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MEt HOD AND APPARATUS FOR DRI VI NG AN-I NK JET
RECORDI NG HEAD The present invention relates to a
met hod and apparatus for driving an_ink jet recording head.

y METHOD AND APPARATUS FOR DRIVING

AN INK JET RECORDING HEAD

5 - The present invention relates to a method and apparatus

for driving an ink Jst recording head.
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Figs. 1(a) and 1{b) illustrate a conventicnal on-demand

type ink Jjet recording head for an ink.jet printer. In

15 particular, Fig. 1{a) is a sectional view of an actuator of the

ink jet reéordinq_head, and Fig. 1(b) illustrates an electrical
egquivalent circuit for the.same.

An ink chamber 2 of the actuator is formed of an ink

‘chamber frams 1 and a vibrating plate 4, and a piezoelectric

20 unit 5, which expands and contracte as controlled by an

electric field applied thereto, is rigidly mounted on the

vibrating plate 4, The volumetric capacity of the ink chamber

2 is expanded or contracted as the vibrating plate 4 1B

displaced by operation of tha pilezoslectric unit 5.
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[err] Figs. 1(a) and 1(b) illustrate a conventi onal

on- demand type ink jet recording head for an ink jet printer. 1In
particular, Fig. 1(a).is a sectional view af_an actuator of the I nk
jet recording head, and Fig. 1(b) illustrates an electrical

equi val ent circuit for the sane. An i nk chanmber 2 of the
actuator is fornmed of an ink chanber frane 1 and a vibrating plate

4, and a piezoelectric .
To impose an electric fisld on the plezoelectric unit

5, an electric voltage is applied frxom an outside powar socurcae
via driving line 7 to an electrode 6§ which la disposed on ths
piezoelectric unit 5. This applied voltage causes a distortion
in the piezoelectric unit 5, and thie distorting force causes
the vibrating plate 4 to exert an abrupt pressing force on the
ink chamber 2, thereby jetting forth ink droplets 3 out of very
gmall holes prasent in the ink chamber frame 1. A plurality of
actuators such as this are disposed in the an ink jet recording
10 head.

The plezoelectric unit 53 can be reprasented in
electrical <texrms as a capacitor, as shown in Fig. i(b).
Accdrdingly, slectric current in proportion -to the time
differential of the waveform of the applied voltaga flows as a

15 charging current and a discharging current when the electric
field is applied and removed, respectively.

As the voltage ig applied to and removed from the
plezoelectric unit 5 at a higher frequency, the charging
current and the discharging current increaseg. Hence, when a

20 large number of driving elements are present in the
piezoelactrié unit 5, for example, when 24 elements are driven,
the charging or discharging current will have a peak valus of
50A. Conseguently, a large drop in the voltage on the driving
line 7 occurs. This results in a considerable change in the

25 jetting characteristice effected by the driving elements in the
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unit 5, which expands and contracts as controlled by an electric

field applied thereto, is rigidly nounted on the vibkating pl ate 4,

The volunetric capacity of the ink chanber __ 2 is expanded or

centracted as the vibrafing plate 4 is di spl aced by operation of the
2 ‘To

pi ezoel ectric unit 5.
I npose an.electric field on the piezoelectric unit 5, an electric voltage

is applied froman outside power source
piezoelectric unit 5, and alsc a breakdown of alectronic

components in the piszoalectric unit 5.

Thersfore, in an attempt to aliminata these problems,
a method for driving a piezoelectric unit exists in which the
charging and discharging currents are limited by current
limiting resistors. This method is described in United sStates
Patents Nos. 4;459,599, 4,126,867, and 4,282,535,

In thnis method, however, the resistance values of the
current limiting resistors are readily susceptible to change.
10 As -a rééult, the charging and discharging times for the

individual piezocelectric unite vary, which affects the ink
jetting charactexistics considerably. This problem also exists
in integrated circuit (IC) inciuding such current limiting
resistors.

15 Moreover, ths charging and dischaiqinq times of the
plezoslectric units will eventually become diffarent due to
inherent changes in capacitance of tha individual piezoslectric
units. Hence, because of this, tha ink jetting characteristics
will deteriorate even if current limiting resistors having

20 identical resistances could formed in an IC with a high degree
of accuracy.

Ag an alternative, United Statas Patent No. 4,284,996
describes  a method for driving one pilezoelectric unit with
constant -current sources, one of which being a flow type and

5 the other being a synchronizing type. However, in this method,

it 18 difficult to maintain uniform driving characteristics

- 3 -
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via driving line 7 to an electrode 6 which is disposed on the

pi ezoelectric unit 5. This applied voltage causes a distortion in the

pi ezoelectric unit 5, and this distorting force causes the vibrating plate
4°to exert an abrupt Ppressing force on the ink chanber 2, thereby jetting
forth ink droplets. 3 out of very small holes present in the ink chanber
frame 1. A plurality of actuators such as this are disposed in the an ink
jet recording head. The piezoelectric unit 5 can be represented in

el ectri cal WhehTd Ay fngaRaAG1Hal 25, SHPWB1bRoBlactEiR) - unfES0UdNOLY ., the
el ectric current in proportion to the tinme differential of the waveform of

the appliedji¥rgkirageels 9ns the sapabatghb@sCorrthé pisizdelbaehaEgungtaunngnt

when the electric
the differences in the current valuas of the constant current

sources.

In an attempt ip eliminate the problems associated with

the conventional apparatuses, such as those described abovs,

applicant has previcusly developed a driving device which is

capable of suppressing the peak values of the charging and

discharging currents without' being influenced by the

10 differences in the capacitance of the piezoslectric units, and

without using any current limiting resistora. In particular,

in the driving devics, a plurality of piezoelectric units are

dirsctly coupla& to a driving power source whose output voltage

is fluctuatad at a prescribed gradient in a single driving

1s period for the piezoelectric units. This device is deacribed

in Jeapanese Laid Open Patent Application Nos. 274554-1930

(Helsei 2), 36036-1991 (Heisei 3), 133647-1991 (Haisel 3),
164544-1990 (Heisel 2), 369543-1992 (Heisel 4).

