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Abstract— In this paper an approach towards sheet control in —FN

a printer paper path is presented. To make the control problem
feasible, the complex overall control question is formulated in
a hierarchical control set-up with a low level motor control
part and a high level sheet control part. To understand the
essence of the sheet control problem we consider a basic paper
path in which industrial constraints and requirements are
relaxed. Furthermore, the motor control part is assumed to
be ideal and the sheet dynamics are captured in the piecewise
linear modeling formalism. Based on the model of the sheet
dynamics, the controller synthesis is carried out. Both state
and output feedback control designs are presented and stability '
and tracking performance are analyzed. The effectiveness of the  IMAGE
control design approaches is demonstrated via simulations.

. INTRODUCTION
In this paper we consider longitudinal sheet handling in

a cut sheet printer paper path. An example of such a pap§fiiching integrators. [1], [2] use a finite state machine to

path is shown in Fig. 1. Sheets enter the paper path at thggcribe the discrete switching of a sheet between different
Paper Input Module (PIM) and are transported to the Imaggtions: when entering a new section, the sheet velocity

Transfer Statipn (ITS) pinch whgre the image is printed Oan suddenly dictated by the velocity of that section. The
the sheet at high pressure and high temperature. After leavifgyy from sheet velocities to sheet positions is described by
the ITS, sheets can either re-enter the first part of the papgfegrators. The combination of the finite state machine and
path for back side printing or they can go to the finishefg jntegrators results in a hybrid dynamic model. On the
(FIN), where they are collected. The sheets are driven By,qis of this model, a distributed, hybrid hierarchical control
pinches, which are sgts of rpllers th'at are, either 'nd'V'dua"¥trategy is adopted, which controls the spacings between the
or grouped together in sections, driven by motors. sheets. The control design in [1], [2] is done intuitively and
One of the objectives of a printer's sheet handling mechygifieq by simulation. A disadvantage of the control strategy
anism is to accurately deliver sheets to the ITS. Each shggloq is the lack of analysis and systematic design methods,

must synchronize with its corresponding image with respegtyich makes it hard to prove the controller works under all
to both time and velocity to achieve a high printing quality..qnqitions.

Whereas formerly printers were predominantly controlled in

an open-loop fashion, nowadays feedback control is requir dIn this paper we present a more structured approach
be P o Y AUIreSwards sheet control in a printer paper path that includes
to achieve the desired performance [1], [2], [3].

In the design of feedback control, dynamic paper pat odel-based control design, as well as stability and tracking

performance analysis. To make the sheet control problem
models are often used. In [1], [2] the paper path model |$ asible we split up the control design in a motor control
split up into two parts: the Section dynamics and the Shegt pAt up 9

dynamics. The Section dynamics map the motor currenpalrt and a sheet control part. As [1], [2], we recognize the
y ' y P .s%ate—dependent switching behavior of the Sheet dynamics.

to section velocities, so the_se dynamics are essentiall;_/ Nowever we capture these dynamics in the piecewise linear
tegrators. The Sheet dynamics, on the other hand, conS|st(B L) modeling formalism [4]. The benefit of choosing this
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Fig. 1. Schematic representation of a printer paper path.



its error dynamics. By analyzing the stability of these errothe distance between two pinches is equal to the sheet length
dynamics we can predict the tracking performance of thé,, so at each time instant the sheet is only in one pinch.
system at hand. No slip is assumed between the sheet and the pinches and
The remainder of this paper is organized as follows: ithe coupling between the pinches and motors is assumed to
Section Il the system under consideration will be discussed Ive infinitely stiff. The mass of the sheet is assumed to be
more detail and the problem statement will be given, togetheero, which simplifies modeling of the sheet dynamics. The
with the control goal. In Section Il we will discuss the sheet position, defined as, is assumed to be measured. As
two control design approaches. For both approaches, analysj#ical sensors, like the ones used in optical mouse devices,
on stability and performance will be given. In Section IV,are really cheap nowadays, this position measurement is
simulation results will be shown, whereas in Section \becoming a serious option in printer control design. Despite
the obtained results will be discussed in a broader contexhis, an observer in combination with sheet sensors like the

Conclusions will come at the end. ones in the paper path in Fig. 1 may be a more practical
solution.

