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ABSTRACT

State of the art high speed color printers require sheets be-
ing accurately positioned as they arrive to the image transf
station (ITS). This goal has been achieved by constructirdy a
building a steerable nips mechanism, which is located epstr
from the ITS. This mechanism consists of two rollers whigh no
only rotate to advance the paper along the track, but alserste
the paper in the yaw direction. This paper presents the desig
experimental setup, system model, and the control law saces
to precisely correct for the lateral and angular positionistioe
sheet as well as to deliver it on time to the ITS. The systeneimod
is nonlinear and subject to four nonholonomic constraifftke
control strategy used is based on linearization by statdliaek
with the addition of internal loops for the control of the pess
direction velocity and steering position of the rollers.igpaper
also provides a formal convergence analysis for the coletrol
designed as well as the methodology required to tune it. ibe s
cess of this mechatronic approach is corroborated throught s
ulation and experimental results, which show that the culer
is able to correct sheet errors under the condition that tage
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 theamag
transfer station (ITS). This is achieved by using a rediistnade-
vice, which not only corrects for longitudinal, lateral aamgular
errors, but also delivers the sheet on time to the ITS. Howeve
current designs cannot correct position errors at highdspee
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 dantagi
the sheet. This is achieved by using the steerable nipsalevic
depicted in Fig. 1 (US Patent Number 6,634,521).

The problem of controlling paper trajectories with steéab
nips is similar to the control of two-wheel robots, such as th
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 avigen
the steering angle of the wheels approaches zero. Alsogin th
case of the two-wheel robot, three inputs are needed towfollo
a reference trajectory. This is not the case with steerabkg n
where four inputs are needed due to the flexibility of the pape
two inputs rotate and steer roller 1, whereas the other tpoti
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 constgain
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These constraints come from non slip conditions on thenglle
and local velocities (of the paper) being zero in the dicetper-
pendicular to the rotation of the rollers. Additional déta&in 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 coneists
correcting the position of the sheet on a horizontal plarib thie
sheet moving in the longitudinal direction at all times. &irthe
page should move without getting damaged, it is also nepessa
to control the sheet's amount of buckling. The control syt
used to achieve these goals is based on state feedbackdaiear
tion [3] with inner loops for the control of the roller’s rdtanal
angular velocity and steering angular position.

The remainder of this paper is organized as follows. Sec-
tions 2 and 3 describe the design of the steerable nips mischan
and the experimental setup, respectively. Section 4 presea
kinematic and dynamic model of the system. Sections 5 and 6 de
scribe the control strategy and convergence analysis fionglis
fied system and for the system implemented, respectivehg- Si
ulation and experimental results are also shown. Finadlyclu-
sions are stated in Section 7.

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 theattirs
and without inflicting any damage on the paper. This has been
achieved by steering two rollers, which are underneath &dvac
ball, as seen in Fig. 2. As a result, each roller is in contact
with the sheet at only one point, letting the sheets safelyemo
laterally while they are being driven forward. The rolledis/en
by a servo motorgrocess direction motdiattached to a rotating
table, which is in turn steered by another servo mostedring
moton) through a coupling as shown in Fig. 2.

Roller
Backer Ball

Process Direction
Motor

< o Roller Shaft

Belt

Motor
— Shaft

Coupling

Steering
Motor

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 movesga pa
is delivered to this mechanism by a feeder unit and it is resdov
from it by an exit roller. For practical purposes, we wouldlio
correct the position of the sheet as it arrives to the exiérol

In order to determine the position, orientation, and the amo
of buckling of the sheet, it is required to detect the edgabef
page. As seenin Fig. 1, two laser sensors are located orgttte ri
hand side of the page to measure the lateral and angulaiopssit
of the page. Furthermore, to measure the longitudinal iposit
of the page, five single photodiode sensors, spacetht@part,
are located along the process direction. It should be ribticat
whereas we are able to obtain continuous measurementg-for la
eral and angular positions, we need to estimate the lorigalid
position of the sheet between sensors and the amount ofibgckl
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Figure 3. Experimental Setup

through the use of an observer. For this paper we have imple-
mented an open-loop observer based on the kinematic medatio
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 the
direction of the arrow labeleg the horizontal plate is not shown
in this figure for clarity purposes. The leading right corotthe
sheet, poin€, will be used to track the position of the page.

