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ABSTRACT

This paper presents two different control strategies fqrera
position control in printing devices. The first strategy &sskd
on feedback linearization plus dynamic extension (dyndeeid-
back linearization). Even though this controller is vemnpie to
design, we show that it is not able to handle multiplicative u
certainties, and therefore it fails when it is implementedtioe

tainties. For such cases, it is sometimes advised to moliy t
technique in order to gain in robustness.

In this paper we show how dynamic feedback linearization
cannot be directly implemented in a mechatronic applicaioo
paper position control on printing devices. Specificallyist

experimental setup. The second strategy we present uses sim mechanism is located upstream from the image transfepstati

lar concepts, but it is more robust since feedback lineditra
is used only to linearize the kinematics of the system arma-int
nal loops are used to locally control the actuator’s posiscand

(ITS) and it has the objective to accurately position thegpagit
arrives to the ITS. As an alternative to the dynamic feedliaek
earization controller, a new control strategy is proposedhich

velocities. Not only do we prove the robustness of the second feedback linearization is used to linearize only the kintesaf

control strategy, but we also show its successful impleatiemnt

1 INTRODUCTION

Static feedback linearization is a nonlinear techniqueslyid
used for the control of MIMO nolinear systems. As explained
in [1] and [2], it consists in differentiating each of the puts
several times until at least one of the inputs appears. At tha
point we obtain a decoupling matrix, which needs to be irgbrt
in order to linearize the system. Once the system is linedriz
through this transformation, pole placement is used. Uuofor
nately, sometimes this decoupling matrix is singular, mgki
static feedback linearization fail.

A common solution to this problem ( [1], [2], [3], and [4])
consists on adding integrators to some of the input charinels
order to delay the appearance of the inputs when differimgia
the outputs. Proceeding in this way, it might be possibleoto-c
struct a new decoupling matrix that can be inverted. Thataty
is usually referred as dynamic feedback linearization. elav,
even if we succeed in finding an invertible decoupling matfie
control strategy can be very sensible to model parameterunc
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the system, and internal loops are used to locally contechttu-
ators’s positions and velocities. This mechatronic ajiin has
been presented in [5] and [6]. The idea behind this mechanism
is shown in Fig. 1 (US Patent Number 6,634,521) and it camsist
in two steerable nips that permits the control of the lorgjital,
lateral, and angular positions of a sheet, while it is beirgedh
forward. As mentioned in [5] and [6] this mechanism resemble
that of a two-wheel robot [7]; however, whereas pavemenioan
buckle in the two-wheel robot, sheets can in our system.

The remainder of this paper is organized as follows. Sec-
tion 2 describes the steerable nips mechanism and presents i
model. Section 3 presents the development of a dynamic feed-
back linearization controller for this application and wischow
it fails when multiplicative uncertainties on the actuapeints
are considered. Section 4 presents the robust controegyrat
implemented on the experimental setup and Section 5 prtses i
robustness. Moreover, experimental results for both otiats
are shown in this section. Finally, some concluding remarks
stated in Section 6.
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Figure 1.

Steerable Nips with Paper Buckle

2 STEERABLE NIPS MECHANISM

Figure 1 shows a sheet while it is moving along a flat sur-
face through the steerable nips mechanism. This mecharsm h
been designed so that it can correct for lateral sheet pongti-
rors without having to translate any actuators and withoflitt-
ing any damage on the paper. This is possible by steering the
two rollers shown in the figure, which are underneath a backer
ball. As a result, each roller is in contact with the sheetrdy o
one point, letting the sheets safely move laterally whikytare
being driven forward. The roller is driven by a servo motmof
cess direction motdrattached to a rotating table, which is in turn
steered by another servo motstdering motoy. A complete de-
scription of this mechanism can be found in [6].

