?loillgs', ;i:;h;le:?e;teermg dynamics are represented by ts éown in Fig. 17(a) and 17(b). As it was expected the initial

[19], [10], [9] provide a formal convergence analysis 0i';md finall angular veIolcities are equivalent to the sheet’s-no
this control strategy. Moreover, they also provide a syste inal longitudinal velocity once the errors have been caegc

atic methodology to tune the control system so that, givenhe steering angular position of each roller is close to zero

- . . L once the sheet’s errors have been corrected.
a specified maximum nominal longitudinal speedand a Current sensing equipments limit the control precision at
minimum travel timeT = £, where L is the length of the g equip P

sheet, control gains can be determined so that the magrdfud%Igh spgedst.hLaser s.e.nsor? noise level increases at higtisspe
tracking errors are guaranteed to be attenuated, fromfmmkci ecreasing the precision ot Sensors.
maximum initial values, to final values that are within sfieci
allowable values.

In the control strategy in Egs. (27) and (28) feedback This paper presented an innovative mechanism to improve
linearization is used only to linearize the kinematics of thpaper handling performance in a printer paper handling sys-
system, while internal loops are used to locally control thiem, when it is placed before the image registration station
actuators positions and velocities. Through extensiveusimThis mechanism uses steerable nips to control the motion of
lation and experimental results, such as those presentecaisheet of paper on an horizontal plane, from the time instant
section VII, we have found that this control strategy perfer when the leading edge of the sheet enters in contact with the
robustly to parameter and dynamic uncertainty in the aotgat nips until the time instant when the trailing edge of the shee
This robustness can be attributed to the fact the feedbdokses contact with the nips and enters the registratidgiosia

fee

Fig. 15. Control System Block Diagram

VIIl. CONCLUSION
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Variable | Value
kp1 0.5
kpa 0.5
Y1 20.7
w2 29.0
73 20.7
Y4 29.0
ks1 1200
kso 1200
1 7.6
2 14.6
13 7.6
4 14.6

TABLE Il

CONTROL VARIABLES

Variable Name Value Units

Sheet Lateral Error 5.2 millimeters
Sheet Longitudinal Error| -50 millimeters
Sheet Angle Position 0.7 degrees
Buckle 0 millimeters

Forward Velocity 0.5 meters/second
Available Control Time | 0.35 seconds

TABLE IV

INITIAL EXPERIMENTAL AND SIMULATED SHEET ERRORS

Sheet Lateral Position Error

----- Simulation
—— Experimental

) ; ; ;
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Sheet Longitudinal Position Error

50
40

----- Simulation
— Experimental

g 30 1
] Rt e ]
W0F T 1
0 ! ! ! ! R
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time (sec)
@
Paper Angular Position
0.5 " . :
F Op g e e E
e | L e
S L T
0.5 | b e ]
O Il [ Simulation
—— Experimental
1 i i i
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Paper Buckle
0.02 T :
O R DI 1
£ S el 1
E—O.OZ _______
004 IV Simulation ]
—— Experimental
-0.06 i i : " " i
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time (sec)
(b)

Fig. 16. (a) Sheet Lateral and Longitudinal Errors; (b) $Wegular Position
and Sheet Buckle

Nip 1 Angular Velocity
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Fig. 17. (a) Roller Angular Velocity; (b) Roller Steering gle

in order to reduce longitudinal, lateral and angular positi
tracking errors to acceptable levels.

A prototype if this device was constructed and tested. Kine-
matic and dynamic models of the steerable nips mechanism
were derived under the assumptions that the mass of the sheet
can be neglected and that the paper sheet remains suffjcientl
stiff under minute levels of buckling to sustain rigid body
rotation, and were validated with experimental data. A munt
strategy was presented in this paper comprising of a naaline
outer feedback linearization loop, and inner dynamic srfa
control loops around each of the actuators. The outer loop
linearizes the paper sheet kinematics under the steergide n
mechanism action, and generates a desired rotating speeds a
steering angles for each two steerable nips. These referenc
trajectories are tracked by the four inner dynamic surface
control feedback loops. Simulation and experimental tesul
are in close agreement and show that, by using the proposed
control strategy, the steerable nips mechanism can correct
for large initial sheet tracking errors, which exceed irtdus
specifications, and attain sheet tracking errors that al@wbe
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industry requirements when the sheet enters the regisirati
station, without damaging or marking the sheet. Small dis-
crepancies between the experimental and simulation gesult
were attributed to sensor noise, irregularities in the ede
the paper and slight model parameter mismatches, pantigula [2]
among the damping ratios of the actuators dynamics.
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