Figs. 2(a) and 2(b) of the present application

20 illustrate this driving device. A high wvoltage Vp of"

approximately 20V is input to the driving voltage genesrator 10

and 20, while a Vd of approximately 5V is input to power the

logic circuit. The driving voltage generators 10.and 20 are

grounded at GND, and output a driving voltage Vs for driving

25 the piezoelectric units 14. In subsequent figures, idantical

parts are identified by the same numbers or characters.
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field is applied and renoved, respectively. As the voltage is
applied to and renoved fromthe piezoelectric unit 5 at a higher

frequency,

the charging current and the discharging current increases.

Hence, when a. large nunber of driving elenents are present in the

pi ezoel ectric unit 5, for exanple, when 24 elenents are driven, the
charging or discharging current will have a peak val ue of 50A
consequently, a large drop in the voltage on the driving line 7 occurs.
This results in a Qaasa%whbecqmcz b¥ FRE.J ofkingschApaGRH Shi G ink
effected by the driving elenents in the

-2
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20

25

jat recording head which uses d31 type piegoelectric units and
has pressuré chambers which expand upon application of a
voltage to the piezoelectric units, thereby sucking ink out of
the reservoir and tha pressure chamber'upon removal of the
voltage and thus jetting out ink droplets. In this driving
circuit, the individual pilezoelectric units 14 of ‘the
piezoelectric unit array 13 are connected, via bi-directional
tranefer gates 12 acting as selscting switches in a block of
nalectihé switches 11, to the output of a driving voltage
gensrator 10, which generates the driving voltage Vs that
chaﬁgas at a desired gradient. Because the electric power is
applied selectively to these transfer gates 12 to charge and
discharge the plezoelectric units 14 which are made of the same
base material, the driving voltage Vs at the prescribed voltage
gradient is applied selectively to the plezoelectric units 14
without being 4influenced by any dispersion in their
capacitance.

Fig. 2(b) illustrates a driving ci?cuit which 18
enmployed in an ink jet recording head which uses d33 type
piezoelectric units and has pressure chambers which expand upon
application of a voltage to the piezoelectric units, thereby

sucking ink ocut of the reservoir and the pressure chambsr upon

‘'removal of the voltage and thus jetting out ink droplets. The

driving voltage generator 20 generates a negativs driving

voltage -Ve which changes at a desired gradient.

-5 =
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1 2NO1 J6 3 pi ezoel ectric wunit 5,

and al so a breakdown of electronic conponents in the piezoelectric unit
5; Therefqre, in an attenpt to elimnate there problenms, a nethod

for driving a piezoelectric unit exists in which the char gi ng and
di scharging currents are limted by current |limting resistors, This
met hod i s-described in United States

In this driving circuit, a common terminal of ths
plezoelectric units 14 of the piezoelectfic unit array 13 is
connected to the output of driving voltage generator 20 which
éanerates the driving voltage -Vs that chﬁnges at the desirxed
gradient. The other .ends of the plezoelectric units 14 are
connected to ground GND via a group of selecting switches 21
comprising mono-directional fransistors 22, weach having a-
parasitic diode 23 coupled in parallel. These salecting
sewitches can be formed in an IC, such as those presantly sold
10 on the mﬁrkat.

When the driving voltage -Vs growe larger at a constant

gradient in the negative direction, all the plezoelectric unite

14 are cﬁarged via the parasitic diodes 23, and thes pressure
chamber i1s thereby expanded. Then, as the driving voltage Vg

13 becomes smaller (i.a., i8 reduced toward zeio) at a prescribed
gradient, elesctric power is conducted through only transistors

22, which have a signal being applied to théi; basesg sufficiaent

to turn on the traneistors, Hence, the piezoelectric units 14
corresponding to those transistors 22 are diecharged, which

20 causes the corresponding pressure chambers to contract, thereby
jetting out the ink. Moreover, theigransiatora 22 having an
"off" signal (i.e. a voltags not large aencugh to turn on the
transistor) applied to their bases remain non-conductive, and
tﬁus, the piezoelectric units 14 coupled to thesae transistors

25 maintain their charged state, and do not jet out any ink.
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patents Nos. 4,459,599, 4,126,867, and 4, 282, 535, In this nethod,
however, the resistance values of the current limting resistors are
readily susceptible to change, As a result_ the charging and di schargi ng
tines for the individual piezoelectric units vary, which affects the ink
jetting characteristics considerably. This problemalso exists in
integrated circuit (1C including such current limting resistors.

Mor aover, the charging and discharging tinmes of the piezoelectric units

will eventually begong, & (fderanustiratds amhenengexianges itheajacianes of
t he i ndi vidual piezoe ectric units. Hence, because of this, the ink
jetting chamactdrivingsvoilkbgeetganarstiar even wh;chrmansﬂatna|ugdmeg&mmns

naving . voltage Vs, as shown in Fig. 2(a). This driving voltage
genaxrator 10 charges a capacitor C via a tranasistor TRl at a
time constant determined by the capacitance of capacitor C.and
the reeistance of resistor Rtl, and thereafter discharges the
capacitor C via a transistor TR2 at a time constant determined
by the capacitance of capaclitor C and the xreszistance of
resistor Rt2, thereby obtaining a reference fluctuating
10 voltage. The driving voltage Vs 1s gensrated by amplifying
this fluctuating voltaga of the capacitoxr C by & power
amplifier 30. This power amplifier 30 comprises a pair of
nutually compleamentary transistors.
Thig circuit illustrated in Fig. 3(a) ie simple and low
15 coet. However, since the waveform has the characteristice of
an exponential function, the waveform tapers near the end of

operation of the actuator. Hance, thie driving device cannot
attain favorable ink ijetting characteristice. Morsover, the
charging and dischaxging currents of .the plezoelectric unit,

20 regspectively, have the characteristics of an exponantial
function and thus do not provide constant —current.
Accoxrdingly, 1in this circuit, large curxent flows in the
initial phases of the charging periocd and discharging period,
which is.not favorable.