In Fig. 1, the two rollers, located at points 1 and 2, are sep-
arated by a fixed distancd2In [8] and [9] we used the leading
right corner of the sheet, poit, as a reference for controlling
the lateral and longitudinal position of the page. Thereywgee
able to show asymptotic convergence of the system for a sheet
of finite length. However, if we have a page of infinite length,
a very small error in angular position would translate intgyé
errors for the lateral and longitudinal positions of pdiht For
this reason, since this paper intends to analyze the robsstf
two different control strategies, we will now refer to théelaal
position of the pagex, as the point along the lateral edge of the
sheet that is in contact with a fixed lateral sensor. Sinyilave
will define the longitudinal position of the shegt,as the point
along the leading edge of the sheet that is in contact withea fix
longitudinal sensorg will represent the angular position of the
sheet. These definitions can be better understood by loaking
Fig. 2. Note that since the two rollers steer independetitty,
sheet can also buckle or stretch. Thus we need to keep bgcklin

Process Diection

/ Sensor

i

Roller 1

(0,0)

Roller 2

Figure 2. Top View of Steerable Nips

is derived so that these constraints are satisfied at alktithey
are represented by the following equations:

X = rléll(%S tan@cosy; + singy)
—r28 (%22 tangeosyy) = fu(X)

y= rl'e.l(ytagb%";g’ﬁ cosp; — tangsing) W
_rzez(% +1)cosp := fy(x)

=551 cOSP01 — r20080:07) = fy(x)
&= ra5ing02 — rysingi6; = f5(x)

wherery andrs are the radii of the two rollers and the state vector
isgivenbyx=x o & ¢ @ 6 6 @ @. As expected
from the definitions ok andy, Eq. (1) shows that andy are
completely decoupled. Finally, as mentioned in [6], a s&npl
model that adequately described both the process direatidn
steering actuator dynamics is given by

éi +Gpiéi = Bpivpi; (i =1, 2)

(\[-1 +Gsi(h =BsiVsi; (i=1, 2) @

whereVj; is the voltage input to each motor, ang and(; are
coefficients that depend on the inertias and rotationalousc
damping coefficients of the different components of therstee
able nips mechanism. Subindexgeands stand for process di-
rection and steering actuators, respectively. Using Efjsartd

at a minimum and make sure that the sheet never stretches. As(2) We obtain the following state space representation:

shown in Fig. 1, we define the amount of buckling of the sheet,
9, as the difference between the distance separating poartd 1

2 as measured along the pap2ls— 6) and along the straight line
(2b). Furthermore®; (i = 1,2) represent the angular velocity of
the rollers in the direction parallel to the sheet, gndi = 1,2)
represents their angular position in the direction perpznal to

the sheet.

The steerable nips mechanism has four nonholonomic con-
straints, which come from nonslip conditions on the roliznsl
local velocities (of the paper) being zero in the directiengen-
dicular to the rotation of the rollers. Thus, its kinematiesdel

[ X7 (X)) T 0 0 0 07
] fe(x) 0 0 0 O
5 f5(x) 0 0 00
) V1
(0] (0] 0 0 0 O v
d _ . P2
G|e|=| @ |+]0 0 0 offF .
61 —0p61 Bop 0 0 O V.
62 —0p262 0 B O O 2
o —aa® 0 0 By O
Lozl L-0o@p] L0 0 O Bel
y=[x% 93]

wherefy(X), fo(X), andfs(x) are defined in Egs. (1). Since this
paper deals with the robust stability of the system, notewra

Copyright © 2008 by ASME



will now control the longitudinal velocity of the page at adik Xe D

pointL (the location of the image transfer station) instead of the l
longitudinal position, and thug = fy(x) evaluated ay = L. Wiz
X | w=Bgl(v—Ae) L} x=f(x)+gu |x

3 DYNAMIC FEEDBACK LINEARIZATION CON- W3

TROLLER Wy

As defined above, the control objective is to control the lat-
eral and angular positions of the sheet before it arrivelsdd TS ) ) o
as well as its velocity at that point. This needs to be accishet Figure 3. Dynamic Feedback Linearization Controller
within a finite pre-specified time and through the use of fan-c
trol inputs. Two of these inputs rotate and steer one radled
the other two inputs rotate and steer the other roller. square matrix. Since the inverse of mati(x,) is

