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ABSTRACT

In this paper, a new method is proposed for correcting the
AC component of the color registration error in the paper feeding
direction in a tandem-type color laser printer. The main factor of
the AC color registration error which is the vibration in low
frequency band is the fluctuation of the angular velocity of organic
photoconductive (OPC) drums caused by gears with runout in
multiple gear systems. In order to express the fluctuation of the
angular velocity of OPC drums, 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 the
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 minimization problem is formulated in term of the
installation phase of the gears with runout. A continuous
evolutionary algorithm is used to find the optimal installation
phases. A comparison between simulation results and
experimental ones demonstrates the feasibility and effectiveness of
the proposed method.

Introduction

The market demand for high-speed performance of a color
laser beam printer created a tandem-type color printers which have
four organic photoconductive (OPC) drums to develop four colors
(Cyan, Magenta, Yellow, and Black). While the conventional
system with one drum uses four cycle process to create a full color
image, the tandem can produce the image just with one cycle
process. In spite of its efficiency and high speed, it produces a
problem of color registration which did not occur in the one drum
system. Color registration error is generally defined as the
difference of the position among four color lines/dots on the
printed images. It occurs along the laser scanning direction and
paper feeding direction. It also consists of the fluctuation of the
registration error (the AC component) and the average error (the
DC component).

Fig. 1 shows various examples of the DC component of the
color registration error. It is well known that the registration error
along the laser scanning direction can be corrected electrically and
the correction of the DC component of the registration error is
mainly performed by the electrical and optical system of the laser
scan unit (LSU). [1, 2, 3]

The position variation which is defined as the difference
between regular (or ideal) position and printed one on the image
becomes the AC component of the color registration along the
paper feeding direction as shown in Fig. 2. It is mainly induced by
the fluctuation of the angular velocity of OPC drums. [4]
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Figure 1. Examples of DC component of color registration error

The fluctuation is quite related to a multiple gear system
including gears with runout. For a cost merit, the drums are
generally driven by one motor through the gear system. If the four
OPC drums each are 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 developed
regularly in space even under the constant scanning interval of
laser units. After transferring to paper occurs, the image brought
by the velocity fluctuations is shown in Fig. 2.
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Figure 2. AC component of color registration error expressed by the position
variation.

The correction of the AC component as well as the relation
between the color registration error and the fluctuation caused by
gears with runout has never been reported in the mechanical point
of view. Similar to the correction of a DC component, it may be
performed through the optical system based on feedback control.

In this paper, the AC component of the color registration
error in the paper feeding direction is corrected through the
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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, the kinematical relation between a pair of gears with
runout is constructed and it is extended into a multiple gear
system. With the AC color registration error obtained by
integrating the angular velocity of each drum, the minimization
problem is formulated in term of the installation phase of the gears
with runout. A continuous evolutionary algorithm (CEA)[S, 6]
which is studied in the previous study is used to find the optimal
installation phases of the gears. However, the system will require
some additional sensors/processors and the product cost will
increase. Owing to the structure driven by one motor through the
gear system, it is not sure whether the correction is easy to achieve
or not.

Problem statement

Since 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 precise gears which does not prove
meaningfully from the economic point of view. The fluctuation
generates the AC component of the color registration error
between exposures to transferring in electro photographic (EP)
printing. Assuming that the exposure by the LSU is done in time
and there is no slip transferring, the position 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 four
colors becomes the color registration error.

The purpose of this study is to correct the AC component of
the color registration error in the paper feeding direction through
the adjustment of the installation phases of gears with runout. The
AC component is caused by the position variation of four colors.
The problem of this correction can be stated as:

Minimize:

fle,0)=mx(AY ,AY LAY ,AY )-mnAY ,AY ,AY ,AY ) (1)
@ R PR S

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 2m. 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 the different period, it is sometimes impossible to
synchronize the position variation of four colors. Therefore, the
proper reduction ratio, that is, the number of teeth of 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 is to find the installation
phases of gears with runout that minimize the position variation
generated by four colors OPC drums connected with a multiple
gear system. This section presents technical details of the proposed
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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

The synchronization is an important design consideration in
tandem-type color printers. In order to synchronize the position
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.