25 Fig. 3(b) illustrates a driving voltage generator which

overcomes the defects of the conventional driving devices

This Sheet Has Been Replaced




i denti cal

accuracy. : : I
describes a nethod for driving one piezoelectric unit with

-current sources,
synchroni zing type. However, in this nethod

resi stances could forned in an IC wth a high degree of

As an alternative, United States Patent No. 4,284, 996
const ant

onc of which being a flow type and the other being a

uni f orm dri vi ng characterlstlcs
12 NOV 1996

10

15

20

25

dascribed abova. | This driving davice attaing a referaence
fluctuating voltage by charging and discharging the capacitor
C with constant current sources 31 and 32. The rsferance
fluctnating voltagé is amplified by the power amplifier 30, and
the driving voltage Vs is theraby obtainad.

| The pilezoelectric units are thus driven with constant
chaiging'and discharging currents at the driving voltage Vs,
When this process is used, the voltage Vc of the capacitor C
will be YC = (il/C) x t or VC = Vp - (i2/C) x t (wherein, t:
The voltage Vc, therefore, undergoes a linear cnange;—and thus,
thls voltage generator ovarcomes the problems found with the
conventional driving voltage generators.

Figs. 4(a) through 4(c) 4illustrste tha wave-form;
provided by the driving voltage genarator, which attaing a
linear change in the generatsd voltage, as éhown in Fig. 3(b).
In particular, Fige. 4(a) and 4(b) show the wave-form of the
driving voltage Vs that 1s provided, and Fig. 4(c) shows tha
wave-form of the Hzivinq current Is that ig provided.
Actually, Figs. 4(a) and 4(b) show the driving voltagehvg"that
it is used for the d31 type piezoelectric units and the d33
type pilezoelectric units, respactivaly.

Differences in the base material of which a
plezoelectric unit ig made, Buch as a difference in the

thickness of the base material, will rowult in a difference in

: 1 .
the amount of expansion or contraction of the piezoelectric

.unit, so that there will be differencas in the gquantity of the
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4 when driving a plurality of piezoelectric units due to.the

differences in the capacitances of the piezoelectric units and the
differences in the current values of the constant current sources.

I'n an attenpt to elimnate the problens associated with the conventi onal
appar atuses, such-as those descri bed above, applicant has previously

devel oped-a driving device which is capable of suppressing the peak val ues
of the charging and discharging currents wthout being influenced by

the . jetted ink, the velocity of the jetted ink, and so forth.
Accordingly, it ism necessary to adjust the value of the wave

height of the driving voltage Vs in order to compensate for

such differences.

) Furthermore, it is necessary to adjust the value of the

5
wave height of the driving voltage when there is a sharp change
-in the characteristics {e.g. viscosity) of the ink in relation
to the temperature in the environment. Such a correction can
be made by adjusting the charging and discharging times of the
10 piezoeleétric unit, as shown by a single dot chain line in

Fige. 4(a) and 4(b). However, such an adjustment increases the
time in which the ink chamber is maintained in its statae of its
maximum expansion from t0 to t0’. As a result, a deviation
occurs in the position of the meniscus of the ink at the point
15 in time when the ink is Jjetted out, and thus, a change
eventually occurs in the ink jetting characteristics.
Also, with tha driving voltage generator shown in Fig.
3(b), the charging current il, which is fed from the constant
current eource 31 to the capacitor C, and the disecharging
20 current 12, fed from the congtant current source 32, will
aggume the values determined by the following equations:
il = Eba / Rs2
12 = Ebe / Rs4
where the voltage between the base and emitter in traneistors

25 TR3 and TR6 is expressed as Ebe.
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di fferences in t he SOXFYA% 08 YIRS PEFFRR thS btﬁﬁ? &n%\rﬂf‘i%?hcﬂft a
using any %Wah%@kt'dzméd dseséﬁteﬁé teh?e?:irth'r%“'ﬁ{ ?é%h@?éé&%é@g and

device, a plurality of piezoelectric uni are directly coup

driving powhanged’ eonkiemeadhPHrorn!d.a0er i 4l ¥stvai gdeRb EaHEQS?rﬁ'oﬁe%
gradient in a single driving "period for the piezoelectric units 'S

device is -deseofhed HancepaIes eciadwh Epeiodiat entF D'Bgﬁg gosfkese from
274554- 1990 (Heisei 2), 36036-1991 (Heisei 3), 133647 1 (Haisei 3),

164544- 199ﬁr¢bléaemel rélatdd9843thA92 elmigRira®urd characteridt 6z, 2(a) and

2(b) of  t eset application illustrate this drivin dewce
hi gh \}Blsttgﬁggj tfbﬁf gfggﬁbmmf?&tt@wwz methadand apgarats fgrrqirw%a%mf ggeecordmo

gener athead Which avoxds the above mentioned drawbacks. This object is solved by an apparatus according to
independent claims 1 and 5 and by a method according to independent claims 9 and 12. Further
advantageous features, aspects and details of the invention are evident from the dependent claims, the
description and the drawings. The claims are to be understood as a first nonlimiting approach to define the

invention in general terms.

The invention provides an ink jet recording head having piezoelectric units and, in particular, a method and
apparatus for driving an ink jet recording head to provide uniform ink jetting characteristics of the ink jet

recording head without being influenced by fluctuations in temperature of the surrounding environment.