Il. SYSTEM OVERVIEW AND PROBLEM As [1], [2], we also split up the complete sheet handling

STATEMENT control problem into two levels. The low level encompasses

When we consider sheet control in a printer paper path &8otor modeling and control design, whereas on the high level
the one shown in Fig. 1, we observe that the control design i8e focus is on modeling and control of the sheet flow. The
complicated by industrial constraints and requirements. Amotor control is used to tackle disturbances and uncertainties
example of such a constraint is that often several pinché&the motor level, e.g. friction in the bearings and flexibilities
are coupled and driven by the same motor. When there dfethe driving belt between motor and pinch. By introducing
two sheets in such a section, no independent sheet controfégdback at the high sheet level, robustness is obtained for
possible: adjusting the motor motion to counteract a positio#isturbances and uncertainties on the sheet level. One can
error of one sheet automatically implies the same change #hink of, for example, varying sheet characteristics related to
profile for the other sheet. Another constraint arises whegeometry or roughness, tolerances on pinch radii and pinch
a sheet is in two sections at the same time, each driven bgsitions, or slip between the sheet and pinches. Breaking up
its own motor. To avoid buckling or tearing of the sheetthe control problem into two parts therefore seems natural for
both sections must have approximately the same velocite system at hand and replaces the complex overall design
A requirement that challenges the control design is, foguestion by two much simpler control questions. In this way,
example, the desired high printing quality. Limited stiffnes®t cascade control structure is obtained in which the inner
of paper path units, e.g. flexibilities in the driving beltloop (the low level motor control loop) is designed to have
between motors and pinches, will limit the attainable contrct higher bandwidth than the outer loop (the high level sheet
performance. Consequently, it is not trivial how to achieve&ontrol loop) [9]. As a result the inner loop will closely track
the desired quality. the reference profiles generated by the outer loop.

To understand the core of the sheet control problem, we For the sheet motion task there are several possibilities, for
consider a basic version of a printer paper path. As a resuixample absolute reference tracking control and intersheet
the fundamental parts of the control design naturally arisgpacing control [1], [2]. In this paper we choose a constant
and a structured design approach can be more easily carriglocity that has to be tracked by each individual sheet
out. Therefore, we introduce the basic paper path depicted iroughout the entire paper path. The corresponding sheet
Fig. 2. Since we consider the sheets only when they are Resition setpointz, . will therefore be a first order ramp
the paper path, the PIM and FIN are not taken into accourftinction. The control goal we adopt for the basic paper path
Furthermore, the loop is removed, so sheets cannot re-ené&se study is, given low level closed-loop systems and a
the path. The considered paper path consists of three pinctiégh level sheet model, the design of high level feedback
(P1, P2, andP3) only, each of which is driven by a separatecontrollers (HLCs). These HLCs should result in stability
motor (M1, M2, andM3, respectively). The locations of the of the high level closed-loop system and in a good tracking
three pinches in the paper path are representedhyzp,, behavior of the sheet reference profile.

and z p3, respectively. These locations are chosen such thatThe low level motor control can be designed on the
basis of standard single-input single-output motion control

techniques [8]. The closed-loop linear motor dynamics in

Ml M2 M3 the Laplace domain can be represented by
Quri(s) = Ti(s)Qnsip(s), 1 € T, 1)
Pl o P2 o P3 - with T;(s) the complementary sensitivity function of con-

trolled motori, which maps the input of the low level closed-
: | : - loop system (the motor reference velocitys; (), with
Xps X, Xp2 x},3 wurir(t) the inverse Laplace transform ;. (s)), to its
output (the actual motor velocity,s;(t)). FurthermoreZ =
Fig. 2. Schematic representation of the simplified printer paper path. {1, 2, 3} represents the index set of sheet regions. To make



the control problem even more feasible, we assume perfagsing loopshaping techniques based on the high level sheet

tracking behavior of the controlled motors, i.&;(s) = 1 model (2). After designing the controllers, the tracking error

in (1). dynamics will be derived and the stability of these dynamics
At the high level, modeling and control of the sheewill be analyzed by solving a set of LMIs.

