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Abstract. A new method is proposed for correcting the ac compo-
nent of the color registration error in the paper feeding direction in a
tandem-type color laser printer. The main factor of the ac color reg-
istration error is the fluctuation of the angular velocity of organic
photoconductive drums caused by gears with runout in multiple gear
systems. In order to express the fluctuation mathematically, the ki-
nematical relation between a pair of gears with runout is constructed
and it is extended into a multiple gear system. Also, the specific
reduction ratio in the multiple gear system is proposed as a neces-
sary condition for the correction of the ac color registration error.
With the ac color registration error obtained by integrating the angu-
lar velocity, the optimization problem is formulated in terms of the
installation phase of the gears with runout. A continuous evolution-
ary algorithm is used to find the optimal installation phases. © 2008
Society for Imaging Science and Technology.
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INTRODUCTION

The market demand for high-speed performance of a color
laser beam printer led to development of tandem-type color
printers, which have four organic photoconductive (OPC)
drums to develop four colors (cyan, magenta, yellow, and
black). Although the conventional system with one drum
uses a four cycle process to create a full color image, the
tandem system can produce the image with just one cycle.
Therefore, the tandem system can achieve high speed. How-
ever, it introduces a problem of color registration, which did
not occur in the single drum system.

The achievement of high image quality as well as of
high-speed performance is the key of success of a color
printing system. Image quality is typically rated as the num-
ber one reason for selecting the product.' Color registration,
among several problems that may occur in a color laser
printer, has conceivably the most harmful influence on im-
age quality. It can affect other image quality attributes in-
cluding text and line quality, color uniformity. Therefore, it
is important to achieve accuracy of color registration for
high image quality in all color laser printers.
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Color registration error is generally defined as the dif-
ference of position among the four color lines/dots on the
printed images. It occurs along both the laser scanning di-
rection and paper feeding direction. It also consists of the
fluctuation of the registration error (the ac component) and
the average error (the dc component). It is well known that
the registration error along the laser scanning direction can
be corrected electrically and the correction of the dc com-
ponent of the registration error is mainly performed by the
electrical and optical system of the laser scan unit (LSU).>’
It has been found that the ac component is mainly intro-
duced by the fluctuation of the angular velocity of OPC
drums, although it may involve various causes.* However,
the correction of the ac component as well as the relation
between the color registration error and the velocity fluctua-
tion has never been described from the mechanical point of
view.

In this article, the ac component of the color registra-
tion error in the paper feeding direction is corrected through
the adjustment of the installation phases of gears with
runout. The fluctuation of the angular velocity of OPC
drums is mainly caused by gears with runout in the driving
unit. In order to express the fluctuation mathematically, the
kinematical relation between a pair of gears with runout is
constructed and it is extended into a multiple gear system.
Also, the specific reduction ratio in a multiple gear system is
proposed as a necessary condition for the correction of the
ac color registration error. With the ac color registration
error obtained by integrating the angular velocity of each
drum, the optimization problem is formulated in terms of
the installation phase of the gears with runout. A continuous
evolutionary algorithm (CEA), which was introduced in pre-
vious studies™® is used to find the optimal installation phases
of the gears.

AC COMPONENT OF COLOR REGISTRATION ERROR
The position variation AY, which is defined as the difference
between the regular (or ideal) position and the printed one
on the image, becomes the ac component of the color reg-
istration along the paper feeding direction as shown in Fig-
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Figure 1. ac component of color registration error expressed by the position variation.

ure 1. It is mainly introduced by the fluctuation of the an-
gular velocity of OPC drums. The fluctuation is in turn
related to a multiple gear system including gears with
runout. For cost reasons, the drums are generally driven by
one motor through the gear system. If the four OPC drums
are each driven by gears with runout, each drum will have
different fluctuations in its surface velocity. Owing to the
fluctuations, the images on the OPC drums are not devel-
oped regularly in space even under the constant scanning
interval of laser units. After transferring to paper occurs, the
image affected by the velocity fluctuations is shown in Fig. 1.