Acco;ding to one aspect of the present invention therg is
provided a driving device for
usa with an ink Jet rescording head that 1s capable of
maintaining consistent ink jetting characteristice by adjusting
the value of the wave height of the driving voltage wave-form
while controlling the rise and fall times of tha driving
voltags wave-form to {fluctuate coneistently at a desired
voltage gradient. In a specific aspect of the present
inventibn there is provided a driving device which is not influenced
by temparature.

According to another aspect the
present Invention further provides
a driving voltage genserator which generates a driving

voltage waveform rising and/or falling in a prescribed driving
period to drive a plurality of plezoelaectric units. The force

generated by the plezoelectric units when driven enlarges or

reduces the volumetric capacity of an ink chamber of the ink
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and 20, while a Vd of approximately 5V is input to power the |ogic
circuit. The driving voltage generators 10 and 20 are grounded .at GN\D,

and output a driving voltage Vs for driving_the piezoelectric units 14. In
subsequent figures, identical parts are identified by the same nunbers or

characters. — 1 2 NOV 1996

5 -

jet.recording head, thereby jetting out ink droplets through
nozzla holeg formed in the recording head.

The driving voltage generator such as this comprises a

constant veltage source, which is capable of varying the output

5 volfage in accordance with a correcting voltage signal, and a

first constant curxent source,'which generates a first constant‘

voltage in proportion to the output voltage through the use of

the constant voltage source.

The driving voltage generator further preferably includes a
io capacitor, which is charged approximately up to the output
voltage by the first constant current, and a second constant
current source, which provides a second constaﬁt current, in
proportion to the output voltage, for discharging the charged
ca'pacitor. Finally, the driving voltage genexator preferably comprises a
15 powexr amplifier, which inputs tﬁe voltagé of the capacitor and
cutputs the driving voltage wave-form approximately egual to
the terminal voltage of ~the capacitor. Accorxdingly, tha
driving device of the present invention keeps the rise and fall
times ©of the driving voltage wave-form constant, regardless of
20 the correcting voltage signal.

In another aspect of the present invention the driving device is

also capable of varying the wave height of the driving voltage
waveform by adjusting the cozrecting voltage eignal in
accordance with the temperature of the environment. Further,'
25 the constant current eources which generatae the first and

second conetant currents sach comprise a pre-transistor, which

- 11 -
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The driving circuit of Fig. 2(a) is enployed in an ink jet recording head
whi ch uses d31 type piezoelectric units and has pressure chanbers which

expand upon application of a voltage to the _piezoelectric units, thereby
sucki ng i nk out of the reservoir and the pressure chanber upon renoval of

the voltage and—thus jetting out ink droplets. In this driving
circuit, the individual piezoelectric wunits 14 of the
pi ezoel ectric unit array 13 are connected, via bi- directional transfer

gates 12 a | ect S\ t n tin es
gates 12 QS0 4P | SEL L St (G5l "8, BUOGE 06 paBBUSH YW
dri vi ng Voyz%gquﬁ&rhat:o RANIBRtFut? 9B3kaGE, grggl eBbtp%%Ca'é%%nta*l%tor,
el ectric powe
connected at its bass or gate to the emitter or source of the
pre-transistor, and a resistor for ssetting a value of the

S elsectric. current at the emitter of the output transistor.

In yet another aspect the present invention also provides
. a device for detecting the point in time when the
driving voltage waveform attains its maximum voltage or minimum
voltage, and a phase difference detecting device which detects
10 a deviation in phase between thes output from the detecting

device and a refersnce eignal indicating the point in time. In

another aspect the driving device further provides a device for making

fine adjustments of the first conetant current or the second
constant current in accordance with the output from the phase

15 difference detecting device regardless of the output voltagse
from the constant voltage source, The driving device therefor
automatically adjusts the rise or fall times of the driving

voltage waveform to & set value.

Accordingly, in one aspect of the present
20 invention the capacitor is charged up to
the.output voltage value of a variable constant voltage source
by using a constant current source. In the constant current
souxce, the current value is controlled Ey & voltage dividing

signal for the output from the variable constant wvoltage

25 gource, and then the capacitor is discharged until it attains
, & z8ro voltage potential, Hence, the capacitor therxeby
- 12 -
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applied selectively to these transfer gates 12 to charge and di schar ge
the piezoelectric units 14 which are nmade of the sane base material, the

driving voltage Vs_at_the prescribed voltage gradient is applied
selectively to the piezoelectric units 14 wthout being influenced by
any dispersion -tn their capaci t ance. Fig. 2(b) illustrates
a driving: circuit which is enployed in an ink jet recordi ng head which
uses d33 type piezoelectric units and has pressure chanbers whi ch expand

upon _app}ﬂxfcﬁaﬂm o A ‘éQJa £ vod 3% Bl %ZQﬁle EES ndN o talgee igeiie rakielki ng
I nk out of" the reservorr he pr€ssure c er upon renoval of the
vol tage a@%ﬂéﬂ#%déﬂé'dEE#EHq'6HQEH§K”@§SOnThﬁ= bagis of this raference
voltage. Thun, simply by adjusting the output from the
variable constant voltage source in accordance with the
5 temperature in the environment in ‘such a manner as to corract
characteristics of the ink such as viscosity or the like, it is
possible to vary the value of the wave height of the driving
voltage Vs while maintaining the rise and fall times of the
driving voltage Ve constant.
10 ~ Furthermore, tha conatant current source formed of

mutually complementary transistors, namely, a pair of a PNP

transistor and an NPN transistor in a cascade connection,
cancels the respactive base-amitter voltage components, so that
the constant current seource itself does not depend on
15 temperaturs,
In a specific aspect the present invention also provices another
driving device, for driving an ink jet recording head, which includes
a driving voltags generator for generating a driving voltage
waveform rising and/or falling in a prescribed driving period
20 to drive a plurality of piezoelectric units disposed in the ink
jet recording head. Thae force generated by the pilezoelactric
units being driven enlarga; or reduces the volumetric capacity
of an ink chamber, thereby jetting out ink droplets through
nozezle holes in the recording head.
25  The driving voltage genefator comprises in anotner aspect
.of the invention a device for generating a variable frequency
clock signal, a counter which

