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@ Nozzle drive control system and method for ink jet printing.

&) A drive control system is disolosed which auto-
matically maintains nozzle drive voltage within a
proper range. The conirol system monitors the state
of the "intermediate satellites” positioned between
ink drops used for printing. When these satellites are
neither forward nor backward merging, a first car-
dinal point designated C(L) is identified. A second
cardinal point, C(H), is determined when the drop
breakoff point stops decreasing, relative to said noz-
zle, with increasing nozzle drive voltage. From the
two cardinal values, a desired operating range for a
particular ink can be computed and the control sys-
tem automaticatly set. The computed value is essen-
tially independent of temperature.
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NOZZLE DRIVE CONTROL SYSTEM AND METHOD FOR INK JET PRINTING

This invention relates to ink jet printing sys-
tems and similar drop marking systems in which a
supply of electrically conductive ink is provided to
a nozzle. The ink is forced through a nozzle orifice
while at the same time an exciting voltage is ap-
plied to the nozzle to cause the stream of ink to
break into droplets which can be charged and
deflected onto a substrate to be marked. Such ink
jet technology is well known and, for example, see
U.S. Patent Nos. 4,727,379 and 4,555,712.

To ensure proper operating conditions for con-
sistent printing quality, the exciting energy or volt-
age applied to the nozzle must be properly set
during operation of the system. Presently, most ink
jet printers require manual setting of the energy
applied to the ink stream as it exits the nozzle. The
appropriate value is either empirically determined
by comparing what is seen to an existing diagram
or by determining the drop separation point and
comparing it with machine specifications. In either
case, the resulting print quality varies.

Efforts to provide automatic control of the mod-
ulation voltage have concentrated on detecting sep-
aration point position, relative to a fixed location,
such as the charge tunnel. See, for example, pub-
lished European patent specification EPA 0287373.
Another approach is disclosed in U.S. Patent No.
4,638,325 which utilizes a small charging electrode
and a downstream elecirometer by which the drop
separation point can be determined by observing
the current at the elecirometer as the separation
point approaches the small electrode. In the '325
patent, the maximum current is produced when
drop separation is closest to the small charging
electrode.

The above method does not take into account
the basic reason for maintaining consistent drop
charging conditions. The drop separation point var-
ies greatly with the surface tension and viscosity of
the ink, therefore, simply holding the separation
point constant still resulis in different satellite con-
ditions and variable print quality. In short, maintain-
ing the drop separation point constant is not a
satisfactory solution to the problem.

What is desired is a system which can deter-
mine a range of proper printing nozzle drive vol-
tages and then compute a satisfactory intermediate
value within said range. Such a system should be
temperature independent over a wide range of op-
erating temperatures to result in a significantly bet-
ter control system.

It is accordingly an object of the present inven-
tion to provide such a nozzle drive conirol system
which improves upon known techniques.

It is a further object of the invention to provide
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a nozzle control system which can accurately mon-
itor the condition of the satellite drops and the drop
breakoff point and compute therefrom a satisfac-
tory range of nozzie drive voltages for operating an
ink jet printer.

A further advantage of this invention is that it
allows automation of the nozzle voltage for best
quality printing using a continuous ink jet printer
regardless of ink type and temperature. This inven-
tion avoids problems with recombining satellites
that occur when holding the drop separation point
constant while ink type and temperature vary.
These cause unwanted charge variations because
a satellite which carries part of the charge of its
parent charged drop will fransfer that charge to the
drop following when merging occurs. These and
other objects of the invention will be apparent from
the remaining portion of this specification.

Figure 1 illustrates the principles of ink jet
drop formation useful in understanding the present
invention.

Figure 2 is a software flow diagram illustrat-
ing the manner in which the processor of the
present invention operates.

Figure 3 is a circuit diagram illustrating the
control circuit according to the present invention.

Figure 4 is a graph useful in explaining the
operation of the present invention.

Figure 5 illustrates the manner in which in-
termediate satellites may be detected.

Figure 6 is a timing diagram useful in ex-
plaining the test pattern used for detecting the
upper cardinal point.