If we use static feedback linearization for this systenfedif
entiating outputs, @, andd twice, and outpuy,” once, we obtain S * 0
an expression of the form P P P

Be(Zerl _ BpfrZ BpfrZ ZBgzrz BpérZ ®)

[351;191 ler*lel 2[35{191

(%9, 98] =AX) +BX) [Vp1 Viz Va V2 |7 (@)
Bor20r BeraB: 2BoroB, Pery6,

where the decoupling matrig(x) is singular. Thus, following
the work presented in [1], [2], [3], and [4], in order to olvta
new nonsingular decoupling matrix, we need to add an integra
to the input channels correspondingg andVy». Proceeding in
this way,Vp1 andVp, become new states of the system and their
derivatives become two of the control inputs. Thus, we define
the new stateg (i = 1,2) and new control inputs; (i=1-4) as (W1 W2 W3 W4}T = Be(Xe) M (V(Xe) — Ae(Xe))

wherex’s are unspecified numerators that depend on the states,
we notice thaBe(x,) is invertible as long as the sheet is always
moving in the process directio®{,0, # 0). Thus if we apply

the feedback linearization control law

X + ke (Xd — %) + Ix(Xa — X) + Ax(Xd — X)

7 =Vpi; 21=W1 V(Xe) = | Ya+ky(Ya—Y) +1y(Ya—Y) ®
2=V, =W, 5) Y= 10+ k(@s — @) + ol @y — O + Moy — 0)

W3 = Va1 dd +ks(8g — &) +15(dd — B) +A5(8d — O)

Wy = Vo

by proper selection of gairgs, I’s, and\’s through pole place-
and obtain the following enlarged system: ment, we can guarantee that the state errors converge to zero
Furthermore, since the enlarged system consist of 11 satks

rx71 T fx(X) 7 1000 07 . i ) X
® fo(X) 000 O the relative degree is also 11, there are no internal dyrsaainc
5 f5(X) 000 O we can conclude that the enlarged system is exponentiatjest
] ] 000 01, The block diagram for this control strategy is shown in Fig. 3
Rk T S 8 g g 8 W, Using this control law, for a sheet moving at a nominal veioci
ar | 9| = | ~pOprtBauzs | w; of v=0.5m/sand having initial errorx(0), y, (0), ¢(0),5(0)) =
_92 —szepz-‘i-szzz 000 O ™ (6) . . .
o —aaQy 00Bg O (8mm SOmm/_s, 2._5mrad, 0.1mm) we obtgln the simulation re-
@ —Uo@y 00 0 Be sults shown in Fig. 4. Even though Fig. 4 shows that the dy-
7 0 100 0 namic feedback linearization controller does a good jobein r
Lzl L 0 4 1010 0. ducing initial errors, it does not do that well when we intnoed
. T multiplicative uncertainty to each of the actuators as ig. F5.
y=[xv 93] In this figureP; (s) re h of th |
ji presents each of the actuator plants (Egs.
where we can define the enlarged state vector as= 2) andAji (s) represents the uncertainty dynamics. For this paper
X @ 3 g @ 6, 6, ¢ © z 2. we assume these dynamics are given by

If we now differentiate outputg, ¢, andd three times and
outputy; twice, we obtain the expression

Bni(S) = oo Asi(S) =gpags 1=12 (10)

____________ T T
X = 7
[ L e 6] Ael(Xe) + BelXe) [Wl Wa W W‘d @ Figure 6 shows the results when multiplicative uncertaisiin-
troduced to the system witimy; = msj = 1.5 anddp = &si = 1

where A¢(X.) is a nonlinear vector an8s(x,) is a nonlinear fori =1,2. Here it is shown that the control strategy fails not
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Figure 4. Simulation Results Using Dynamic Feedback Linearization
Controller
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Figure 6. Simulation Results Using Dynamic Feedback Linearization
Controller When Actuators Have Multiplicative Uncertainty

only because it is not able to eliminate errors in the lordjital
velocity of the sheet but also because it stretches the paga{
tive values for the error in buckling), which should nevecarc
Section 5 will compare the robustness of this control sirate
the one presented in the following section.