dynamics are considered. Due to the assumption on ideal

behavior in the low level control loop, the inputs of the 'E STATE FEEDBACK CONTROL DESIGN

high level sheet dynamics will be directly calculated by the To formulate the error dynamics for the high level sheet

HLCs. This is shown in Fig. 3, which represents the blocklynamics (2), we use the error-space approach of [8] and

diagram of the control system at hand. Since at each timextend it to the PWL case. Since the sheet reference profile

instant the sheet is only driven by one pinch, only one of this assumed to be of first order, it will have zero acceleration:

inputs of the high level sheet dynamics is used to calculate oy = 0. 3)

the sheet position. As the sheet moves through the paper '

path, this input will change when the sheet arrives at the nekhe sheet tracking error is defined as the difference between

pinch. This switching behavior can be easily captured in thé&e sheet reference position and the actual sheet position:

PWL modeling formalism. The sheet velocity is derived from

the motor velocities via straightforward holonomic kinematic

constraint relations that describe the relation between mot8Bubstitution of (3) in the second derivative of (4) yields

velocity and pinch velocity, and pinch velocity and sheet . .

velocity, respectively. These constraint relations hold under s = s ®)

the assumption that the connection between motor and pin#¥e now define error-space stateas:

is infinitely stiff and that there is no slip between the pinch .

and the sheet. The sheet velocity is integrated to obtain the § =1 ®)

sheet position. The high level sheet model now becomes: With this definition, (5) becomes

€s = Tsyr — Ts- (4)

ts=DBu for z,eX,iel 2 €, = —¢€. )

with the input matricesB; defined asB, = [n17p1 0 0],  Next, the control input is replaced by the control input in
By = [0 norps 0], and Bs = [0 0 ngrps], respectively. error-space, which is defined as:
In these definitions,n; represents the transmission ratio -
between motori and pinchi and rp; represegts the ra- H=u (8)
dius of pinchi. Furthermore,u = [u1 u2 us]”, X1 =  With these definitions, the state equation for the error-space
{zs|lzs € [wp1,p2)}, Xo = {xs|zs € [zp2,zp3)}, and  state¢ now becomes:
XgZ{l‘s‘l‘s S [.”L'p3,CCp3+LS)}. E = %

Ill. HIGH LEVEL CONTROL DESIGN — By for m.ediieT. ©)

In this section we present two feedback control desigfne expressions (7) and (9) now describe the overall system

approaches. Although in practical situations also a feeq the error-space. In standard state-variable form, the error
forward control input will be used to achieve the des're%lynamics now become:
I :

tracking performance, the approaches presented here wi
focus only on feedback design. In the first approach, both thel = Fg+ Gip for ., —[ 1 0 0 ]ge ;i €T,

stability analysis and the state-feedback controller synthesis (10)
can be expressed as a convex optimization problem basedwth ¢ = [es é; ¢]" the state vector of the error dy-
constraints in the form of a set of linear matrix inequalities 01 0

(LMIs). Since we will base our analysis on the trackinghamics. The matriced” = 0 0 -1 | and@G; =
error dynamics, stability will be directly linked to track- 0 0 O

ing performance. The second approach encompasses outpy;nXl 031 BiT}T represent the state and input matrices of
feedback control design. Here, the HLCs will be designethe error dynamics, respectively.