Referring to Figure 1, there are a series of
nozzles shown. The nozzle 10 emits therefrom a
stream of ink 12. A nozzle drive voitage is applied
which voltage causes the stream to break up into a
series of discrete drops 14. Smaller drops, known
in this art as satellites, form between the drops 14.
The satellites 16 behave in a manner which is a
function of the energy applied to the nozzle
(measured in terms of the nozzie voltage).

Referring to Figure 1, when the applied acous-
tic power to the ink stream is low, the natural
behavior of the satellites is to form independently
of the drops and then fail back and merge with the
drops which follow. This is referred to as rearward
merging satellites or slow satellites and is illus-
trated in Figure 1A. The fail back and merging
occurs in approximately ten drop periods depend-
ing upon the physical parameters of the ink
(viscosity, surface tension, specific gravity, etc.).

As the drive to the nozzle is increased. a point,
designated hersin as C(L), will occur. This term
refers to a lower cardinal point. Cardinal is a term
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borrowed from optics terminology where it denotes
an important point of a lens system, i.e., a focal
point, a nodal point, or a principal point. For pur-
poses of the present specification, C(L) is an im-
portant point because it represents the point ai
which the satellites separate from the leading and
the following drops at the same time (see Figure
1D). Surface tension forces pull these satellites
forward and backward with equal force. The resuit
is that the satellites stay at a mid or intermediate
point between the drops as they travel through
space. It is this condition, referred to as C(L), that
can be detected at a downstream point by detect-
ing the satellites and the drops. At the point C(L)
there will be a doubling of the normal drop fre-
quency which can be detected. In all other cases,
the satellites will have merged with either the lead-
ing or the trailing drops. Appropriate detectors are
illustrated and described in connection with Figure
5 of this disclosure.

Virtually all nozzles used for ink jet printing
systems exhibit such intermediate satellites which
are neither forward nor rearward merging. The
point C(L) will be detected by frequency doubling
as the power to the nozzle drive is increased from
a low level to a level just adequate to form inter-
mediate satellites.

In one embodiment of the Figure 5 detector, an
appropriate test signal is placed on a charging
electrode so that both the drops and the intermedi-
ate satellites will be charged. The sensed drop
frequency will doubie when intermediate satellites
are present and pass the sensor. Alternatively, an
optical detector may be employed which does not
require charging of the drops and satellites but will
detect a doubling in the number of drops passing
the detector.

In either case, the detector is positioned a
sufficient distance downstream from the nozzle ori-
fice to permit the satellites to merge.

In addition to a lower cardinal point, C(L), most
ink jet nozzles also exhibit what can be designated
as an upper cardinal point, C(H). This point can be
observed by slowly increasing the power to the
nozzle and observing the point of drop separation.
As the power to the nozzle is increased from a low
level (Figure 1A), the drop separation point, des-
ignated S, moves closer to the nozzle until it
reaches (Figure 1G) its minimum distance from the
nozzle. This is designated the upper cardinal power
point C(H). Thereafter, the breakoff point moves
away from the nozzle (Figure 1H). This fold back or
reversal can be sensed by appropriate circuitry and
software. A description of the circuitry and method-
ology for detecting the upper cardinal point C(H) is
provided in connection with a description of Figure
3.

First, however, with reference to Figure 4, there
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is shown a graph which demonstrates the char-
acteristics of a typical ink used in an ink jet printing
system. This ink, manufactured by the assignee of
the present invention, and designated 16-8200, was
utilized with a nozzle of the type described in U.S.
Patent No. 4,727,329, which patent is hereby incor-
porated by reference. The cross hatched area on
the graph represent nozzle drive voltages that pro-
duce good quality printing over a temperature
range of approximately 40 degrees F to 110 de-
grees F. The lower and upper cardinal power
points, C(L) and C(H), are also plotted for the same
nozzle and ink compaosition. From this information,
it is possible to calculate a voltage value, V(calc),
from the following equation:

V(calc) = alpha [C(L) + C{H)] /2 EQ1

where alpha is a function of the ink described
hereatfter.