The correction of the ac component as well as the rela-
tion between the color registration error and the fluctuation
caused by gears with runout has never been described from
the mechanical point of view. Similarly to the correction of a
dc component,™ it may be performed through the optical
system based on feedback control. However, the system will
require some additional sensors/processors and the product
cost will increase. Owing to the structure driven by one mo-
tor through the gear system, it is not certain whether such
correction is easy to achieve or not.

PROBLEM STATEMENT

Figure 2 is a schematic diagram of the tandem color laser
printer to which the proposed method is applied. The
printer, which transfers the colors one by one onto the paper
directly, is equipped with LSUs, four-color developing units
with four OPC drums, a paper transfer belt with transfer
rollers, and a fuser unit. As four OPC drums are driven by
one motor and the gears in the driving system have runout,
the angular velocity of each drum is fluctuated without any
treatment, such as an additional control system or use of
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Figure 2. Schematic diagram of tandem color laser printer.

precise gears, which does not prove meaningful from the
economic point of view.

The fluctuation which generates the ac component of
the color registration error between exposure to transferring
in electrophotographic printing is shown in Figure 3. As-
suming that the exposure by the LSU is done in time and
there is no slip transferring, the position (Y) of a dot on the
image can be obtained by integrating the linear velocity of a
drum at a transfer point. The difference of the positions
generated by the four colors becomes the color registration
error.

The purpose of this study is to correct the ac compo-
nent of the color registration error in the paper feeding di-
rection through the adjustment of the installation phases of
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Figure 3. Diagram of exposure to fransferring in the EP process.

gears with runout. The ac component is caused by the po-
sition variation of the four colors. The problem of this cor-
rection can be stated as follows

Minimize:

f(ei’ ¢;) = max(A erllow’ A Ymagenta’ A chan) A Yblack)
- mln(A erllow> A Ymagenta> A chan’ A Yblack) ( 1 )

where e is gear’s runout or eccentricity, ¢ is the installation
phase of the gear, and i is the number of gears of interest.
According to Eq. (1), the correction of the ac component
means the synchronization of the position variation of four
colors on the image. The range of the installation phase is
within 27, A continuous evolutionary algorithm is used to
find the optimal installation phases of the gears.

In advance of obtaining the optimal installation phases,
the specific reduction ratio of the gears must be determined
in a multiple gear system. If the angular velocity of each
drum changes with a different period, it is sometimes im-
possible to synchronize the position variation of the four
colors. Therefore, the proper reduction ratio, i.e., the num-
ber of teeth on the gears, is determined before correcting the
color registration error.

CORRECTION OF COLOR REGISTRATION ERROR
The correction of ac component of the color registration
error in the paper feeding direction requires finding the in-
stallation phases of gears with runout that minimize the po-
sition variation generated by four colors OPC drums con-
nected with a multiple gear system. This section presents
technical details of the proposed method: (1) reduction ratio
for synchronization, (2) kinematical relation between a pair
of gears with runout, and (3) continuous evolutionary
algorithm.

Reduction Ratio for Synchronization
Synchronization is an important design consideration in
tandem-type color printers. In order to synchronize the po-
sition variation of four colors on the image, the time when
the paper travels from one color transfer point to the next,
what we call OPC pitch should be an integral number of the
rotational period of each OPC drum. This is a necessary
condition for the synchronization of the position variation.
Figure 4 is a schematic diagram of a multiple gear sys-
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Figure 4. Schematic diagram of multiple gear system.

tem, which is included in the tandem color laser printer. Let
L be the OPC pitch and dg,,, be the diameter of a drum.
Assuming that the paper slip may be neglected, the process
velocity of the paper can generally be expressed as

ddrum wopc

Vpaper = Vopc - 2 (2)

where @, is the angular velocity of a drum and Vi, is the

linear velocity of the drum at a transfer point. To synchro-
nize the position variation of four colors on the images,

At LIV,

e Tk 3)
T 27 wgpR;

must be satisfied, where At is the time in which the paper
travels the OPC pitch, and T is the period of the drum. R; is
the reduction ratio from jth gear in the multiple gear system
to a OPC coupling one and k is an integer. Eq. (3) can be
rewritten as

L 1
—=k 4
derum R] ( )

Generally, the reduction ratio in the gear system is deter-
mined, depending on the design specification. However, if
the number of teeth of the gears each in the multiple gear
system is modified based on Eq. (4) without any change, or
with a small change of the entire reduction ratio, a necessary
condition for the synchronization of the position variation
can be reached.