X ]
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Figure 7. General Idea for Robust Dynamic Feedback Linearization
Controller

4 ROBUST DYNAMIC FEEDBACK LINEARIZATION

CONTROLLER

The control strategy presented in this section uses similar
concepts to those described in Section 3, and its genewisde
depicted in Fig. 7. As it can be seen in this figure, we first sep-
arate kinematics (Egs. 1) from actuator dynamics (Egs., (2))
which are represented by blocRg (j=p,s; i=1,2), and then we
linearize only the kinematics part of the system, consigtine
rotational velocities§; and ) and steering positionsp{ and
@) of the rollers as inputs to the kinematics model. Then, a
feedback linearization lawGrg| , produces desired rotational ac-
celerations and desired steering velocities, which aféandin-
tegrated, are used as references to locally control thegcsl

Figure 8 shows the control strategy actually implemented to
the real system. This controller uses the same idea as thdesne
scribed in the previous paragraph, but it uses feedbackehadbs
forward to locally control the actuators. These local coltdrs
are

CFBpi(S):npi+y_gl; CFFp|:%(1+ a_spl)! (|:172) (11)
Croy(S) = Nsi+YpiS  Crry = (14 %5); (i=1,2)
wheren’s andy's are controller gains. In order to be able to es-
timate the desired steering acceleration (needed for deedfd
control), we use two first order filters, a technique calledaiyic
surface control and described in [10]. Note that if filtengmiis
sufficiently small, the value dﬁd will be very close to that ofy
(fori=1,2).

For the feedback linearization la@®@gg|, this time we need
to differentiate outputg, ¢, andd twice and outpuy; once be-
fore the kinematics inputs appear, obtaining the following
pression

(%9, 98]  =A®+B(x [01 841 0]"  (12)
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Figure 8. Robust Dynamic Feedback Linearization Controller Imple-
mented

$

where, again () is a nonlinear vector, arig} (x) is a nonlinear
square matrix. As in the previous section, since the invefse
matrix By (X) is given by

* * *
ri(l+tarfg)  ri(l+tarf@)  ro(l+tarfg)
* * *

ro (l+tan2 ) ro (l+tar12 o) ro( 1+tan’- )

Br ()_()71

r191(1+tan’- 0) r191(1+tar12 ) r191(1+tan’- o)

r.0;(1+tarP @) ry0;(1+tarf ) ry0;(1+tarf @) r292
(13)

wherex’s are unspecified numerators that depend on the states,

the decoupling matrix; (x), is invertible as long as the sheet is
always moving along the process directidi,@2 # 0). Thus,
we can apply the following feedback linearization law:

[B1d 820 @1 o ]" = Br () 2(V(x) — A (X))

X + (kx + Ax) (Xd — X) + KAx(Xg — X)
Va+ky(Ya —Y)

@+ (Kot M) (Pg — ) + keho(@y — @)

Bd + (ks +A5)(dd — 8) + ksA5(8d — O)

(14)
V(x) =

wherek’'s and\’s are the feedback linearization controller gains.
Fig. 9 shows simulation results using the controller jus-pr
sented. Note that in order to obtain these plots, we usedthe s
initial conditions as those described in the previous eactrur-
thermore, this figure shows results for the cases with arttbutt
the uncertainties defined in Eqs. (10). As we can see in this
figure, contrary to the results obtained using the contralk
scribed in Section 3, the robust dynamic feedback linetiiza
controller presented in this section is able to correctierinitial
errors of the sheet in both cases.