Given these error dynamics, the goal is to find a control
law that stabilizes these dynamics. This control law should

High level closed-loop system

Tiigh ovel g Tovel result in regulation of the error dynamics, i.e. all error states
coneol sheet dynamics should go to zero. This automatically implies that the actual
e sheet position will become equal to the desired one and,
x| e L =H u X hence, the desired tracking performance will be obtained.
—_ N The control law we propose is based on state feedback:
HLC3 >
— pw=—Ksq (11)

with Kg the matrix with state feedback gains. Elimination
Fig. 3. Block diagram of the total control system. of x4 in (8) by substitution of (11) and integrating twice



yields the control law for each region for the high level sheetind the sheet reference profile is a ramp function, we propose

model (2): a Proportional-Integral (PI) controller for each subsystem:
t . _ UQ(S)
up = —Ks,i(3)5€sf— g(S,i(Q) fto esdT— Ci(s) : IEJ:S(—T-)I,; - (29)
—Ks,i(1) [, [, esdrdC (12) = Ssthjel.
for x4, — [ 10 0 } qe X i€, The controller gaing>;, andI; are tuned such that the desired

bandwidth is obtained. Given this Pl controller and a ramp-
with #o the initial time andKs ;(j) the j-th element of the shape reference profile, we enforce a zero tracking error in
i-th row of K5, i € Z, j € {1,2,3}. each subsystem far — co. This can be shown using the
To analyze the stability of the error dynamics and t@inal Value Theorem [8]:
calculate the controller gains, first (11) is substituted into

into (10), yielding the following closed loop error dynamics: t1l>Holo es(t) = ll—% sEy(s). (20)

. In (20), E,(s) is the Laplace transform af,(t), calculated

i = (F-GiKs)q is the Laplace trar

for ay, — [ 10 0 ]g cX.ieT (13) from the sensitivity funEct(lo)rSZ(s).
S = "

By making use of the work presented in [10], it can be (s) _ Xarly) 21)
analyzed whether the closed-loop error dynamics in (13) is n 1+H7:(S>Cisg5) .
Globally Exponentially Stable (GES). To do so, we propose = SiPmaesiim €L
a common quadratic Lyapunov function candidate: with X ,.(s) representing the Laplace transform of the sheet

reference positione, -(t). Substitution of (21) into (20)
yields the desired proof for tracking performance of each

with P = P > 0. To prove that the error dynamics is GES,ndividual subsystem. 3 _
the following set of matrix inequalities i and K must However, this does not guarantee stability for the high

V(g) =q" Py, (14)

hold: level error dynamics, due to the switching behavior. To
. analyze this stability, we write the control law (19) in the
0 = Vig+ aV(QT) time domain and differentiate twice with respect to time:
0 > (F-GiKs) P+P(F-GiKs)+aPi 6(1175) iy = Py + Lisi € 1. 22)

where « > 0 represents the decay rate of the Lyapunoombining (22), (7), and (8) yields the following control
function. This parameter is chosen a priori in relation to th&éput in the error-space:

desired tracking performance. A large valueoofesults in i = —Pt+Lé,

a fast convergence of the error to zero. Wheis chosen = Kp.qicl, (23)
too large, (15) does not have a feasible solution. From (15),. Wi =101 — Plthei ’hi fth K with

it becomes clear that both the stability analysis and thiith K., = [0 I; — P;] thei-th row of the matrix/;, wit
calculation of the controller gains can be carried out byutPut feedback gains. Substitution of (23) in (10) yields the

solving the set of matrix inequalities. Since these matri>?|03@d'IOOp error dynamics:

inequalities are not linear in the unknown matricBsand g = (F+GiKr)q (24)
K, we pre and post-multiply (15) wit?—! and substitute for z,,—[1 0 0]geX,icl
Q = P~! andY = KgP~' to obtain the following set of ysing a similar approach as presented in Section IlI-A,
LMIs in @ andY": the stability of the closed-loop error dynamics (24) can be
0 > FQ+QFT —G,Y —YTGT + el analyzed. The objept|ve in this case is, gMe’rL\,i, tQ find a
0 < Q.Q @ i tol (16)  matrix P = PT > 0 in the Lyapunov function candidate (14)

that satisfies the following set of LMIs i#:
After solving these LMIs, the controller gains can be calcu-0 > (F + GiKL)TP + P(F+GKyL)+aPicT. (25)