- 13 -
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driving vol tage generator 20 generates a negative driving

vol tage -Vs

whi ch changes at a desired gradient.
12 NOV 1996 - - 6 In this
driving circuit, a common term nal of the piezoelectric units 14 of the

pi ezoel ectric unit-array 13 is

10

15

20

23

counts the clock signal, and a control device which outputs an

adding signal, a counting stop signal, and a daducting signal

. in repetition at prescribed time intervals to the countsr. The

driving voltage generator further includes a digital-analog
(D/A) converter, which convaerts the digital output from the
counter into an analog voltage, a voltage amplifier for

amplifying the analog voltage, and a power amplifier which

~ inputs the output voltage from the voltage amplifier and

outputs the driving voltage waveform approximatelj equal to the
output vdltage from the voltage amplifier. Hence, this driving
device of the present invention keeps the rise and fall times
of the driving voltage waveform constant, xegardless of the
frequency of the clock signal.

Thie driving device also is capable of varying the wave
haeight of the driving voltage waveform by adjusting the
frequency of the clock signal 4in accordance with the

temperature of the environment.

According to ano;her aspect, in the second driving device provided by
the present invention, the count output from a counter which
counts the clock signals at prescribed time intervals is
converted by a digital-to-analog-(D/A) convarter into analog
voltage signals which rise or fall in stages. Thess analog
voltage signals are amplified to produce a reference voltage,
and a driving 'voltage Ve for the piézoelactric unit 1is
generated on the basis of thig reference voltage. Thereforae,

no capacitor, whose capacitance may change dus to & change in

- 14 -
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connected to the output of driving voltage generator 20 which generates
the driving voltage -Vs that changes at the desired gradient. The other
ends of the piezoelectric units 14 are conpected to ground GND via a group
of selecting switches 21 conprising nono-directional transistors 22,
each having a parasitic diode 23 coupled in parallel. These sel ecting
switches can be forned in an IC, such as those presently sold on the

mar ket . - When the driving voltage -Vs grows |arger ‘at a constant

gradi ent i geinperatyaie & @ s XY éﬂdﬁ?éﬁfiﬁfﬁééiéﬁﬁffg URbhée, 14 RbSa
charged via the parasitic diodes 23, and the pressure Tchanber is thereby
expanded. #hebleadriikdngr voiltageotagmn/de obtained.
Further, the second driving device is éapable of
varying the wave height value of the driving voltage waveform,
5 while keeping the rise and fall times of the driving voltage Vs
constant simply by adjusting the freguency of the clock signal
in accordance with the temperature in the environment, so as to
correct the viscoaity characteristica, etc,, of the ink.
The power amplifier of both driving devices described above provide in a
10 specific éspect a front sféée-cémprising a first transistor and
a sacond transistor whose bases and emitters are connectsd to
each other, and which ara mutvally complementary and perform a
push-pull oparation on the voltage at their base terminals. An
output stage of the power - amplifier comprises a third
15 transistoxr circuit, which is substantially complementary with
the first transistor, and a fourth transistor clrcuit, which is
substantially complementary with the second transistor. The
collector and emitter of the first transistor is connected to
the base and emitter of the third output trangistor circuit, so
20 that the collaector current generated by the first transisastor is
‘applied as the base current of the third transistor circuit.
Further, the collector and emitter of the gecond transistor is
connected to the base and emitter of the fourth output
'transiath circuit, so that the collactor current generated by

25 the second transistor is applied as the base current of the

fourth transistor circuit.

- 15 -
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beconmes smaller (i.e., is reduced toward zero) at a prescri.bed gradient,
el ectric power is conducted through only transistors 22, which have a
signal being applied to their bases sufficient to turn on the transistors.
Hence, the piezoelectric units 14 corresponding to those transistors 22
are di scharged, which causes the correspondi ng pressure chanbers to

contract, - t her eby pkRids B @Hvirkeadvikes MeEePNRA, alve ddnpSses Bocardag avi ng
an "off" S|gnal (i.e. a_voltage not |arge enough to turn on the
t ransi st o) fEFHET S8PE ChetE H§§@§“?bﬁaln non-conductive, and thus, the

pi ezoel ectric units 14 coupled to these transistors maintain their charged
state, angdydoend! 1108 t0Hly 8D¥cul¥ . which inhibita base current flowing to

the third transistor circuit and the fourth transistor circuit,
respectively, when an ocutput current flowing through the third
s transistor circuit and <the fourth transistor circuit,

raspectively, flows . in excess of a predaterminad value.

Thess and other objects and advantages of the invention
will become more apparent and more readily appreciatad from the

1o following detailed description of the presently preferred
exemplary embodiments of the invention taken in conjunction
with the accompanying drawings, of which:

Fig. l(a) illustrates a conventional ink jet recording
hana employing & piegoelactric unit;

a5 Fiq l(b) shows an equivalent electronic circuit for
the ink jet raecording head shown in Fig. 1(a);

Figs. 2(a) .and 2(b) are circuit diagrams of
conventional driving deviceas for an ink jet recording head
shown in Fig. 1(a);

20 Figs. 3(a) and 3(b) each illustrate circuit diagrama of
typical driving voltage generators employed in the driving
devices shown in Fige. 2(a) and 2(b);

Figs. 4(a) and 4(b) are graphs 1llustrating the voltage
wavaform of a driving voltage Vs generated by the conventiocnal

25 driving voltage gensrators shown in Figs. 3(a) and 3(b);
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Fig. 3(a) illustrates an arrangenent of the circuit of the driving
vol tage generator 10, _which generates a drixing voltage Vi, as shown in
Fig. 2(a). This driving voltage generator 10 charges a capacitor Cvia

a transistor TR at a tinme constant determ ned by the capacitance of
capaci tor -C and .