Figure 4. Steerable Nips with Paper Buckle

4.1 Notation
Figure 5 shows a schematic representation of the model vari-

ables for the steerable nips mechanism. This system has two

independent steering rollers, located at points 1 and 2¢hwhi
are separated by a distande ZThe space-fixed coordinates of
the systen(x,y, @, 0) locate the leading right corner of the sheet

3

(point C), wherex andy are the lateral and longitudinal posi-
tion, respectivelyp is the angular position, anilis the amount

of buckling along the sheet, which is the difference betwiben
distance separating points 1 and 2, as measured along tke pap
(2b+ 8) and along the straight linep?, as shown in Fig. 4. Vari-
ables(61,02, @1, @) are coordinates at the actuator level (rollers);
wherea$; represents the angular position of roliém the direc-

tion parallel to the sheefy represents its angular position in the
direction perpendicular to the sheet.

C(x,y)

[\_/

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 Sadisfi
all times. This model, whose complete derivation can be doun
in [4], is represented by the following equations:

o reinn Y : ra2y ;
X=ry(sing; 2b+6coscp1)91+ T 6cosxp292 1)
- X+b o T2(x+b) -
y_rlcosxpl(m—l)el— D15 cosp0; 2)
o= — 5(r1.COSpL6; —r2C0Sp262) @)
8= rsin@0, — r1sing,H; (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 ircdance
is sufficiently low, we can obtain the following simple modiet
the process direction actuator dynamics:

6 + apii = BpiVpi; (i=1,2) ®)
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whereV, is the voltage input to the motor, ang and By de-
pend on the inertias and rotational viscous damping coeffisi

of the different components shown in Fig. 2 as well as on the
resistance and torque constant of the motor; subindefers to
each of the two process direction motors.

Similarly, we can obtain the following model for the stegrinc-
tuator dynamics:

@ +0si® =BsVeir (i =1,2) (6)

whereVs;, dsj andfs; are defined as in the previous case.

4.4 Dynamic System Model

Letting x=[x v ¢ & x y ¢ & be the state vector and
y=x y ¢ 3" be the output vector, differentiating Eqgs. (1)-
(4), and using Egs. (5) and (6) for both process directioronsot
and both steering motors, respectively, we obtain the viglig
dynamic system model:

61

§—mix+ N | 2 ™
@

91 +a p1:91 = Bpaty ®)
62+ 0282 = Bpau

@1+ 0a@r = BsUs )

@2+ 0@ = BsoUs

wherem(x) is a 4x 1 vector andN(X) is a 4x 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 imple-
mented experimentally, we should look into a simplified dase
two main reasons. First, it will facilitate the understarglof the
controller developed for the implemented system, sincedme
troller synthesis for both the simplified and implementestasgns
undergo similar steps although the latter has a higher degjre
complexity. Secondly, some of the controller gains obtahifoe
the simplified system will serve as initial points for tunitige
controller of the implemented system.
Let us then consider the case for which the input voltagelsdo t
process motors are two of the four system inputsandu,, but
the other two inputsyi3 andug, are the steering angular veloci-
ties. Thus, Egs. (9) reduce to

5.1 Control Strategy
The block diagram for this simplified case is shown in Fig.6.

Crry
éld 0 €p1 +1U1 91
E} 1 _+O—>T gk Crey [0+ P
_ — CFFDZ -
Yd | B 18 : A, | S Y
= 2d §) Ep2 U 0 | 8 |2
us R
Us
1 X |

Figure 6. System Block Diagram for Simplified System

Here, thePlantis represented by Eq. (7) afgy andPy» by
Egs. (8). Furthermore, the nonlinear feedback control Gy, ,
is based on feedback linearization [5]:

014
010 | _
usz
us

N~H(x) (v — m(x)) (11)

Whereas two of the inputs to the plang anduy, are obtained
from the feedback linearization control law, the other twpand
up, are generated by a feedback plus feedforward controégyat
used for velocity control of the process direction motors:

(12)

wheren pi andyp; are the Pl controller gains, arngh andpp; are
defined in Eq. (8) for = 1,2. The success of this control strategy
depends on the invertibility of matriX(x). In [4] it is shown that
this matrix is invertible as long as the sheet is always mgpiin
the longitudinal direction. Also notice that for the nomar part
of the system, Eq. (7), since each of the four outputs hasitwel
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

Crey (S) = Npi+ 2 Crry (S) = [3%(14' o (i=1,2)

by

gpi=00—0; (i=12) (13)

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

€p1

. €
y=v-N | ¥
0

(14)
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If we further letv be

Vl (Kx‘i‘)\x))z‘i‘ Kx)\x)’z
vl 2| - Yd + (Ky+ )Y+ KyAyy (15)
- V3 B (K(p+ )\(p)EP"‘ K(p}\(pEP
\Z 6d + (Ks+A5)0+ KsAsd
where paper coordinate errors are defined by
X=X4—X Y=Ya—Y
~ = 16
P=@—¢;0=04—29 (16)

then from Eq. (14) we can see thatjf; andep, tend to zero,
thenx, y, @, andd will converge asymptotically t&y, g, ¢4, and
84, respectively.

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

Sc= K4+ MK, s =Y+AY

Sp= 0+ Ao S5 =0+ Agd
Sepy = Ept +Ae Epls Sepp = Ep2 + AeppEp2;

17)
Expressing in term of the surface errors and lettigg andyp

be defined by

(api+Bpin pi*)\epi V\epi .
Bpi !

Ypi = (18)

(i=1,2)

the time derivatives of the errors above mentioned (Egs), (13
(16), and (17)) can be expressed as:

—AK+
N+
—}\q)(P"‘ Sp
—)\564‘ Ss
Spl = )\splapl + Sy
8p2 = )\spzapz + S
& = —Kysc+ N11€p1 + n:L25p2
Sy = —KySy + n21£p1 + I’l22£p2
S(p = —K(pS(p-l- I’l318p1 + I’l328p2
S = —K5Ss + Na1€p1 + NacEp2
éepl = —(0pr+BpiNpr— )\spl)sepl
éepz = —(0p2+Bp2Np2— )\spz)sepz

OB U< X
|

(19)

wheren;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
(07Vt7070707v7o’ O)

(Xd» Yd» @, Od» Xd, Ve, i, Oct) = (20)

wherev is the nominal longitudinal velocity of the sheet, and
we linearize the system described in Eq. (19) aroxrdy =
obtain an expression of the form

(21)
wheree(t) is defined as

—_—T— — \T
e(t) = (XY @S &p €p2) (22)
andG(t) is given by

Ac 0 0 0 BP(t) BF(t)
A0 0 B B
0A, 0 B B
00A; O 0
000 A, O
0000 0 A

The elements of vect@(t) in Eq. (22) are
(RN o (¥ - (®
X‘(%)’ Y <s/> ¢ <S«>>
x_ S - ([ €&pm = [ &p
67<55) 8pli<55p1>78‘)27<55p2>

and the matrix components Git) in Eq. (23) are

A (P R) A ()
) A ()

e 7910,1()) Aepp = <_)E)gpz 791212>

B = <929 92(,)10> B0 = <92(>)11 gziz)
5= (geac) 5 (olnate)

Bsp1:(0 o> Bspzz(o o>
¢ 6,9 6,10 ¢ U611 U612

Elementsy; j, above, depend on system parameters and the con-

troller gains. Elementg 9, 02,10, 92,11, andgy 1> depend explic-

itly on time, and they do so linearly. This dependence on time

comes from the desired trajectory of the sheet shown in Ei). (2
From Eqgs. (21)-(25) we can obtain the following expres-

sions

(23)