lated using .
Kg=YQ L. 17 When the control laws of the two design approaches are
compared it can be observed that the state feedback controller
B. OUTPUT FEEDBACK CONTROL DESIGN integrates the error twice, whereas in the output feedback

case only one integrator is incorporated. In the latter case

The output feedback control design approach follows %e loopgain contains two pure integrators, i.e. one from the
different strategy than the state feedback design method. |0 P9 P 9 T

this case we start with the design of three HLCs for the threr(]e'gh level sheet model and one from the contrqller, which
was shown to be needed to obtain a zero tracking error. In

subsystems of the high level shee_t model (2)' The des."%ﬁe state feedback approach, the pure integrator in the sheet
procedure makes use of loopshaping techniques [8]. Since

) ; -~ model becomes a first order filter due to the proportional
each subsystent/;(s) consists of an integrator multiplied
by a gain: state feedback term-Kg,(3)xs. Consequently, the error

nirpi . needs to be integrated twice to achieve the desired tracking
Hi(s) = €T, (18)  performance.

S




IV. SIMULATION RESULTS 16x10’3

To demonstrate the effectiveness of the two control design SheetPL | SheetiP2 | Sheetir3

approaches, simulations have been conducted for the basic "
paper path shown in Fig. 2. A letter-format sheet, of which _ 12
the length is 0.216 m, enters the paper path -at0.5 s. It

has to be transported at a velocity of 0.25 m/s and leaves
the paper path when its trailing edge has & The sheet
reference profile is depicted in Fig. 4. The distance between
the pinches is chosen to be equal to the sheet length= 0

m, zp; = L, m, andzps = 2L, m. Pinches with different 4
radii are chosen to emphasize the piecewise linear character 3 13 14 s
of the high level sheet modetp; = 20-1073 m, rpy = 2 N

10r

o = N w
’
i
7

Sheet tracking error [m

22-1072 m, rps = 25 - 1073 m. The same has been done

with the transmission ratiost; = %, np = 4, andns = 3. 0 ‘

0 0.5 1 15 2 25 3 3.5
Time [s]

A. STATE FEEDBACK CONTROL RESULTS

Given the dimensions of the basic paper path we calcul é‘; 5._ State feedback c_ontrol approach: tracking error without diiturbances
the state feedback controller gains and verify the stabilitb?r:i%__ 0 (thielg andlar = 10 (dashec) and with perurbations for= 50

of the error dynamics by solving the set of LMIs given | . . N

in (16). A positive definite, symmetric matri® is found, USing these perturbed gains is depicted in Fig. 5 as well.
which proves that the closed loop error dynamics (13) it can be seen that the maximum deviation from the 'deswed
GES. The chosen decay rate — 50 results in conver- Z&ro error level gfter' the switching moments is approximately
gence of the tracking error to zero within 0.2 [s]. Thel.3-10*4 m, which is well acceptable, and that these errors
controller gainsKs; to be used in the control law (12) are &€ controlled to zero fast. , , .

the following: Ks; = [~4.0-107 —2.2-10% 3.1-104], Fig. 5 also §hows the trackln_g error obtained Wlth(_)ut
Ksy = [-28-107 —1.5-10° 2.1-10%], and Kg5 — pertur_blng the input gains but with using controller gains
[_é_z 107 —1.92.10° 1.7- 104} Given these controller resultmg from settingy = 10. These smallt_ar controller gains
gains, the sheet tracking error depicted in Fig. 5 is obtainef£Sult in a slower transient response and in a nonzero tracking
It can be seen that the sheet controller anticipates quickly §5ror when transferring the sheet frafi to P2. Also during

the initial error, which is due to the difference in actual andhis Switch between regions the error is not amplified.
desired sheet velocity at= 0.5 [s]. Furthermore, we notice B. QUTPUT FEEDBACK CONTROL RESULTS

that after the transient response the error stays zero, also \iso the output feedback controllers are tuned to achieve a
the switching planes.

