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Abstract

Inkjet printer motor control consists of moving the printhead
in the scan direction and in the process direction. Both movements
have different objectives. Scan direction movement needs to have
constant velocity and process direction movement needs to have
accurate movement. In this paper, we discuss a method for con-
trolling the velocity of the printhead and how to tune the motor
control parameters. We also design six test pages for testing ac-
curacy of the printhead movement and cartridge properties. For
each test page, we discuss expected prints, common printer con-
trol problems that could alter the print quality, and how to identify
them.

Introduction

Inkjet printer motor control consists of moving the printhead
in the scan direction and in the process direction. In the scan di-
rection, the printhead goes over the media and drops ink droplets
depending on the image and the print mask. In the process di-
rection, the printhead advances to be able to print the rest of the
image. The illustration of scan and process directions are shown
in Fig. 1. Typical motor control consists of three steps that are
repeated until the full image is printed: horizontal movement left
to right in the scan direction, horizontal movement right to left
in the direction opposite to the scan direction, and movement in
the process direction to print the rest of the image. After that, the
printhead retraces to a default position. The flowchart is shown in
Fig. 2.

Scan direction
_

Process direction

Figure 1. lllustration of scan and process directions.

Inkjet printers can print images in different modes depending
on the quality and speed desired. If speed is more important than
quality, then a 1-pass print mode is used. In 1-pass mode, any
row of the image is printed in one horizontal motion. Whereas
in 4-pass mode, any row of the image can be printed with 4 dif-
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Figure 2. Printer mechanism control flowchart

ferent nozzles of the same colorant during 4 different horizontal
motions. This usually results in higher quality of the prints. An
example of 1-pass and 4-pass prints is shown in Fig. 3. All the im-
ages in this paper were printed at 600 dpi and captured by either
an Eston 10000XL scanner** or a QEA PIAS-II digital micro-
scope!.

a) b)
Figure 3.  Comparison of 1-pass and 4-pass print modes. Images are

printed in a) 1-pass print mode and b) 4-pass print mode. The images were
printed at 600 dpi and scanned at 1200 dpi with an Epson 10000 XL scanner.
The width of the original rose image at 600 dpi was about 1 in.

Kamasak et al. proposed a content-dependent print mode
that switched between a 1-pass print mode and a 4-pass print
mode depending on the page content [1]. Deshpande et al. de-

**Epson America, Inc., Long Beach, CA.
T Quality Engineering Associates Inc., Billerica, MA
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scribed the motion control architecture to implement the dynamic
print mode [2, 3]. In our printer, the 4-pass print mode has much
better print quality compared to the 1-pass mode. In addition, the
print zone of our printer is very small, less than 1 x 1in2, and
we expect most of the prints to be continuous-tone pictures and
graphics rather than text. Therefore, we decided to use a 4-pass
print mode.

The printhead movement in the process direction is simpler
than the movement in the scan direction. The most important re-
quirement for the movement in the process direction is distance
precision. That is, it is important that the printhead move the
same distance from swath to swath. Therefore, a stepper motor
is utilized for the process direction movement of the printhead.

The printhead movement in the scan direction needs to have
a constant velocity when the printhead is in the printing zone (over
the media). If the velocity is not constant, then the distance be-
tween the ink droplets will not be constant due to acceleration and
deceleration of the printhead. This usually results in banding ar-
tifacts. An example of a print with a banding artifact is shown in

Vo

Figure 4. Example of banding artifacts due to non-constant velocity. The
arrows point to the locations of the dark bands. The motor control was cho-
sen to result in a small velocity oscillation. The image was printed at 600 dpi
and captured at 1021 dpi using a QEA PIAS-II digital microscope.

Measuring velocity

Velocity is measured using an optical encoder. The optical
encoder has a resolution of 600 dpi and has 2 digital outputs. De-
pending on the position of the printhead the outputs can be either
{0,0}, {0,1}, {1,0}, or {1,1}, where 1 is high voltage output and
0 is low voltage output. The optical encoder is located on the top
of the printhead. Using the optical encoder, the microcontroller
can decode the movement direction and keep track of the position
of the printhead. The decode logic is summarized in the Fig. 5.
Depending on the current state and the previous state, the direc-
tion of the motor movement can be decoded as being +1 (in the
scan direction) or -1 (opposite to the scan direction). The state
transition is shown with arrows. Note that due to the design of the
optical encoder, both channels cannot switch their output states at
the same time.

Figure 5. Direction decoder for 2 channel optical encoder. Each channel
has a binary output: 0 or 1. Depending on the current state and the previous
state, the direction of the motor movement can be decoded as being +1 (in
the scan direction) or -1 (opposite to the scan direction). The state transition
is shown with arrows.