The stability of the closed-loop system can be shown by fol-
lowing exactly the same steps as those described in [8]hEurt
more, as explained in [8], we can also obtain a methodology to
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Figure 9. Simulation Results Using Robust Dynamic Feedback Lin-
earization Controller. Note that the results without uncertainty (solid line)
and those with uncertainty (dashed line) are almost indistinguishable.

tune all the controller gains. In the next section, howewerwill
show the robustness of a slightly simplified version of thetaml
strategy just presented.

5 ROBUSTNESS ANALYSIS

In this section we will first show exponential stability okth
closed-loop system described in Section 4 and then we witl-co
pare its robustness to that of the dynamic feedback linetoiz
controller presented in Section 3.

5.1 Stability Analysis of Robust Feedback Lineariza-
tion Controller
For simplicity, let us first assume that the dynamics of the
first order filters shown in Fig. 8 are very fast, so that we can
estimateq, but we can se@y = @4. Then, let us define paper
coordinate errors and actuator errors by

K=xa—=%  Y=Yga—W
tp ®—@ 0=084—-10 (15)
pi=6id—6; &i=@d—@; (i=12)
and let us also define the following surface errors:
S = X+ MK, s =Y
Sp= P+ Ag®, S5 =0+ Agd (16)

Sep = €p1+)\sp1€pla Sep, = 8p2 + )\spZEpZ
Sa =&+ Aey€s1; St = E2+ A€

Combining Egs. (12)-(15) we obtain the closed-loop expoess

(9 98] =v(X) —A(X) [Ep1 Ep2 B £2]T (17)
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If we further expresg(x) in terms of paper and surface errors
and let the gaingp; andns; (i = 1,2) in Egs. (11) be equal to:

(api+Bpin pi*)\epﬂ)\epi

Ypi = : ;v (i=1,2)
A (asiJeriBEi‘l}\si))\si . ; (18)
r]SI - T! (I —

the time derivatives of the errors above mentioned (Eq9.4t8
(16)) can be expressed as:

K= — MK+
0= —Ag0+So
.8: 7}\584»55

€pt = —Ap1€p1+Sey

€p2 = —Ap2Ep2 + Sy
€1 = —As1€s1 + Seg
Eo = —ApE2 + Sy
& = —KySc+b1a€p1 + b1oEpr + b1zés + brate (19)
§ = —KySy + bo1€pr + Dok pa + boats + bosge
§p = —KgSp+ b31€p1 + b32€p2 + bzatsr + basge
$5 = —KsSs 1 ba1€p1 + bazEp2 + bazar + basgew
Sepr = —(Ap1+BpiNpr — Aepy )
S = —(Ap2+Bp2Np2 — Aeyy )%
Sy = — (01 +BsiNst — Aegy )Seg
So = —(O2+BoNe — Ay )Sy
where bjj is the (i,j) element of matrixB(x). If we

define the desired trajectory bm,(m,éd,xd,yd,ipd,éd)
(0,0,0,0,v,0,0), wherev is the nominal longitudinal velocity

of the sheet, and we linearize the system described in EQ. (19
arounNdX=@Q=0=¢p =€ =€ = ==S=S9=S =

Sepr = Sepp = Seq = Seo = 0, we can obtain an expression of the
form

é(t) = Gelt) (20)
wheree(t) is defined by
———2— — — — 1T
et) = [XY @O ep € €s1 € | (21)
-~ [%]. — ~_[e]. s_[3d
X*M’ = ‘p*{sm}’ B*M
) [ i [2) e ]
. pL P Sepe o Seq1 < Sep
andG is given by
[Ax0 0 0| 0 0 BE 0]
0A 0 OBMBP 0 0
€ €
0 0 A, 0B B gﬂ ?Sz
G_|000A|0 0 BB 23)
000O0A, 0O 0 O
0000 0A, 0 0
00000 0A, O
LO 00O 0 0 0 A]
6

Note that the¥'sin G depend only on controller gains and tis
depend on controller gains as well as system parameterk-Loo
ing at Eq. (23), we can also express Eq. (20) as