T | h b ¢ th lled fast convergence of the tracking error to zero. The controller
0 analyze the robustness of the controlled system 10,i,o b and 7, in (19) are chosen such that a crossover

chapges in the mput' gaing;, the gains used In the .contro_l requency is realized that is comparable to the one obtained
design have b(_aen _sl_lghtly perturbed in the 5|m_ulat|on. Witlith the state feedback control approach in case 50. In
respect to their orlglna_l values, the ac_tual gans Va%/ Fig. 6 the frequency response functions of the loopgains of
—7%, and 8%, respectively. The tracking error Obtalnedthe first subsystem, obtained in both control approaches, are
depicted. From this figure, it can be seen that the crossover
frequency is approximately 11 Hz. By placing the zero of the
controller (19) at 11 Hz, a phase margin of°45 obtained,
o6k v | which results in robustness for model uncertainties.
The controller gains obtained in the output feedback
05} , control design are the following?, = 7.3-103, I; = 5.0-10°,
P, =50-10% I, = 3.4-10% and P; = 3.9- 103, I5 =
2.7-10*. Using these controller gains, the set of LMIs in (25)
sl | is solved, yielding a positive definite, symmetric matfx
N which proves that the closed loop error dynamics (24) is
02l | GES. Also using this controller simulations have been carried
d5r =[0.25 [m/s) out. The results obtained when the input galf)shave been

: ] perturbed are shown in Fig. 7. As with the state feedback
design approach, the initial error as well as the errors after
0 05 1 15 5 55 3 35 the switching moments are quickly removed.

Time [s] In both control design approaches, high controller gains

can lead to high demands on actuators in the low level control
loop. Therefore, in practical cases, care must be taken not

0.7 Sheet-in- P1 Sheet in P2 Sheet-in- P8

04

Sheet reference position [m]

0.1F

Fig. 4. Sheet position reference profile.



VI. CONCLUSIONS

This paper presents an approach towards sheet control in
a printer paper path. By introducing assumptions that relax
some of the industrial constraints and requirements, and by
splitting up the complex overall control design problem into
a simple motor and sheet control design part, the core of
the design question is exposed. As the inner loop of the
resulting cascade control system, i.e., the motor control loop,
is assumed to be perfect, the focus is on the design of
feedback controllers for the remaining piecewise linear sheet
dynamics. Controllers that result in stable error dynamics and
good tracking performance have been proposed. In the case
of state feedback control, both the controller synthesis as well
as the stability analysis have been expressed as a convex opti-
mization problem based on constraints in the form of a set of
Fig. 6. Frequency response function of the loopgain of the first subs;y:stelr“]e::]'r matrix inequalities. The output feedback control design
in the output feedback case (thick) and the state feedback case (thin). has been carried out using loopshaping techniques, whereas

] ) ) ] the analysis of both stability and tracking performance have
to violate physical constraints, such as maximum allowabl§gen carried out by solving a set of linear matrix inequalities

velocities and accelerations. Incorporating such constraings nosteriori. Simulation results confirm the good tracking
in the control design will be subject of future research. performance and show robustness against varying system
V. DISCUSSION parameters. Since industrial printer paper paths are far more

In the sheet control case-study presented, two desi&qmplex than the one uged .in_this paper, fgture resear_ch Wi||
approaches have been applied. In the state-feedback con§gtdually release the simplifying assumptions made in this
design, both the stability analysis and the controller synthedR@Per. Topics for investigation will be, for example, control
are performed by solving an optimization problem. This i§€Sign for cases in which pinches are coupled into sections,
a benefit over the output feedback control design approaciven by one motor, and cases in which more than one pinch
in which the stability has to be post-analyzed. A drawbaci@n influence the sheet motion.
however, is that there is less insight in the tuning of the VIl. ACKNOWLEDGMENTS
contro_ller than in the Ioop_shapmg approach. .. The authors gratefully acknowledge the contribution of

Besides the control design approaches presented in this B&roen de Best for his input on the derivation of the closed-
per, there are more possible design procedures, e.g., feedb %[13 error dynamics in Section IlI-A.
linearization [11]. In order to achieve perfect linearization
and, hence, a linear control problem, the system parame-
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