DC motor control

For the cartridge movement in the scan direction we use a
DC motor. The DC motor is controlled by a motor driver TI
DRV8801. The main characteristic for good motor control in the
scan direction is the speed consistency. Speed consistency en-
sures that ink droplets will be evenly spaced. Otherwise, the prints
may have banding artifacts. We implemented a PID controller for
speed control.

PID controller

The input to a DC motor is controlled by PWM (pulse width
modulation) output from a microcontroller. Parameters of PWM
are frequency and the duty cycle. Varying the duty cycle results in
varying voltage inputs to the DC motor. We chose a frequency of
26.6 kHz. This frequency is beyond the range of audible frequen-
cies for humans, and is just below the input limit for the motor
driver.

The output duty cycle is computed using a PID controller
[4]. PID stands for proportional-integral-derivative. First, the er-
ror term is computed between the reference velocity and the mea-
sured velocity. Then, the integral and derivative terms are com-
puted. The integral term is the summation of all error terms. The
derivative term is the difference between the current error and the
previous error. Finally, the duty cycle is computed using the three
computed terms and the three coefficients (K, K;, K;) that need
to be tuned. The equations are shown in Egs. 1 - 4.

e[n) = Vye ference[n] = Vimeasured 1), (1)
in] = ifn— 1] + e[n], @)
d[n] = e[n] —e[n—1], 3)
out[n] = Kpeln] + Kiiln] + Kydn), @)

where e[n] is the error term, i[n] is the integral term, d[n] is the
derivative term, and out|[n] is the output duty cycle. The tuning of
the PID coefficients is described in the next subsection.

Tuning the PID coefficients

Tuning the PID coefficients is done in three steps. First, we
set K; = K; =0, so that the derivative and integral terms do not
contribute anything to the output duty cycle. This way, the K}, co-
efficient can be optimized. Fig. 6 shows the effect of varying the
K, coefficient. Higher K}, coefficients lead to velocities that are
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close to the reference velocity. Lower K}, coefficients lead to ve-
locities with less oscillation and less overshoot. K, = 0.1 has the
velocity profile with the least standard deviation. We chose this
value, since the standard deviation was judged to be acceptably
low; and there was no overshoot after the initial acceleration zone
at around 0.01 ms.

speed (infs)

reference velocity
measured velocity wth Kp=0.1 (stdch=0.413)
measured velocity wth Kp=0.12 (stddv=0.428)
measured velocity wth Kp=0.15 (stddv=0.418)
measured velocity wth Kp=0.2 (stddv=D.493)
measured velocity wth Kp=0.4 (stddv=1.307)
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Figure 6. Comparison of speed consistency using only the error term with
varying K,, coefficients (K; = K; =0). The reference velocity is 20 in/s. Higher
K, coefficients lead to velocities that are close to the reference velocity and
higher overshoot at 0.01 ms. Lower K, coefficients lead to velocities with
less oscillation.

Next, using the K, coefficient obtained earlier, we find the
optimal K; coefficient. Fig. 7 shows the effect of varying the K;
coefficient. K, = 0.1 and K; = 0.01 produce the velocity profile
with the least MSE. Here, we use a different metric to compare
the performance of the chosen coefficients. MSE (mean squared
error) can be used in this case because the desired velocity can
be achieved with the integral coefficient as opposed to the tuning
of the K}, coefficient. When tuning the K}, coefficient, we only
look at the velocity variation because the desired velocity cannot
be achieved with K; = 0.

T
——reference velocity
—— measured velocity wth Kp=0.1, Ki=0 (MSE=179)
measured velocity wth Kp= 0.01 (MSE=0.35)
measured velocity wth Kp= 0.001 (MSE=52)
—— measured velocity with Kp=" =0.01 (MSE=054)
measured velocity wth Kp=0.05, Ki=0.005 (MSE=043)
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Figure 7. Comparison of speed consistency using the error and the integral
terms with varying K, and K; coefficients (K; = 0). The reference velocity is
20 in/s. K, =0.1 and K; = 0.01 produce the velocity with the least oscillation
(measured in terms of MSE in the interval 0.04 s — 0.1 s).

Lastly, we tune the K; coefficient. Fig. 8 shows the effect of
varying the K, coefficient with K, = 0.1 and K; = 0.01. Adding
the derivative term higher than 0.001 increases the MSE. There-
fore, K; was chosen to be 0.001. As a final check, this experiment
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was repeated with varying K, K;, and K coefficients. As aresult,
the set of tuned coefficients are summarized in Eqgs. 5-7.
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Figure 8. Comparison of speed consistency using all 3 terms with varying
K, coefficient. The reference velocity is 20 in/s. K, = 0.001 produces the
velocity with the least oscillation (measured in terms of MSE in the interval
0.04s—0.15s).

K,=0.1 (%)
K; =0.01 (6)
K; =0.001 @)

After adjusting the parameters, we reprinted the image with
banding artifacts that was shown in the introduction section. The
resulting images are shown in Fig. 9.