Pig. 4(c) is a graph illustrating the current wavaform

Is generated by the conventional driving voltage generators

shown in Figﬁ. 3(a) and 3(b);

Fig. 5 shows a circuit diagram of an embodiment of a
driving device of the.preaenf invention for use in an ink jet
recoxrding haﬁd;

Fig. 6 is a graph illustrating the tempsrature
characteristics of the ocutput veoltage of the variable constant
voltage source of ths circuit shown in Fig. 5;

Fig. 7 is a circuit diagram of an embodiment of a

10
variable constant voltage source used in a driving device of
tha embodiment of the present invention shown in Fig. §;
Figs. 8(a) and 8(b) illustrate waveforma of control
signalse generated by the circuit shown in Fig. 5;
15 rFig. B(c) illustrates waveforms of the charging and
discharging currents applied to the capacitor in the circuit of
Fig. 5;
Fig. B(d) illustrates the voltage of the capacitor C in
. the circuit shown in Fig. 5;
20 Figs. 9(a) and 9(b) are other illustrations of

"waveforms of the control signals generated by the circuit in
Fig. 5;

Fig. 9(c) dis another. illustration of waveforms of
charging -and discharging currents applied to the.capacitor in

25 the circuit of Pig. 5;
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the resistance of resistor RtI, and thereafter discharges the capacitor C
via a transistor TR2 at a tinme constant determ ned by the capacitance of
capacitor C and the resistance of resistor_Rt2, thereby obtaining a
reference fluctuating voltage. The driving voltage Vs is generated by
anplifying thi s—{luctuating voltage of the capacitor C by a power

anplifier 30. This power anplifier 30 conprises a pair of nmut ual | y
conpl enent azy transistors. This circuit illustrated in Fig. 3(a)

is sinple and | ow gQst g %eEno% BEeiifEaE@XEEBE”b?aéhér%blta %q$
characteristics of an EXp nenti al unct I on the wavetormtt aper S near
end of oOpRIAAMLS¥ ¢ hin agHalad DFcuitlesliedum tiw SFggl vEpg devi ce cannot

Figs. 10(a) and 10(b) are circuilt diagrams of an

.amhbdiment of the constant current source unit used in the
s present invention;

Fig. 11 is a clrcuit diagram of an embodiment of a
driving device eimilar to the embodiment of the embodiment of
thae present invahtion shown in Fig. 5 and realizes & more
accurate rise time for the driving voltage;

10 ) fig. l2(a) is & graph showing the waveform of-tha
driving voltage Vs providsd by the circuit shown in Fig. 1l1;

Fig. 12(b) is a graph illustrating the signal Ts which
indicates tha starting point in time for the rise-up of the

- driving voltage shown in Fig. 12(a);

15§ . Fig. 12(c) is a graph of the reference signal Td which
indicates the target point in time for the termination of the
rise-up of the driving vo;taga shown in Fig. 12(a)j

Fig. 12(d) is & graph of an output eignal from a peak
detector of the circuit shown in Fig.-11;

20 Figs. 12(e) ie a graph illustrating an advance phasge
signal provided by a phase detector in the circuit shown 4in
Fig. 11;

Fig. 12(;) is 'a graph showing a delay phase signal

provided by the phase detsctor in the circuit shown in Fig. 11;
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attain favorable ink jetting characteristics. Mreover, the charging and
di scharging currents of the piezoelectric unit, respectively, have the
characteristics of an _exponential function_and thus do not provide

constant current. Accordingly, inthis circuit, large current flows
in the initial phases of the charging period and di schargi ng period,
whi ch is not favorable. Fig. .3(b) illustrates a driving voltage

generator which overcones the dafects of the conventional driving devices
Fig. 13(a) is a circuit diagram illustrating an

embodiment of a driving voltage generétor used in the driving
device of the present invention;
Fig. 13(b) 48 a graph illustrating a waveform of the
driving voltage generated by the circuit shown in Fig. 13(a);
Fig, 14 is a circuit diagram of another smbodiment of
a driving dgvice of the present invention for use in an ink jet
rscoxrding head;
Fig. 15 is a graph showing the waveform of the output
10 voltage fiom a digital-analog converter of the circuit shown in
Fig. 14;
Fige. 16(a) and 16(b) are circuit diagrams for a power
amplifier circuit; and
rigs. 17(a) through 17(d) are circuit diagrams for
15 embodiments cf. a power amplifier circuit used in the

embodiments of the driving devices of the present invention,

Pig. 5 is a circult diagram showing an embodiment of a

driving device, for use with an ink Jjet xrecording head,

20 provided by the present invention. As shown, a driving voltage

generator l0a includes a variable constant voltags nource-40

for outputting a voltage Vk, which ie& dependent on the
temperature of the environment.

The varisble constant voltage source 40 comprisea a

25 reference voltage generating unit 41, which generates a
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descri bed above. This driving device attains a reference - fluctuating

vol tage by chargi ng and di schargi ng the capacitor C with const ant
current sources 31 and 32. The reference — _fluctuating voltago in
anplified by the power anplifier 30, and the driving voltage Vs is

t her eby obt ai ned.— The piezoelectric units are thus driven with

constant - charging and discharging currents at the driving voltage Vs.

reference voltage Vr achieved by superposing a corracting

voltage v&,.which will be described later, on a 2ener voltage

of a Zener diode 2d. A feedback unit 43 generates a voltage V£
wﬁich is obtained by dividing the output voltage Vk by
reaistors Rfl and Rf2. Further, a controller 42 compares the
voltage Vr from the reference voltage generating unit 42 to the
voltage V£ from the fesdback unit 43 to csntrol the output
voltage VK s80 that Vr is equal to Vf£.