Values of V(calc) calculated from the foregoing
equation are plotted in Figure 4. These values of V-
(calc) all lie within the cross haiched area of the
graph and represent nozzle drive voltages that pro-
duce quality printing.

Referring to Figures 1 and 3, circuitry suitable
for practicing the invention will be described. The
nozzle 10 is connected to an ink supply 32 via an
ink conduit 34. The ink stream is grounded inter-
mediate the ink supply and nozzle 36. The nozzle
has an acoustic energy applied to it, as for exam-
ple, by means of a piezo-electric device as dis-
closed in the aforementioned U.S. patent
4,727,379. The drive voltage for the piezo-electric
device is provided from a nozzle drive amplifier 38
via line 40. In turn, the amplifier is controlled by a
processor 42, such as a microcomputer, via a
digital to analog converter (D/A) 44. The controller
42 also operates charge amplifier 44 via D/A 46 to
control the voltage applied to the charge tunnel 48.
As is well known in this art, the charge tunnel 48 is
disposed downstream of the nozzle 10 in the re-
gion where the drops are intended to form as the
stream of ink breaks up into drops and satellites. In
this manner selected drops can be charged for
deflection onto a substrate or, if left uncharged,
returned by way of a gutter to the ink supply 32.

According fo the present invention, the controi-
ler 42 receives input signals from a capacitive
pickup 50 downstream of the charge tunnel. The
signal from the pickup 50 is provided to a pream-
plifier 52 and to a band pass filter 54 (a notch filter
designed to pass a frequency equal to twice the
normal drop frequency of the ink jet system). Thus,
the capacitive pickup 50 detects the point C(L) in
which the drop frequency has doubled due to the
presence of intermediate satellites (Figure 18).
That signal, analogue in nature, is passed by the
filter 54 to a comparator 56 which provides a digital
output when the input exceeds a threshold. This
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signals the controller that C(L} has been detected.
The controller thus stores the corresponding nozzle
drive voltage valve.

The second input of interest to controller 42
provides a signal indicating the occurrence of C(H),
the fold back point illustrated in Figure 1G. This
signal is produced on line 58 from a pickup 60 in
electrical communication with the electrically con-
ductive ink stream. The output of pickup 60 is
provided to an integrating preamplifier 62 which, in
turn, is provided to a comparator 64. As will be
described. if the charge on the capacitor asso-
ciated with preampilifier 62 exceeds a threshold set
for comparator 64, a digital output is provided on
line 58 to the controller.

To understand the function of the comparator
64, it is necessary to refer to Figures 1, 3 and 6.
To determine C(H), a test signals are placed on the
charge tunnel 48 for a period equal to 30 drop
times. For example, the signal denoted Test Video
0 in Figure 6. The wave form illustrated in Figure 6
is referenced to the drop clock wave form which
may be, for example. 66 kilohertz. During the time
that the test video O signal is high, the charge
tunnel 48 attempts to apply a charge to each ink
drop formed as the droplets break off from the ink
stream. During this period the pickup 60 will detect
whether or not the drops are successfully charged.
For each drop which is charged an incremental
charge is stored on the capacitor associated with
the preamplifier 62. If most of the drops are suc-
cessfully charged by the test video signal, the
voltage from the preamplifier will exceed the
threshold set on the comparator 64 and signal the
controller. This sequence is then repeated for test
video signals 1, 2, and 3, all of which are illustrated
in Figure 8. Each test pattern is a quarter lambda
out of phase from the preceding test pattern (where
lambda is the dropiet spacing). As a result, it is
possible to accurately determine the location (in
quarter lambdas, for example) of the droplet
breakoff point relative to the positions of the two
cardinal points.

The result of this operation is illustrated in
Figure 1 where there is shown for each of Figures
1A-H a four bit binary code representing the resulis
of applying the test video signals 0 through 3.
Thus, for example, with respect to Figure 1B, test
video 1 and test video 2 are digital ones, while test
video 0 and test video 3 are zero indicating that the
latter two test videos did not result in charging of
the droplets (This is due to the phase of the test
video signals relative to the drop clock).