- PR R

and therefore, the solutions fog(t) andny(t) are given by

(24)

ny (t) = et n2(0)

ny(t) = e*tng(0) + | f¢ eA”l(t’T)Bﬂi(r)eAnszT} n2(0) (29)

Then, it is easy to show that by proper selection of the cdietro
gains, the linearized error dynamics are exponentiallylsta

[le(t)]| < kl|e(0)|exp(—yt) (26)

Furthermore, if we define the Lyapunov functiefe) = e Pe,
whereP is the positive definite solution to the Lyapunov equation

G'P+PA=-Q (27)

andQ is any positive definite matrix, then we obtain the follow-
ing bounds

Amin(P)|[€l[* < v(€) < Amax(P)|l€l|?
v(e) < —Amin(Q)|le][?

5.2 Robustness of Both Controllers

Let us now analyze the robustness of the steerable nips
mechanism when the robust dynamic feedback linearizatan ¢
troller presented in Section 4 is used. In order to do so, We wi
analyze its stability when we introduce the multiplicativecer-
tainty shown in Fig. 5 and Eqgs. (10). Performing exactly the
same steps as those performed section 5.1, the linearired er
dynamics are given by

(28)

x| <Pl [lel

&(t) = Ge(t) — Dy(t)

(29)

where the error state vectaft&and matrixG are given as before,
the uncertainty state vectay(t), is given by (see Fig. 5):

q(t) = [ap1 Gp2 dst G ] (30)

andD is a constant matrix that depends onlyf8y andfs; (i =
1,2). Thus, we can put the system in the form of Fig. 10 where
systemH; is given by Eq. (29)H2 includes the uncertainties of

Copyright © 2008 by ASME
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Figure 10. Feedback Connection for Small Gain Theorem

all four actuators (Egs. (10)yz = [Vp1 Vp2 Va1 Vsz]T, andy, =
q(t). If we can now show that both systeni, andH, are finite

gainL., stable

() Il il +B1 Vereld vreDw) o
(i) 1Vl < Vellez I Bz Vez LY Ve (0,9

with y1y2 < 1, then by the Small Gain Theorem ([2] and [11]) we
can conclude that the feedback connection in Fig. 10 is algte fi
gainL. stable. Note that in Eqg. (31) we look at the truncation of
functions up to tima:

C[f@), o,<t<t
fT_[ 0, T<t } (32)

In order to show finite gain stability of systerils andH,
we need to use the following theorem, which is presentedlifi [1

Theorem 5.1. Consider the system

x= f(t,x,u); X(0)=Xo

y=nh(t,x,u (33)

=

Letxe R",ue R™ f:[0,0)xR"xR™— R" be piecewise contin-
uousin tand Locally Lipschitz ifx, u), and h: [0, 0)xR"XR™ —
R" be piecewise continuous in t and continuous,in. X urther
suppose that x= 0 is an exponentially stable equilibrium point
of x= f(t,x,0) and there is a Lyapunov function that satisfies

cal[X|[2 < v(x) < cal X2
V(x) < —c3f[X|[? (34)
%] < calixi

for some positive constantsg,@;, cs, ¢4. Also f and h satisfy the
inequalities

v
0X

||f(t,X,U)—f(t,X,O)HSLHUH (35)
[Ih(t, x, w)[| < naf[X]|+nzllull

for all (t,x,u) € [0,0)xR'XR™ for some nonnegative constants

L, n1, andnz. Then, system in Eq. (33) is finite gain ktable

and the following inequality holds:

[I¥ellLe < VilUrlle +B, VT € [0,0)