Optimization for PID controller on a microcon-
troller

The PID controller can be optimized to have better perfor-
mance on the microcontroller. We added two improvements.
First, we initialize the integral term to a large number. This is
done so that the motor starts moving earlier. With duty cycle out-
puts lower than 60%, the motor doesn’t move at all due to the load
mass. Therefore, we initialized the integral term at the beginning
of PID controller to have the following value.

_ %

0] =

®)

Another optimization we added was to change the multipli-
cation by the PID coefficients to integer division. To implement
this, we found the inverse of the coefficients obtained earlier and
performed integer division on the microcontroller. The velocity
performance of the PID controller with integer division was iden-
tical to the PID controller with floating point division, but the time
spent in the interrupt routine was cut from 200 s to 45 us. This
is significant because at the velocity of 20 in/s with the optical en-
coder resolution of 600 dpi, the interrupt period from the optical
encoder is around 83 ws. With integer division, the duty cycle can
be updated once per every optical encoder interrupt. With float-
ing point division, the duty cycle can be updated only once per 3
optical encoder interrupts.

Test images

In order to verify that the printer mechanism is working
properly, we designed several different test images. Before print-
ing these test images, we needed to verify that the nozzles were
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functional and weren’t clogged. Therefore, we designed a test
image for easily testing every nozzle. This test image is shown in
Fig. 10. The image consists of vertical and horizontal line seg-
ments. Each horizontal line segment is supposed to be printed
with one nozzle. This is done so that the user can clearly iden-
tify the malfunction of nozzles by verifying the presence of all
horizontal line segments. Therefore, it is preferred to use one-
pass mode. The nozzle test can also be performed with multi-pass
mode, but a special print mask needs to be designed. Vertical
lines are used for separating horizontal lines which correspond
to different nozzles. If some of the horizontal line segments are
missing, then the nozzle cleaning needs to be performed.

There are 4 rows of 16 horizontal line segments for each col-
orant. Each horizontal line segment is 2 pixels higher than the
horizontal line segment to the left and 2 pixels lower than the hor-
izontal line segment to the right. The nozzles for each colorant are
arranged in two staggered columns. The odd-numbered nozzles
are in the left column; and the even-numbered nozzles are in the
right column. With this arrangement in mind, the layout of the
test page can be interpreted as follows: the top 2 rows correspond
to odd nozzles; and the bottom 2 rows correspond to even nozzles.
The nozzles corresponding to the leftmost horizontal line segment

v

@)

b)
Figure 9. Example illustrating the effect of the velocity profile on print quality

(Test Page 1). The image consists of single pixel wide lines of magenta color
that are 10 pixels apart. The image was printed in bi-directional mode. Note
that the image in a) has vertical banding artifacts (The arrows point to the
locations of the dark bands.), which are not present in the image in b). a)
image printed with parameters that yield oscillating velocity profile. b) image
printed with tuned parameters. The images were printed at 600 dpi and
captured at 1021 dpi using a QEA PIAS-II digital microscope.

3494

in each row of cyan horizontal line segments are 33, 1, 34, 2. In

a)

b)

Figure 10. Nozzle test ir('r:7age and examples of prints (Test Page 2): a) test
image to be printed; b) example of print with clogged nozzles; c) example of
print with all clean nozzles. There are a total of 192 horizontal line segments
which correspond to 192 nozzles in the cartridge. Each horizontal line seg-
ment will be printed with one of the 192 nozzles. If a line segment is missing,
then the corresponding nozzle is clogged. The images were printed at 600
dpi and scanned at 1200 dpi with an Epson 10000 XL scanner.
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Fig. 10 b) cyan nozzles 7, 33, 59, 26, 52 are clogged.

We also designed an image for testing the process direction
movement. The image consists of black horizontal lines. The
spacing between the lines is chosen to be the number of pixels in
a swath, so that each line is printed with the same combination of
cyan, magenta, and yellow nozzles. If all three color lines fall on
top of each other, the step size of the AC motor and the spacing
between different colorant nozzles is chosen properly. Fig. 11
shows a test image and two different sample prints. The images
were printed in 2-pass print mode. The print with incorrect step
size has a lot of single-color horizontal lines. In the print with the
correct step size, single-color horizontal lines are placed on top of
each other to create a composite black line as expected.

b)

Figure 11. Process diregtzon movement test 1 (Test Page 3): a) test image;
b) sample print with the incorrect (smaller) step size c) sample print with the
correct step size. The images were printed in a 2-pass print mode. The
images were printed at 600 dpi and captured at 1021 dpi using a QEA PIAS-
Il digital microscope.