As the drive voltage to the nozzle increases,
the pattern of the successfully charged drops
changes as indicated in Figure 1 in a predictable
sequence based upon the phasing of the test video
signals. At the cardinal point C(H), however, there
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is a first phase reversal (additional phase reversals
may occur at higher drive voltages). That is. in-
stead of the expected phase pattern 1001 for Fig-
ure 1H, the pattern 0110 is observed, which pattern
is exactly the same as Figure 1F. Thus, the circuit
accurately detects C(H) the first fold back point
where drop breakoff within the charge tunnel 48 is
at a minimum distance from the nozzle.

In practice, the comparator 64 is preferably
sampled only once, at about 15 drop fimes aiter
the start of each test video signal. The output from
the comparator is a one or zero indicating that the
drops were or were not successfully charged.

It will be recognized from the review of Figure
6 that the four test video signals have a puise width
of approximately 66% of the drop time and that
each test video signal is one-quarter drop fime out
of phase with every other test video signal. The
phasing sequence ends after the output of the
comparator is recorded for the four video test sig-
nals.

As can be seen from Figure 1, the drop sepa-
ration point occurs earlier (nearer to the nozzle) as
nozzle voltage increases. This is recognized by the
detector as indicated by the pattern of ones march-
ing from right to left in Figures A through G (and
wrapping around). This continues until the foid
back point. C(H) where the sequencing reverses
itself and the detector signals this voltage value to
the controller.

While the Figure 3 embodiment shows sepa-
rate pickups for C(L) and C(H), it will be recognized
by those skilled in the art that the capacitive pickup
50 can be used for both purposes. That is, the
pickup 50 can detect the C(L) value and, by con-
necting preamp 60 and comparator 64 to the ca-
pacitive pickup, it can aiso detect C(H). Thus, it is
not necessary t0 use a separaie pickup 60 behind
the nozzle since the capacitive pickup 50 down-
stream of the charge tunnel can, if desired, perform
both functions.

It will be recognized by those skilled in the art
that if a separate pickup 60 is utilized for detecting
C(H) it is then possible to use an optical or an
acoustical pickup in place of the capacitive pickup
50 fo detect C(L). The advaniage of using an
optical or acoustical pickup is that the drops do not
have to be charged to be detected.

When the controller has received the informa-
tion necessary to determine C(L) and C(H), it em-~
ploys equation one to calculate V(calc). Figure 2
illustrates a software flow diagram suitable for per-
forming the calculations according o the present
invention. It is important to note that knowledge of
the ink temperature is not necessary for a deter-
mination of a proper nozzle drive voltage.

Referring to Figure 2, determination of the car-
dinal points will be described. The controller 42, in
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the case where a capacitive pickup is utilized, sets
the charge tunnel voltage to a constant value. It
then sets the nozzle drive voltage to a minimum
value via line 40. Nozzle drive voltage is slowly
increased and the capacitive pickup is checked to
determine if frequency doubling has occurred. If
not, voltage increases, in small increments, until
frequency doubling is detected. As indicated pre-
viously, frequency doubling indicates the condition
where intermediate satellites, which are not merg-
ing, are being formed. When frequency doubling, is
detected, the value of the nozzle drive voitage is
recorded as C(L).

The controller then initiates the phase control
portion of its routine to detect C(H). The test video
signals shown in Figure 6 are applied to the charge
tunnel electrode. The sensor 60, or alternatively the
capacitive pickup 50, is monitored to detect wheth-
er drops have been successfully charged for each
of the four test signals. The software then checks
to detect whether or not phase reversal has oc-
curred. If not, the nozzle drive voltage is increased,
in small increments, until phase reversal is de-
tected. Upon detection, the nozzle drive voitage is
recorded as C(H).

Upon obtaining values of C(H) and C(L), the
value V(calc) is computed. This value V(calc),
which is shown in Figure 4 is in the middle of the
desirable operating range of the system and is
thereafter used as the nozzle drive voltage. In
summary form, this operation may be stated as
follows:

l. A.Assuming an electrical charge detector,
begin by applying a constant charge voitage to the
charging electrode (charge tunnel).