Kinematical Relation Between a Pair of Gears with
Runout

The color registration error caused by a gear system is the
vibration in a low frequency band. The gear dynamics litera-
ture includes a large number of dynamics models, which are
aimed at predicting dynamic characteristics of gear
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Figure 5. Geometrical configuration of the mesh of a perfect pinion and
a gear with runout.

systems.””” However, there are a few studies on the transmis-
sion deviation caused by gears with runout in a low fre-
quency band.'™"" Further, they regard the runout as an ec-
centricity without considering the actual runout profile. In
this article, the kinematical relation between a pair of gears
with runout, namely, the fluctuation of the angular velocity,
is established based on the position deviation on the line of
action. As it is obtained by assuming that the runout of the
gear is sinusoidal, it is easily updated with the actual runout
profile via the Fourier series. The transmission deviation is
obtained by integrating the fluctuation of the angular veloc-
ity and the color registration error is expressed in terms of
the installation phase of the gears with runout.

To calculate the fluctuation of the angular velocity of
OPC drums in the multiple gear system, a mathematical
expression between a pair of gears with runout is derived. In
Figure 5, there are the driving and driven gears, respectively.
For simplicity, only one has runout and the other is perfect.
Let Oy, O, be the centers of rotation of the gears and ry;, 74,
be their base radii. Assuming that the runout of the driven
gear is sinusoidal as shown in Figure 6, the base radius in-
stantaneously ranges from ry,—e, to r;,,+e,, where e, is the
amplitude of the runout in a rolling chart, i.e., eccentricity.
The change of the base radius of the driven gear causes the
variation of the pitch point whose peak-to-peak amplitude is
2&,. Therefore, the fluctuation of the angular velocity of the
driven gear at constant angular velocity of the driving gear
can be obtained as

rp1 — & sin(w; /R + ¢,)

(5)

w,(t) = - )
Tpy + & sin(w /R + ¢,)
where r,;, 75, are the radii or the pitch circles; R is the
reduction ratio; and ¢, is the installation phase relative to a
datum point where the runout is measured.

The variation of the pitch point expressed in term of the
runout is derived from the observation of the movement of
the line of action as depicted in Figure 7. Let F be the pitch
point when there is no runout in a gear system and E, G be
the intersecting points of the center distance (O,0,) and the
lines of action. The variation of the pitch point is equal to
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Figure 6. Rolling chart and XY plot of runout.

A

Figure 7. Variation of the pitch point by a gear with runout.

the summation of the lines EF and FG. First, the Law of
Sines is applied to the triangle AO,AF in order to obtain EF
within the variation of the pitch point.

rpl _EF rh]

sin(7/2 — ) - sin(m/2 —a— @)

(6)

where « is the angle ZBAC generated by the movement of
the line of action and ¢ is the pressure angle. Although the
line of action through the pitch point E does not pass point
A exactly, the discordance is so small that we can neglect it.
Eq. (6) implies

N 1
EF: Tpl - . 5 (7)
cos ¢+ sin ¢ tan «
where
fpp 1 P = (ryy + 1)’
cosp=—"—, singp=—"—",
) )
€
(8)

tn = s,
I~ - (rhl + T'bz)

Substituting Eq. (8) into Eq. (7), we obtain the line EF as
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lrbl

EF=r, - )

p1 + Ty + €)

The remaining of the variation of the pitch point FG is
determined in the same manner:

JR— lrbl
FG=—ry + ———. (10)

1t Ty — €

Finally, the variation of the pitch point expressed in term of
the runout is

leyry

(11)

82 = —2.
(rpy +130)° = €

According to the previous procedure, the fluctuation of the
angular velocity of the driven gear in a pair of gears with
runout can be obtained by linear superposition of the varia-
tion of the pitch point expressed in term of the runout:

11 + &y sin(w;t + @) — &; sin(w /R + ¢,)

wy(t) =

w.
Tpy — &1 sin(w;t + @) + &; sin(w /R + ¢,) !