OO o o

(24

(25)

X= AKX+ B 't JEp + Bi (t)Ep2
= Ayy+ By €p1+ By €p2
Agp+E B apl + B 2E 2

_3=A

Ep1 = AeEpt

Ep2 = Aep€p2

y
¢ (26)
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We can easily solve fa¥(t), epa(t), andepo(t) from Eq. (26):
(27)

Finally, using Eqgs. (26) and (27), the solutions ), y(t), and
@(t) are given by

X(t) = eMX(0) + [JE DB (1) €01 dT]Ep (0)
+[ S eAt-DBSP2 (1) &2 dT]E o (0)

y(t) = eMYI0) + [ [ Mt UByP e dlep (0)

e BEF e dt](0) (28)

@(t) = N QO) + [J§ Mt VB e 0 diTeg (0)
+[f§ Mt VB e dfEp(0)

It should be noticed that even though the solutions«foy, y(t),
andg(t) involve convolution integrals, these can easily be solved
algebraically. In fact, this is true even for the casex(@f, due

to the linear nature of the time-dependent termsiﬁ(t) and

B (t).

Furthermore, we can see from Egs. (25), (27) and (28) that by
proper selection of the controller gains we can make matrice
Ax, Ay, Ag, As, Ay, andAg , Hurwitz, and thus we can make the

solutionsx(t), y(t), @(t), 3(t), Eps(t), andepz(t) converge.

5.3 Controller Design Methodology
The control specifications are as follows:

i. The sheet has finite dimensions and moves with a nominal
longitudinal velocityy.
ii. The distance between the first and last optical sensdfigin
1is given byL. Thus, the leading edge of the sheet will exit
the stear-able nips section at tiffie=L/v.
iii. The sheet has initial maximum erroj&0)|, [§(0)|, |(0)],
and|5(0)| (as in Table 1).
. The error at timeT, when the sheet exits the nips section,
must be smaller than or equal &(T)|, [¥(T)|, |9(T)|, and
|6(T)| (as in Table 1).

Now, by looking at the first expression in Egs. (27) and the
definition of As in Eq. (25), we can see that, for a page of fi-
nite dimensions moving at a given nominal longitudinal eitlg
we can easily obtain the controller gaing,andKs, required to
reduce the erro®), from 3(0) to 6(T). We can similarly obtain
the rest of the controller gains using the remaining expoass
in Egs. (27) and Egs. (28).

Initial Errors Final Errors

|%(0)| < 0.008m |X(T)| < 0.0013m

|§(0)] <0.040m | |§(T)| <0.0016m

|@(0)| < 0.025rad | |¢(T)| < 0.0035rad

15(0)| < 0.0001m | |&(T)| < 0.00002m
Table 1. Initial and Final State Errors for Simulation Tests

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

i. Determine gainsXs,Ks), (Aeyy.Np1), and Qe,.Np2) from
each of the three expressions in EqQs. (27), respectively.

ii. Once the gains from step (i) have been obtained, dete&rmin
gains fx,Ky), (Ay,Ky), and Q¢,Ke) from each of the three
expressions in Egs. (28), respectively.

5.4 Simulation Results

In order to determine the efficacy of the controller desatibe
above we performed simulation tests. The goal was to take a
letter-sized sheet moving at a nominal longitudinal velooif
0.5m/sfrom the initial to the final state errors shown in Table 1.
Based on the procedure presented in Section 5.3 and tha initi
and final errors shown in Table 1 the following controllerrgai
were obtained:

(A, Kx) = (80,4.5); (Ay;Ky) = (80,8.0)
(Ag:Ko) = (80.4.9); (Ao, Kp) = (100,3.9)
(AeyyNp1) = (100,0.26); (A, Np2) = (100,0.26)

As we can see in Fig. 7, the controller gains effectively ecis
the position of the sheet within42 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 steerirtgator
dynamics, as defined in Eqgs. (9), must be taken into account.
Due to these extra dynamics the control strategy becomes mor
involved, since we now need to control locally the positibthe
steering motors. As we will see in Section 6.3, even though th
methodology to obtain the controller gains is not as diredna
the simplified system, controller gains can still be eadiliamed
after a couple of iterations.