In order to further test the consistency of the process direc-
tion movement, we designed another test page shown in Fig. 12.
This test image consists of single-color horizontal lines. The spac-
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ing between lines is 12 pixels, which is the swath height when
printing in 4-pass mode. The print mask for this image consists
of all 1’s, which implies that all the lines in this image will be
printed in the 1st pass and with the same nozzle. After printing
the test page, the print is scanned at 1200 dpi resolution. Then,
we extract line positions using Otsu’s method [5] and connected
components [6]. The full flowchart is shown in Fig. 13.

a)

b)

Figure 12. Process direction movement test 2 (Test Page 4): a) test image;
b) sample print result. The spacing between the lines is equal to swath height
and the print mask should consist of only 1's. All the lines in the image will
be printed with one nozzle making it easy to analyze the movement. The
image was printed at 600 dpi and scanned at 1200 dpi with an Epson 10000
XL scanner.

After extracting the line positions, we compute the line-to-
line distances and plot them as shown in Fig. 14. There are 2
swath movements have an error of more than the spacing between
two adjacent nozzles (1/600 in). All other swath movements have
error less than or equal to 1/600 in. This error was judged to be
acceptable.

Another important parameter is the distance between
columns of even and odd nozzles. In order to verify that this
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parameter is correctly implemented, we designed the test page
shown in Fig. 15. Each row consists of 5 columns of even nozzles
followed by 5 columns of odd nozzles and alternating afterwards.
The difference between each row is that the columns of odd noz-
zles are shifted by 1 or 2 pixels to the left or to the right. In the
first row, the odd nozzles are shifted to the left by 2 pixels. In the
second row, the odd nozzles are shifted to the left by 1 pixel. In
the third row, the odd nozzles are not shifted. Therefore, this row
looks the smoothest in the test image. In the fourth row, the odd
nozzles are shifted to the right by 1 pixel. In the fifth row, the
odd nozzles are shifted to the right by 2 pixels. If the alignment
is correct, then the 3rd row of the print should be the smoothest.
Fig. 15 shows a sample test result. In this example, the second
row is the smoothest. But it is only slightly smoother than the
third row. So we concluded that the alignment between even and
odd columns of nozzles was acceptable.

The last test image checks the alignment between different
colorants. The test image is shown in Fig. 16. The test image
has 5 rows. Each row is made up of the same magenta, yellow,
and cyan dots superimposed on top of each other. The difference
between the rows is that the yellow and cyan dots are shifted up

| Convert image to grayscale |

[ Obtain threshold using Otsu's method |

| Generate binary mask of lines |

| Use connected components to find separate lines |

| For each line segment, find the mean row value |

| Combine segments with similar mean row values |

| Recompute the mean row values |

Output line positions

Figure 13. Line position extraction flowchart.
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Figure 14. The distance measured between consecutive horizontal lines
shown in Fig.12 b). The process direction distance between adjacent nozzles
is 1/600 in.
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and down relative to the magenta dots by either 2 or 4 pixels. In
the middle row, all magenta, yellow, and cyan dots are on top of
each other resulting in composite black dots. In the 2nd row from
the top, the yellow dots are shifted 2 pixels up and cyan dots are
shifted 2 pixels down relative to the magenta dots. As a result
of this shifting, the top dots are yellow, followed by red (yel-

a)

Figure 15. Test of alignment between columns of even and odd nozzles
(Test Page 5): a) test image; b) sample printed and scanned image. If the
alignment is correct, the middle row (3rd) should be the smoothest. In this
example, the second row is the smoothest. But it is only slightly smoother
than the third row. So we concluded that the alignment between even and
odd columns of nozzles was acceptable. The image was printed at 600 dpi
and captured at 1021 dpi using a QEA PIAS-I digital microscope.
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low+magenta), followed by black (yellow+magenta+cyan), fol-
lowed by blue (magenta+cyan), followed by cyan dots on the bot-
tom. The three other rows are designed similarly. If the 3rd row
of the print doesn’t have any outlines on top and bottom, then the
alignment is good. Fig. 16 shows the results for a sample printed
and scanned image. In this sample, all of the rows, except the 3rd
row, clearly show clear non-black dots on the outline. Therefore,
we can conclude that the printer has a good alignment between
colorants.

Conclusion

In this paper, we introduced the main parts of the motor con-
trol for inkjet printers. The most important requirements for the
motor control were discussed, such as constant velocity for scan
direction and the precise distance for process direction. The full
procedure was implemented on an inkjet printer. The constant
velocity in the process direction was achieved by using a PID
controller. The method of tuning the parameters for the PID con-
troller was discussed and supported with examples. To verify that
the controller works well for printing, an image was printed with
the tuned parameters. The resulting image has a good print qual-
ity and doesn’t have banding artifacts which are usually caused
by various motor control issues. We also designed five additional
test images for testing different aspects of the printer mechanism
and cartridge. Some images were designed so that the results can
be interpreted visually. One test requires doing image processing
of the scanned print. We described the sample prints and common
issues.
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