(12)

In addition, it is extended into a multiple gear system to
express the fluctuation of the angular velocity of OPC
drums. At that time, a gear drives an adjacent one with
phase lag/lead of the runout simultaneously when it is
driven.

The positions of dots on the image can be obtained by
integrating the linear velocity of an OPC drum, respectively.
The change of an OPC drum in the radial direction is ig-
norable as the diameter of a drum is far greater than the
change of the radius of the coupling gear. In addition, the
angular velocity caused by the actual runout profile can be
obtained by modifying Eq. (5) after the profile is represented
approximately by the Fourier series.

Continuous Evolutionary Algorithms

Evolutionary algorithms (EAs) are probabilistic optimization
algorithms based on the model of natural evolution; such
algorithms have clearly demonstrated their capability to cre-
ate good approximate solutions in complex optimization
problems.

CEAs™ are one set of EAs, which is specifically formu-
lated for the optimization with continuous search space. The
reproductive operations of CEAs are intended to be similar
to those of genetic algorithms (GAs) such that it can take the
advantage of probabilistic features in GAs. The major differ-
ence of CEAs from GAs is that a search point itself, i.e., a
real continuous vector, gives the representation of the indi-
vidual. First, a population of individuals, each represented by
a continuous vector, is initially (generation n=0) generated
at random, i.e.,
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P ={x], ... .x\}, (13)

where x represents the vector of real variables and \ is the
number of parental individuals in the problem.

The definition of the recombination and mutation be-
comes the probabilistic distribution of the phenomenologi-

cal measures accordingly. The recombination operation is
then defined as

X = (1 )+

X' = i+ (1= ), (14)
where x, xj are parental individuals at generation »n and
parameter !, Vie{a,b} may be defined by the normal
distribution with mean 0 and standard deviation o

w! = gauss(0,07). (15)

The mutation can also be achieved simply by
implementing
2" = rand (X, Xay) - (16)
The evaluation of the fitness can be conducted with a
linear scaling, where the fitness of each individual is calcu-
lated as the worst individual of the population subtracted
from its objective function value

O (x}) = max{f(x")|x" € P} — fix"), Vie{l,...,\}.

(17)

Proportional selection, which is the most popular selec-
tion operation in GAs, is also directly used in CEAs. Option-
ally, ranking selection can be implemented in this algorithm.
These reproductive operations form one generation of the
evolutionary process, which corresponds to one iteration in
the algorithm. The iteration is repeated until a given termi-
nal criterion is satisfied.
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Figure 9. Correction of ac color registration error.

RESULTS AND DISCUSSION Coupling gear
Some case studies have been performed to verify the effec- S
tiveness of the proposed methodology. A multiple gear sys-
tem shown in Figure 8 was used for the correction of the ac
component of the color registration error. In this system, the
OPC drum pitch L is 54 mm and the diameter of a drum
dgrum 1 24 mm. Provided that the angular velocity of a mo-
tor pinion is constant, the reduction ratio from first idle gear
to a coupling gear one-by-one is considered to satisfy a nec- Motor
essary condition for the synchronization. According to Eq. Pinion
(4), the k values in the multiple gear system become 1.3, 0.6,