6.1 Control Strategy
The block diagram of the control system is shown in Fig.8.
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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, thBlant, the process direction
motorsPp1 and Py, the nonlinear feedback control la®ggy,
and the feedback and feedforward controllers for the psceEs
tors are given by Egs. (7), (8), (11) and (12), respectivEhis
time the plant for the steering motof®y; andPs are given by
Egs. (9). Furthermore, the position of the steering actsat
controlled by a feedback plus feedforward control stratgiggn

by:

Criy (S) = Nsi+Ypis: Crrg(8) = o (1+°¢); (i=1,2)

(29)

wherens; andys; are the PD controller gains, and; and (s;
are defined in Egs. (9) far= 1,2. As shown in Fig. 8, in
order to use feedforward control, we need to generate theste
acceleration estimat&q, through the use of a first order filter
with gainT; (i = 1,2). Note that ift; is sufficiently small, the
value of@g will be very close to that o for i = 1,2.

6.2 Convergence Analysis of Closed-Loop System
The convergence analysis of the closed-loop system follows
the same developmentas in Section 5.2. For instance, thegso
actuator errors are defined as in Eq. (13), the steering tactua
errors are defined by
&i=@—@; (i=12) (30)

and the errors from the first order filter filtegisare defined by
=a-au (=12 (31)

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

Seq = Es1 T Mg €s1; S = €2 + Aeg e (32)
Then, if we defing/p; andypo as in Eq. (18) and defings; and

Ns2 @s
Nsi = (0si+YsiBsi—Asi)Asi (I

Bsi

=1,2) (33)

by differentiating Egs. (13), (16), (17), (30), (31), an@)3ve
obtain the following error dynamics:

— AKX+ ¢
N+
—)\tp(P"' Sp
—)\56+ S5
spl = —Ap1€p1 + Sy
spz = —Np2€p2 + S
€1 = —Asi€s1 + Sty
€0 = —Af + So
Sc= —KySc+ Nua€pr + MaEp2 + Ni3(Es +€1) + Ma(Es2 + €2)
Sy = —KySy+ Npa€p1 + N2 p2 + N23(Esy + €1) + Npa(E2 + £2)
Sp = —KoSp+ Na1€pn + N3zt p2 + N33(Est + 1) + Naa(Es2 + €2)
S = —KgSs + Na1€p1 + Na2Ep2 + N33(Est + €1) + N34(Ex2 + €2)

o6 < X
I

SEpl (C(p1+ Bpln pl1— )\Epl) pl
SEp2 (C(p2+ szn p2 — )‘sz) p2
Sg = —(As1 + BsiNs1 — Aeg ) Seg
So = — (A2 + BN — Aey ) Seo
€= ——81+ &pllp—i— %
&= ——82+ 5@24}_,_ 5([)2

(34)
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wherenj (i,j=1,2,3,4) are elements of matrik(x) andW¥ is de-
fined by:

~ ~ ~ o T
Y= (Y5 0dss) (35)
Linearizing Eq. (34) aroung=§ = @ = 5= Epl =Ep2 =Es1 =

B ==y T H T TSy TSy T Sa TS =81 =€2=0
we obtain an expression of the form

E(t) = G(t)e(t) (36)

where this timee(t) is defined as

eft) = (XY 98 Epn &2 £ £ €)' (37)
andG(t) is given by

AcO 0 0BP(t)B(t)BX 0 BE

0A O 0 B™ BP 0 0 0

Ep1 En2

00 A O B™ B” 0 00

00 0 A O 0 By BB
Gt)=100 0 0 A, O O 0 Of (39

00 0 0 0 A, O 00

00 0O 0O O 0 A, 0 O

00 0 0O O 0 O0A,O

B 0 B(t) BY B (t) Be™ (1) BEY Be2 Ac

Elementsy, @, 3, €p1, andep in Eq. (37) are defined as in Eq.
(24) andeq, €5, ande are similarly defined by:

(39)

EIement%X! Aya A(p, A61 AEplv AEpza B)s(pl(t)v )E(pz(t)a Bflpl' B§/p21
prpl andBf'pp2 of matrix G(t) are defined as in Eq. (25), matrices
Ac, A, andA¢ are given by

D Y| > 7<7)\532 1 >
AESI_( 0 —Ous14 A= o —01616

&:<4€1 o > (40)
01817 —Ae,

and the remaining components®ft) are defined as

€51 _ O O Bs o O O
* Q213 -V x=\ _vo
0 0 0 0
Bgﬂ_(Qsmv) Béﬂ_(gglg)—v)
() ()
BO(t) = (917,5 917,6) BY — ( 0 ©0 )
J185 0186 0187 0188

szl (t) = (917,9 917,10> szz (t) = <917,11 917,12>

0189 91810 J1811 91812

gest — [ 917.13 O17.14 BE2 _ 0 0
€ e =
01813 91814 01815 91816

(41)

The elementsy; 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= AKX+ B (t)€p1 + BY (t)Ep2 + B €1 + BSE

y=AY+ B Ep + B Epo

. 9=Agp+ B(spplgpl + B(spngpz
8= Asd+Bylest + Biew + BiE

€p1 = Aep Ep1 (42)
532 = AepzipZ
€s1 = Agg EsL
€2 = Aot
€= AcE+ BXX+ BY(t) 0+ B3+ Be™ (t)Ep + B (t)Ep2
+Bfley + Bien

We can see from Eq. (42) that we can easily solvesfpr
&si, (i =1,2):

epi(t) = eAspltEpl(O)
em(t) =€ 2 g(0)
Ea(t) = Pealen (0 “)
Eo(t) = e'2'en(0)

The expressions fod(f), yt), ¢(t), 3(t), ande(t) can be obtained
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from Eq. (42) and (43):

X(t) = eMX0) + [f§ e IB (1)&™ 0 " dTfepa (0)
8 eAUBP (1) €02 dt]Epa (0) + ¢ €D B e Tty (0)
+[Je e DB eaTdT]Ex (0) + 1 e UBEE(T)dT
Tt) = eY510) + [ o & VB o dtfgpa (0)
+ oMt IBE e dtlgp(0)

it) = N Q(0) + [f3 e IB & r dit]Epy (0)

+ oo VB 2 e (0) (44)

B(t) = e%t3(0) + [ [} (VB s Tl (0)
+[ 5 et UBR e T dTjee(0) + fo b UBEE(T)dT
£(t) = et g0) + fo et UBX(T)dt
+ [ P tUBY (1) (1) dT + [¢ e t-UBIS(T)dT
+[fp et IBE (1) T (0) + [ 5 T BE (1) 452 ditfee (0)
+[/S efet-D Bt e Tdit]Eg (0) + [ [ €tV BER e 2 TdT]ew (0)

As in the case of the simplified system, we can see from Egs.

(25), (40), (43), and (44) that, by proper selection of tha-co
troller gains, we can make matricés, Ay, Ag, As, Aey, Py,
A, Ac,, andAg Hur_witz, aDd thu§ we can make trle solutions
X(t), y(t), @(t), &(t), €p(t), €p2(t), Es1(t), €x(t), ande(t) con-
verge.