In the tandem color laser printer. Let L be the OPC pitch
and d,,, 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 x wopc Q)

v =V =
paper opc 2
Where @, is the angular velocity of a drum and V. is the
linear velocity of the drum at a transfer point. To synchronize the
position variation of four colors on the images,

L
YA S 3)

T 2=m
T o, R

ope R j
must be satisfied. Where At is the time the paper travels the
OPC pitch inand 7 is the period of a drum. R, is the reduction
ratio from ; -th gear in the multiple gear system to a OPC
coupling one and & is an integer. Eq. (3) can be rewritten as.
L . L ~ 4
R =k “4)

drum T

I

Generally, the reduction ratio in the gear system is
determined, 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 low frequency band. The gear dynamics literature
includes a large number of dynamics models which are aimed at
predicting dynamic characteristics of gear systems. [7, 8, 9, 10]
However, there are a few studies on the transmission deviation
caused by gears with runout in low frequency band. [11, 12]
Besides they regard the runout as an eccentricity without
considering the actual runout profile. In this paper, 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. Since 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 velocity and the color registration error is expressed in
term 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 Fig. 3, there are
the driving and driven gears, respectively. For simplicity, only one
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has runout and the other is perfect. Let O,, O, be the centers of
rotation of the gears and 7, ,7,, be their base radii.
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= =~ base circles
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Driving Gear

Figure 3. Geometrical configuration of the mesh of a perfect pinion and a
gear with runout.

Assuming that the runout of the driven gear is sinusoidal as
shown in Fig. 4, the base radius instantaneously ranges from
rn,—e, to 1,+e,, where e, is the amplitude of the runout in
rolling chart, what we call eccentricity.

The change of the base radius of the driven gear causes the
variation of the pitch point whose the peak-to-peak amplitude is
2¢&, . Therefore, the fluctuation of the angular velocity of the
driven gear under the constant angular velocity of the driving gear
can be obtained as:

rp1—52~sin(wl~%{+(p2) ° )
1, +g, sin(o, - %{ +,)

Wherer,,,r,, are the radii or the pitch circles and R is the
reduction radio. ¢, 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 Fig. 5.
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Figure 4. Rolling chart and X-Y plot of runout.

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 ( 0,0, ) and the lines of action. The variation of the pitch
point is equal to the summation of the lines EF and FG .

First, the Law of Sines is applied to the triangle AOAF in
order to obtain EF within the variation of the pitch point.
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Figure 5. Variation of the pitch point by a gear with runout.

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 the point
A exactly, the discordance is too small to neglect. Eq. (6) implies

— 1,
EF=r, ———% 7
"' cosd+sindtana @

where
cos¢:rb‘+r"2,
|
JE+ (2417
Sln(b: (bll b2 ) , (8)
e
tano = 2

V- +1.)
Substituting Eq. (8) into Eq. (7), the line EF becomes

I,

EF-r,- ©)

L+, + ¢
The remaining of the variation of the pitch point FG is
determined in the same manner.

l-r,

FG=-1, + (10)

Ty + 1, =€,

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

e an
(1, +1,,)" —¢,

According to the above 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 variation of the
pitch point expressed in term of the runout.

t, +¢ -sin(o, - t+¢,)— &, -sin(®, - /R +¢,)

o, (t)= co, (12
(1) r,—g sin(, - t+@)+e, sin(o  t/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 ignorable since
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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
algorithm based on the model of natural evolution and the
algorithm has clearly demonstrated its capability to create good
approximate solutions in complex optimization problems.
Continuous evolutionary algorithms (CEAs) [5, 6, 13] are one set
of EAs, which is specifically formulated 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 difference of CEAs from GAs is that a search point itself,
i.e. a real continuous vector, gives the representation of the
individual. First, a population of individuals, each represented by a
continuous vector, is initially (generation n=0) generated at
random, i.e.

P" :{Xl“,l..,XA"} (13)

A

Where x represents the vector of real variables and A4 is
the number of parental individuals in the problem.
The definition of the recombination and mutation becomes the
probabilistic distribution of the phenomenological measures
accordingly. The recombination operation is then defined as

Xy = (1= p)x] +ppx;
n+l n_n n n (14)

Xy =M X, (= py)X,
where x!,x; , are parental individuals at generation n and
parameter u' Vi e{a,b} may be defined by the normal

distribution with mean 0 and standard deviation o

W = gauss(0,0°) (15)
The mutation can also be achieved simply by implementing

n

X . = rand(xmin’xmax) (16)

The evaluation of the fitness can be conducted with a linear
scaling, where the fitness of each individual is calculated as the
worst individual of the population subtracted from its objective
function value

D(x]) = max{f(x") [x" e P")} —f(x"), Vie {1,...,7»} 17)

Proportional selection which is the most popular selection
operation in GAs [14, 15] also is directly used in CEAs.
Optionally, 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 terminal criterion
is satisfied.