1.3, and 1.3, which are not close to integral. Owing to the

inadequate reduction ratio, the runout of all gears may affect

the ac component of the color registration error badly. In

. . . dat k
this study, we considered that the eight gears (upper: 4, atum mar

lower: 4) marked in Fig. 8 had runout. of runout
Assuming that the runout of the gears is sinusoidal and 2.90:rad
the peak-to-peak amplitud.e is.30 pm, it is expressed from Papier feedling direction
the datum mark as shown in Fig. 8. The correction of the ac
color registration error to be formulated was defined as Eq. Figure 10. Improved multiple gear system.
(1) and the design variables were the installation phases of
eight gears with runout. CEAs for this study are set up: generated in this system cannot be corrected due to the in-
population size is 30; standard deviation is 0.5; mutation adequate reduction ratio.
rate is 0.01. Also, proportional selection method is adopted To tackle the problem of the above-mentioned system, a
for the selection process. The iteration is repeated until the multiple gear system shown in Figure 10 was improved
generation reaches 50. based on Eq. (4) under the physical constraints. The k values
Figure 9 illustrates the result of the correction of the ac in new gear system become 1.01, 1.01, 1.01, 2.01, and 2.01 to
color registration error. Fig. 9(a) and 9(b) show the conver- satisfy a necessary condition for the synchronization.
gence history of the objective function and the ac color reg- Figure 11 illustrates the result of the correction of the ac
istration error in adopting the installation phases in Fig. 9(c) color registration error in the improved multiple gear sys-
to the multiple gear system. The ac color registration error tem. Figs. 11(a) and 11(b) show the convergence history of
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Figure 11. Correction of ac color registration error in improved multiple gear system.
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the objective function and the ac color registration error in
adopting the installation phases in Fig. 11(c). We found out
that the ac color registration error could be completely re-
moved thanks to the reduction ratio of the improved mul-
tiple gear system. Even if the remaining gears had runout
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under the optimal installation phases of eight gears with
runout and were installed randomly, the position variation
of each color was synchronized as shown in Figure 12. In
both cases, their runout is sinusoidal and the peak-to-peak
amplitude is 30 wm.

The proposed methodology was actually applied to the
tandem color laser printer shown in Fig. 2 and the effective-
ness was verified experimentally. As the optimal installation
phases in the above-mentioned case studies are obtained on
the assumption that the runout profile is sinusoidal, an ac-
tual profile of the runout is required to find out the practical
installation phases. The gears used in this system are injec-
tion molded plastic ones and their runout profile is mea-
sured by using a Double Flank Gear Rolling testing instru-
ment (DF-10/MT Type, TechnoMax, Inc.). Figure 13 shows
the runout profiles of three sorts of gears applied to the
improved multiple gear system. They are generally different
from the ideal one as shown in Fig. 6 because they depend
on injection molding conditions and a gate position, etc.
However, if they can be represented approximately by the
Fourier series, the fluctuation of the angular velocity of the
gears can be obtained by substituting the even and odd
Fourier coefficients into Eq. (11).

2.98 rad

2.32 rad

4.36 rad

{c) Optimal layout

Figure 14. Correction of ac color registration error and comparison between the simulation result and the

experimental one.
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Figure 14 illustrates the optimal installation phases for
the correction of the ac color registration error and the com-
parison between the simulation result and the experimental
one. The experimentally obtained result is quite similar to
the simulation one and the period length of their position
variation corresponds to OPC drum pitch (54 mm) owing
to the proposed reduction ratio based on Eq. (3). The dif-
ference of amplitude appears, but it is caused by the remain-
ing gears with runout as shown in Fig. 12.

CONCLUSION

The ac component of the color registration error in the pa-
per feeding direction was corrected through the adjustment
of the installation phases of gears with runout. The fluctua-
tion of the angular velocity of OPC drums was considered as
a key factor for the ac color registration error and it was
mainly caused by gears with runout in the driving system. In
order to express the fluctuation mathematically, the kine-
matical relation between a pair of gears with runout was
constructed and it was extended into a multiple gear system.
Also, the specific reduction ratio in the multiple gear system
was proposed as a necessary condition for the correction of
the ac color registration error. With the ac color registration
error obtained by integrating the angular velocity of each
drum, the optimization problem was formulated in terms of
the installation phase of the gears with runout. CEAs were
used to find the optimal installation phases.
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Both simulation results and an experimental one were
presented to demonstrate the feasibility and effectiveness of
the proposed methodology. From the case studies, it was
found that the multiple gear system should be developed
based on the reduction ratio requirements for the correction
of the ac color registration error. The comparison between
two results showed that our approach synchronized the po-
sition variation of four colors due to the fluctuation of the
angular velocity of OPC drums very well.
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