6.3 Controller Design Methodology

5.3) can be used as initial points for the controller implated
experimentally. Furthermore, in most cases we only needone
two iterations before we arrive to the right controller gafor
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 velafit
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 gasger
(Ax,Kx) and @s,Ks) from Section 5.3, the following controller
gains were obtained:

(A, Kx) = (80,4.5); (Ay,Ky) = (80,8.0)
(Mg, Ko) = (80,4.9); (As,Ks) = (95,4.0)
(Aegy:Np1) = (100,0.26); (Aey.Np2) = (100,0.26)
(Meg.Ye1) = (100,9.31);  (Aey,Ve2) = (100,9.31)

(11,T2) = (0.00420.0013)

Note that the controller gains obtained are similar to thiose
Section 5.4, which shows that we do not need to perform too
many iterations before arriving to an appropriate set ohgai
We can see in Fig. 9 that the controller effectively corrdbts

Let us first assume the same control specifications as in Sec-position of the sheet within the pre-specified allowableetiof
tion 5.3. Then, just as in the case of the simplified system and 0.42 seconds.
based on the expressions in Egs. (43) and (44), we can develop

a procedure to calculate the controller gains for a sheenitéfi
dimensions moving at a pre-specified nominal longitudireal v
locity with some given initial and final state errors. Thisé,
however, the gains correspondingxit), d(t), ande(t) cannot

be obtained directly, since the expressionsxoy andd(t) de-
pend ore(t) and vice versa. Thus, we need to use the following
iterative procedure.

i. Determine gains Xe,, Np1), (e Mp2), (e ver), and
(Aegw Ys2) from Egs. (43).

ii. Once the gains from step (i) have been obtained, dete&rmin
gains fy,Ky), and Qy,Kg) from the second and third expres-
sions of Egs. (44).

iii. Using the gains Xx,Kx) and @s,Ks) obtained in Section 5.3
as initial guesses, determine gaing,(2) from the last ex-
pression in Egs. (44).

iv. Check that the initial guesses for gaing,Kx) and @5,Ks)

are fine by using the first and fourth expressions in Egs. (44).

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

As stated in step (iii), even though this procedure requicese
iteration, it should be noted that the results from the aler
design methodology obtained for the simplified system (Sect
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Figure 9. Simulation Results for the System Implemented
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Initial Errors Final Errors ‘ Lateral Posion

%(0)| < 0.004m | [X(T)| < 0.00026m : f\
§/(0)| < 0.0074m | |§(T)| < 0.0005m 1t %
%(0) < 0.025rad | [§(T)| < 0.001rad T B T
15(0)] < 0.0001m | |3(T)| < 0.00002m 200 ‘ ‘ ‘

150~ "/’__/
Table 2. Initial and Final State Errors for the Experimental Test E toop /"""" : 2
50~ .l

07,:‘;—:"_:—11 N — Experimental | |
i Simulation

-50 L L L I

Furthermore, we have also performed experimental tests in 0 005 01 oI e O 025 03
the system shown in Fig. 3. It should be noticed, however, 0.01 :
that the actual experimental fixture cannot handle initrabres oF

as large as those in Table 1 due to limitations in the setuigaes

(size of the laser sensors for lateral and angular measutsme -0.02} ,
Simulation

in Fig. 1). Therefore, based on the methodology presented in -003; L w ‘ ‘

-0.01 .

radians

Section 6.3 and the initial and final errors shown in Tablég, t oo * o ° °% °
following controller gains were obtained: Figure 10. Experimental and Simulation Results
(Ax, Kx) = (80,12.5); (Ay,Ky) = (80,13.2) Simulation and experimental results show that by using the
(Ap,Kg) = (80,11.2); (As,K5) = (80,7.9) controller gains obtained from the methodology previonsgn-
(AepysNp1) = (100,0.26); (Mg, Np2) = (100,0.26) tioned, it is possible to drive a sheet from an initial staiehw
(Aeg¥s1) = (100,9.31); (A, Ye2) = (100,9.31) nonzero longitudinal velocity to a final state also with nere

(T1,tawp) = (0.00420.0013); longitudinal velocity in a very short time.

As shown in Fig. 10, using these gains we were able to correct
the sheet’s position in about 0.3 seconds. Note that thalong 8 ACKNOWLEDGEMENTS
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