Results and discussion

Some case studies have been performed to verify the
effectiveness of the proposed methodology. A multiple gear
system shown in Fig. 6 was used for the correction of the AC
component of the color registration error. In this system, the OPC
drum pitch is 54mm and the diameter of a drum is 24mm.
Provided that the angular velocity of a motor pinion is constant,
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the reduction ratio from first idle gear to a coupling gear one by
one is considered to satisfy a necessary condition for the
synchronization. According to Eq. (4), the k values in the multiple
gear system become 1.3, 0.6, 1.3, and 1.3 which are not close to an
integer.

Coupling gear

Motor
Pinion

datum mark
of runout

Paper feeding direction

Figure 6. Multiple gear system driving OPC drums.

Owing to the inadequate reduction ratio, the runout of all
gears may affect the AC component of the color registration error
badly. In this study, we considered that 8 gears marked in Fig. 6
had runout.

Assuming that the runout of the gears is sinusoidal and the
peak-to-peak amplitude is 30, it is expressed from the datum mark
as shown in Fig. 7. The correction of the AC color registration
error to be formulated was defined as Eq. (1) and the design
variables were the installation phases of 8 gears with runout.
CEAs for this study are set up: population size is 30; standard
deviation is 0.5; mutation rate is 0.01. Also, proportional selection
method is adopted for the selection process. The iteration is
repeated until the generation reaches 50.
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Figure 7. Correction of AC color registration error.
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Fig. 7 illustrates the result of the correction of the AC color
registration error. Fig. 7 (a) and (b) show the convergence history
of the objective function and the AC color registration error in
adopting the installation phases in Fig. 7 (c) to the multiple gear
system. The AC color registration error generated in this system
cannot be corrected due to the inadequate reduction ratio.

Coupling gear

Reduction gear

Idle gear

datum mark
of runout
2.16 rad

Paper feeding direction

Figure 8. Improved multiple gear system.

To tackle the problem of the above system, a multiple gear
system shown in Fig. 8 was improved based on Eq. (4) under the
physical constraints. The k values in new gear system become
1.01, 1.01, 1.01, 2.01, and 2.01 to satisfy a necessary condition for
the synchronization.
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Figure 9. Correction of AC color registration error in improved multiple gear
system.

Fig. 9 illustrates the result of the correction of the AC color
registration error in the improved multiple gear system. Fig. 9 (a)
and (b) show the convergence history of the objective function and
the AC color registration error in adopting the installation phases
in Fig. 9 (c). We found out that the AC color registration error
could be completely removed thanks to the reduction ratio of the
improved multiple gear system. Even if the remaining gears had
runout under the optimal installation phases of 8 gears with runout
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and were installed randomly, the position variation of each color
was synchronized as shown in Fig. 10. In both cases, their runout
is sinusoidal and the peak-to-peak amplitude is 30.
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(b) AC color Fégisiraiish error: case 2
Figure 10. AC color registration error in having the remaining gears with
runout installed randomly.

The proposed methodology was actually applied to the
tandem color laser and the effectiveness was verified
experimentally. Since the optimal installation phases in the above
cases study are obtained on the assumption that the runout profile
is sinusoidal, an actual profile of the runout is required to find out
the practical installation phases. Actually runout profiles of gears
are generally different from the ideal one because of their 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). Fig. 11 illustrates the optimal
installation phases for the correction of the AC color registration
error and the comparison between the simulation result and the
experimental one.
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(a) Simulation result

Colo Rrgsteson

4.36 rad

{c) Optimal layout

.

{b) Exper al result

Figure 11. Correction of AC color registration error and comparison between
the simulation result and the experimental one.
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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 difference of their amplitude
appears but it is caused by the remaining gears with runout as
shown in Fig. 11. Fig. 12 shows AC color registration error on a

page.
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Figure 12. AC color registration error on a page.

Conclusion

The AC component of the color registration error in the paper
feeding direction was corrected through the adjustment of the
installation phases of gears with runout. The fluctuation 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 it, the
kinematical 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
minimization problem was formulated in term of the installation
phase of the gears with runout. A continuous evolutionary
algorithm (CEA) was used to find the optimal installation phases.

Both simulation results and experimental ones were presented
to demonstrate the feasibility and effectiveness of the proposed
methodology. From the case studies, it was found out that the
multiple gear system should be developed based on the reduction
ratio for the correction of the AC color registration error. The
comparison between two results showed that our approach
synchronized very well the position variation of four colors due to
the fluctuation of the angular velocity of OPC drums.
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