B. Increase the applied nozzle drive voltage
slowly from a low level, i.e., less than 9 volts, sine
wave, peak-to-peak.

C. Monitor the downstream detector for a
frequency twice that of the drop frequency, that is,
search for intermediate satellites.

D. Once the doubled frequency is detected,
record the voltage level as the fower cardinal power
point C(L).

Il. A. Switch to the phasing system and
apply sequential phasing voltages to the charging
electrode.

B. Observe the sequential direction of
"good" phase (in our example "1"s) as nozzle
drive voltage is increased.

C. Record the nozzle voltage as C(H) when
the direction or sequence of the good phase re-
verses. ’

D. Calcuiate the proper drive voltage from
eq(1) for the ink and apply it the nozzle.

Referring again to equation one, it will be noted
that the calculation of the value V(calc) requires a
value alpha be specified which is ink dependent.

10

20

25

30

35

40

45

50

55

This value alpha can be determined as follows.
Since the good printing region lies sandwiched
between the lower and upper cardinal power paints
(see Figure 4) an acceptabie solution would be to
set alpha = 1. This would locate V(calc) midway
between C(L) and C(H), however, some added tol-
erance may be gained by choosing slightly smailer
or slightly larger values. A smaller alpha would
lower V(calc) and a larger alpha would raise V-
(calc). It is desirable to adjust alpha for each ink to
optimize its printing range. This can easily be done
by calculating V{calc) for a specific alpha and plot-
ting the results on a graph representing the desir-
able range of a particular ink. In other words, if
desired, alpha may be empirically optimized for
each ink composition.

The desirable portion of the range shown in
Figure 4 can also be accessed by using only one
of the cardinal power points. For example, the
following equations can be used for calculating a
nozzle drive voltage that will produce good printing
from the lower or the higher cardinal points:

V(L) = C(L) + E EQ 2
V(H) = C(H) - E> EQ 3
where:

Ey = 15 volis

E> = 20 volts

E; and B are voltages empirically determined
from the good printing range of a particlar ink. For
example, in Figure A, C(L) is about 10 voits. V(calc)
is about 25 voits. Therefore, if E; is selected as 15
volts, it will reliably apprixmate v{calc) when used
in EQ 2. Both V(L) and V(H) will lie within the cross
hatched area on the graph in Figure 4.

Claims

1. A control circuit for setting the exciting volt-
age applied to the nozzle of an ink jet printer to
break a steam of ink into droplets, comprising first
detecting means for detecting the exciting voltage
C(L) at which intermediate satellite droplets are
produced by the nozzie as the exciting voltage is
slowly increased from a minimum, second detect-
ing means for detecting the exciting voltage C(H) at
which the dropiet breakoff point is a minimum
distance from the nozzie as the exciting voltage is
slowly increased from C(L), and calcuiating means
for calculating from the voltages C(L) and C(H) the
exciting voltage to be used for printing.

2. A control circuit according to Claim 1,
wherein the first detecting means includes a ca-
pacitive pickup downstream of the nozzle to detect
the electrically charged droplets.

3. A control circuit according to Claim 1,
wherein the first detecting means include an optical
detector located downstream of the nozzle, the
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detector detecting the droplets passing the detec-
tor.

4. A control circuit according to Claim 2 or 3,
wherein the first detecting means further includes
circuit means for providing an output signal to the
calculating means when the detected droplet fre-
quency doubles.

5. A control circuit according to any preceding
claim, further including means for applying elec-
trical test patterns to the droplets, the patterns
varying in phase relative to the droplet timing
whereby only some of the test patierns success-
fuily charge the droplets, and wherein the second
detecting means includes a pickup to detect which
of the droplets have been charged, and the cal-
culating means includes means for determining the
C(H) value from the change in the sequence of
charge patterns:

6. A control circuit according to Claim 5,
wherein the means for applying the test patterns
include a charge amplifier and a charge tunnel
positioned downstream of the nozzle in the region
of droplet formation.

7. A control circuit according to any preceding
claim, wherein the calculating means calculates the
exciting voltage for printing according to the equa-
tion:

VICALC) = alpha[C(L) + C(H)}2
where alpha is a value related to the ink.