A voltage divider 44 of the driving voltage generator

10 10a.prbdﬁces voltage Vvinl and voltage Vin2 by dividing the

output voltage Vk from tha variable constant voltage source 40

by the resistors Rdl, Rd2, and Rd3. These voltages Vinl and

Vin2 control constant current sources 45 and 46, respectively,

to each generate a constant currant.

15 ' Constant current source 45 generates a constant current
in proportion to the voltage Vinl, and & current from this
constant current source 45 charges the capacitor C. The rise
which occurse in thse voltage at the terminal of the capacitor C
at such a time is linear, and thse charging voltage Vc attains

20 a peak value approximately egual to the output voltage Vk,

Constant current source 46 generates a constant current
in'propo‘rtion to the wvoltage Vin2, and the capacitor C is
discharged by this congtant current source 46. The.voltage at
the terminal of the capacitor C during discharge decreases

25 linearly from the peak voltage Vk to zero. Thess constant

current sources 45 and 46 are operated in accordance with
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When this process is used, the voltage Vc of the capacitor C wll be Vc =
(il/C xt or Vc =V[err] - (i2/C x t (wherein, t: tine). The vol t age
Vc, therefore, undergoes a |inear change, and_thus, this voltage
generator overcones the problens found with the conventional driving
vol t age gener at ors- Figs. 4(a) through 4(c) illustrate the

wave- f or ne provi ded by the driving voltage generator, which attains a

| i near change in the generated vol tage, as shown in Fig. 3(b). In

oot S S SR SRR i LR
current gﬁést E]:%%é'lq:e(%rom ACtdalden ddiSrori@ @d 4(b) show the

driving vo? age
The voltage Vc at the terminal of the capacitor C is

amplified by a power amplifier 30, and a driving voltagse Vs for
5 a plezoglaectric unit is thersby generated.

Recording head 51 includes an actuator formed of
plezoelsctric units,-a selecting switch unit shown in Fig. 2(a)
or Fig. 2(b), and a temperature sensing element 52 for
detecting the temperatura of the environment. The temperature

20 informntion, which 1s obtained based on changes in the
resistance value of the temperature sensing element 52, ie
input to the system controller 60 via a signal line 52a, and
the system controller 60 outputs a printing data signal, via a
gignal line group 60a, which controls the selecting switch

15 unit. -

The temperature information 4input to the system
controller 60 is converted 4into a digital wvalue by an
analog-digital (A/D) converter 1. The digital value ig input
to a data processing device 62 comprising a look-up table, and

20 the data processing device 62 outputs compansating data for
changing the peak value of the driving voltage Vs in order to
compangate for the fluctuations which the temperature causes in
the elemen;a of the actuator. This compensating data is
converted into analog wvalues by a digifal-analoq (D/A)

25 convarter 63, and the analog values are output to the reference

,voltage generating unit 41 to cause the reference voltage

- 21 -
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It is used for the d3l type piezoelectric units and the d33 . type

pi ezoel ectric units, respectively. Differences in the Dbase
material. of which _a _piezoelectric unit is made, such as a difference

in the thickness of the base material, will result in a difference in the
anount of expansien or contraction of the piezoelectric wunit, so that
there will-be differences in the quantity of the

’ generating unit 41 to set the referencé voltage Vr at a higher
level as the temperaturs dacreasss. In particular, as
described above, the reference voltage Vr is changed by
superposing a correcting voltage Vx, which is obtained by

5 dividing tha voltage of the analog output from the
digital-analog (D/A) convaerter §3 by resistors Rcl and Rc2, on
a Zener voltage of the Zener diode 2D via transistor TR7.

The reference voltage Vr which 1ig thus generated at
raaistﬁr Rb2 is expresséd by the following eguation:

10 . : : Vr = Vx + E£e7 + Vz - Ebe8
wherae the saturated voltage betwaen the base and emitter of the
PNP type transistor TR7,.and that betwean tha base and emitter
bf the NPN type transistor TR8, are expressad as Ebe7 and EbeS$,
respactively, and the Zenar voltage of the Zener diode 2D is

15 expraesead as Vé.

However, since Ebe7 and Ebe8 are almoset equal, though
they change under the influenca of the temperature, thae taxms
Eba7 and EbeB cancel each other, and the following aguation is
obtained:

20 Vr = Vx + Vz

Thus, the temperature charactsristice of the
base-emitter voltages of the transistors do not appear in the
reference voltage Vr, That is, the output voltage Vk from tha
variable -constant voltage source 40 can be expressed by the

25 following equation:

Vk = Vr . (1 + Rfl / Rf2)
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jetted ink,

the velocity of the jetted ink, and so forth, Accordi ngly,

I's necessary to adjust the value of the wave hei ght of the driving
voltage Vs in order_to conpensate for such_di fferences.

Furthernore, it is necessary to adjust the val ue of the wave hei ght of
the driving voltage when there is a sharp change in the characteristics
viscosity) of the ink in relation to the tenperature in the

envi ronnment. Such a correction can be nmade by adj usting the charging and

di scharging tinmes of the ezoel e u o] y a single dot
[ [ [ Fi gs. 4(a) andﬁP qu%) véi S@i% Z &gasustnent I ncr eases

chain tine in

time in whiclhdhe I nig hamecrpdts WY e " ddgoriie! Selly | 'eh

(e.q.

t he

10

15

20

25

correcting voltage Vx according to the temperature and {s
thereforae adjusted, at a high degree of accuracy, to the
voltage value shown in Fig. 6. In this regard, the value of
resistor Rbl is determineq to be a value to allow ample
electric current to flow so that an adegquate Zener voltage V2
can be geharated.