(36)
y=nz+M2E B nyf[xo]|y/C2/Ct

Robust Controlle Dynamic Controller
y1 =198 y1 = 1.87x10*
B1=041 B1=1.20x10°

y2 =0.46 y2 = 0.45

B2 =0.002 B2 =0.003

Table 1. Gains Required to Show bounds for Systems H1 and Ho

The proof of this Theorem can be found in [11]. For our
particular application, in Section 4 we showed that 0 is an
exponentially stable equilibrium point of Eq. (20), and stamts
C1 — C4 are given by Eqg. (28). Furthermore, from Eq. (29) we
have that. = ||D||. So, in order to compute gairys andp; in
Egs. (36) (required to satisfy the first condition in Eq. (31)
we only need to obtain gainy andn; that satisfy the second
condition in Eq. (35), where for our cabé, x,u) = y; (see Fig.
10). We can similarly obtain gaing andf; to fulfill the second
condition in Eq. (31). Then, by looking at Table 1 we have that
viyz < 1, and therefore, from the Small Gain Theorem, we con-
clude that the closed-loop system is finite ghinstable when
the multiplicative uncertainties defined in Egs. (10) aredus

For the case of the dynamic feedback linearization comroll
described in Section 3, we can perform a similar analysist,Fi
we obtain the error dynamics

%o = — (%) — Dq(t) @37

whereX; is the error state vectof,(X,) is obtained by combin-
ing Egs. (6), (9), and (10), ard andq(t) are defined exactly

as before. After linearizing (%) alongx, = 0, we can put the
system in the form of Fig. 10. We can then show exponential
stability of X, and obtain constantg-c, as in Eq. (28). AfteL,

N1, andnz are obtain as in the previous case, we use Eq. (36) to
compute gaing; andf;. Gainsy, andf; are similarly obtained.
This time, howevery;y, > 1 (see Table 1), and thus we can-
not conclude anything from the Small Gain Theorem, but such a
large value fory; indicates that the system may not be robust to
multiplicative uncertainties in the actuators.

5.3 Experimental Results

The conclusions just made regarding the robustness of the
two control strategies presented are justified not only leystm-
ulation results shown in Figs. 6 and 9, but also through exper
mental tests. Figure 11 shows experimental results wheeret sh
of finite length was introduced to the steerable nips seciwh
we used the robust dynamic feedback linearization coetrdi-
scribed in Section 4. Here, the lateral and longitudinaltpms
of the page is defined by the position of the leading right eorn
of the page (poin€ in Fig. 1). Figure 11 shows that we were
able to correct the sheet’s position in about 0.3 secondge No
that the longitudinal position increases constantly beeate
sheet moves in the longitudinal direction at all times. Timak
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Figure 11. Experimental Results Using Robust Feedback Linearization
Controller. The solid line is used for experimental results and the dashed
line for simulation results.

Paper Lateral Position Error
T T T T T T T T T

10, —
£
g OW

i i i i i
Paper Longitudinal Position Error
T T T T T

| | |
Paper Angular Position Error

mrad
o
T
E

I I I I
0.6 0.7 0.8

-10 I I I I
0 0.4

I
05
time (sec)

Figure 12.
Controller

Experimental Results Using Dynamic Feedback Linearization

discrepancies observed between simulation and experafrent
sults can be attributed to sensor noise and un-modeled dgsam

When the dynamic feedback linearization controller pre-
sented in Section 3 was tested on the experimental setupnit w
unstable very quickly, and we were not able to collect any dat
since we did not want to risk the safety of our setup. Howewer,
order to illustrate this instability, we performed a hybexper-
iment, in which the real actuators were used, but we simdlate
the sheet by using the kinematic model. Those results are pre
sented in Figure 12, which shows that this controller is rd¢ a
to correct for the sheet initial position errors.

6 CONCLUSION
In this paper we have shown the drawbacks of using a con-
troller simply based on dynamics feedback linearizatioa tiu

un-modeled dynamics. Furthermore, we presented a robugst mo
ified version, which we call robust dynamic feedback lineati
tion. Not only we proved that this control strategy is morleust

to multiplicative uncertainties, but we also showed itscass-
ful implementation. This control strategy separates kiaters
from actuator dynamics and uses feedback linearizationionl
the kinematics part of the system. Then we use internal ltmps
locally control the rotational velocity and steering pimsitof the
rollers through standard dynamic linear controllers.
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