8. A method of determining the exciting voltage
to be applied to the nozzle of an ink jet printer to
break a stream of ink into droplets for printing,
comprising the steps of:

(a) slowly increasing the exciting voltage
from a minimum;

(b) detecting and recording the voltage C(L)
at which the droplet frequency doubles due to the
formation of intermediate (non-merging) satellite
dropiets;

(c) detecting and recording the voitage C{H)
at which dropiet formation first occurs closest to
the nozzle; and

(d) calculating from the voltages C{L) and C-
(H) the exciting voltage for printing.

9. A method according to Claim 8, wherein the
exciting voltage for printing is calculated from the
equation:

V(CALC) = alpha[C(L) + C(H))/2
where alpha is a value related to the ink.

10. A method according to Claim 8 or 9,
wherein the voltage C(L) is detected by detecting
the charges on the droplets sufficiently downstream
of the nozzle to eliminate the presence of merging
satellite droplets.

11. A method according to Claim 8 or 9,
wherein the voltage C(L) is detected by optically
detecting the droplets sufficiently downstream of
the nozzle to eliminate the presence of merging
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satellite droplets.

12. A method according to any of Claims 8 to
11, wherein the voltage C(H) is detected by:

(i) applying electrical test patterns to the
droplets, the patterns varying in phase relative to
the droplet timing whereby only some of the test
patterns will successfully charge the droplets;

(i) detecting which droplets have been suc-
cessfully charged; and

(iii) determining the voltage C(H) from the
change in the sequence of charge patterns.

13. A method of determining the exciting volt-
age to be applied to the nozzle of an ink jet printer
to break a stream of ink into droplets for printing,
comprising the steps of:

(a)y slowly increasing the exciting voitage
from a minimum;

(b) detecting and recording the voltage C(L)
at which the droplet frequency doubles due io the
formation of intermediate (non-merging) satellite
droplets; and

{c) estimating the exciting voltage for printing
according to the equation:

Viest) = ClL) + E
where E is a voltage related to the performance of
the ink.

14. A method of determining the exciting volt-
age to be applied to the nozzle of an ink jet printer
to break a stream of ink into dropiets for printing,
comprising the steps of:

{(a) slowly increasing the exciling voltage
from a minimum;

{b) detecting and recording the voltage C(H)
at which droplet formation first occurs closest to
the nozzle; and

{c) estimating the exciting voltage for printing
according to the equation:

V(est) = C(H)- E
where E is a voltage related to the performance of
the ink.

15. A control circuit for determining the exciting
voltage to be applied to the nozzie of an ink jet
printer to break a stream of ink into droplets for
printing, comprising means for detecting and re-
cording the voltage C(L) at which droplet frequency
doubles due to the formation of intermediate (non-
merging) satellite droplets as the excifing voltage is
slowly increased from a minimum, and means for
estimating the exciting voitage for printing accord-
ing to the equation:

V(est) = C{L) + E
where E is a voitage related to the performance of
the ink.

16. A control circuit for determining the exciting
voltage to be applied to the nozzie of an ink jet
printer to break a stream of ink into dropiets for
printing, comprising means for detecting and re-
cording the voltage C{H) at which droplet formation
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first occurs closest to the nozzle as the exciting
voltage is slowly increased from a minimum, and
means for estimating the exciting voltage for print-
ing according to the equation:

V(est) = C(H) - E

where E is a voltage related to the performance of
the ink.

17. A circuit for determining the exciting volt-
age to be applied to the nozzle of an ink jet printer
to break a stream of ink into droplets for printing,
comprising means for slowly increasing the excit-
ing voltage from a minimum, means for detecting
and recording the voltage C(L) at which droplet
frequency doubles due to the formation of inter-
mediate (non-merging) sateliite droplets, means for
detecting and recording the voltage C(H) at which
droplet formation first occurs closest to the nozzle,
and means for calculating the exciting voltage for
printing according to the equation:

V(CALC) = alpha[C(L) + C(H)}2
where alpha is a value related to the ink.
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