It is conceivable that in a temperature correcting
maethod, gemparature sensing element 52 can control directly the
raference voltage gensrating unit 41 or the feedback unit 43.
However, it 18 sometimes difficult to select a temperature
sensing element 52 that matches the temperature characteristics
of the actuator or those of the recording head. 1In particular,
a tempaerature correcting process in which a iamperature sensing
element directly opératas to correct a driving voltage applied
to a pilezoelactric unit is disclosed in Laid Open Japanese

Patent Application No. 65566-19B0 (Showa 55). However, that

process ig completely different from the present invention, in

particular, with regard to circuit construction and the driving

system.

Whan correctioﬁ neaeds to be made for the thickness,
etc., of the piezoelectric unit, it is necesesary to change the
value of-the wave height in the driving voltage even if the
temperature remains the same. To accomplish this, a driving

voltage generating unit should be constructed sc that the ratio
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maxi mum expansion fromtO to t0'. As a result, a deviation. occurs in the

position of the neniscus of the ink at the point in time when the ink is
jetted out, and thus, a change eventual l y_occurs in the ink jetting
characteristics. " 7 Aso, with the driving voltage generator shown in
Fig. 3(b), the charging current il, which is fed fromthe constant

current source 31 to the capacitor C, and the discharging current i2, fed
fromthe constant current source 32, will assune the val ues determ ned by

tEBg ;Ol?ls?lw ee}gg?%laggaﬁjﬁﬁenﬁ&tm %%%l bgsg %n{fegsﬂaﬁ%ﬁ ?’Hi’fréﬁsicﬁge
' varied to adjust the fsedback voltage Vf£.

In the circuit construction shown in Fig. 5, the output
which can be obtainaed from the digital-analog (D/A) converter
§3 will be a maximum of approximately 3.33V, which corresponds
to 5V x 2/3 (the details of calculating this value are omitted
heraea for convenience), providsd thﬁt the voltage supplied to
the digital-analog (D/A) converter 63 is 5V.

_ Howaﬁer, during actual application, sometimes the
10 variablé' ratio of the reference voltage Vr needs to be
increased. In such a case, the Zener voltage Vz can be
reduced. Naevertheless, in this cases, in order t.o obtain a
prescribed output voltage Vk, it is necsssary to make the
magnifying ratio of (1 + R£1/R£f2) larger. Hence, it may not be

15 possible to obtain a favorable output voltéga vk.

To overcome this dilemma, a variable constant voltage
source, such as that shown in Fig. 7, is uged. Tha variable
conetant voltage source maintains the relatiénship Vr < Vk, but
does not increase the magnifying ratfio of (1 + Rf1l/Rf2), and

20 enlarges the ratio of change in the reference voltage Vr even
if it increasas the Zener voltage Vz.

In perticular, in tha cilrcuit shown in Fig. 7, the
resistors Rel2 and Rel3 (Rel2 = Rel3) and the transistors TR2B
and TR23- form ; current mirror circuit, wherein collector

25 currents ic {Vx/Rell) having equal values flow to the
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TR3 and TR6 is expressed as Ebe. -O-

10

transi stor depends on the tenperature in the enV|ronnent and

changes considerably from 0.7 Vto 0.35 V in the range fromO0

10

13

20

25

transistors TR28 and TR29. The reference voltage Vr will
therefore be as expressed by the following squation: .
Vr = ic x Re3d + Vz
= (Rc3 / Rell) x Vx + Vg
Accordingly, the fluctuating range of the reference voltags Vr
can be made larger by arbitrarily amplifying the correcting
voltage Vx by appropriately selecting the respactive resistance

values of the resistors Rc3 and Rall.

.

Next, the operation of the circuit shown in Fig. 5 is
described with refexence to Fig., B(a) through Fig. 8(d).

. Fige. 8(a) and B(b), respectively, illustrate the
control signals S1 and S2. These control signals are output by
the system controller 60 so that the constant current socurces
45 and 46 are operated alternately. In response to these
contxol signals S1 and 52, as shpwn in Fig; B{c), the constant
current source 45 generates a charging current il which charges
capacitor €, and conatant current source 46 generates a
discharging current 12 which discharges capacitor C. Fig. B(d)
illustrates the wave-form of the voltage Vc at the terminal of
the capacitor C, which is charged and discharged, respectively,
by charging current il and discharging current i2,

Moreover, a waveform is shown in Fig. 8(d) for a case
when the output voltage from the variable constant voltage
source 40 is reduced from Vkl to Vk2. In this case, the

charging current value il and the discharging current value 12

~will be smaller in proportion to the decline of the output
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to 40 C  Hence, the circuit shown in Fig. 3(b) suffers from probl ens
related to the tenperature characteristics, It is the object of the
present invention to provide a nethod and apparatus for driving an ink jet
recordi ng head whi ch avoids the above nentioned drawbacks. This object is
sol ved by an apparatus according to independent clains 1 and 5 and by a
nmet hod accoerding to it ndependent clains 9 and 12. Further advantageous
features, aspects and details of the invention are evident fromthe
dependent clains, the description and the drawings. The clains are to be
under stood el tage r andhddie mileing apgrbathing geddhentcof mhewntvaltage Ve
general terns. The invention Erovides an ink jet recording head haw;ﬁg

r ng

pi ezoel ect % Rt $eamdnaln Phr theulPact bR hEd baimaphheaeby Retiumy

The i nk | oBHBRATH T oShE G CROLELBR 7] | FASGA YOLFROR! DALFGRo time

aSpect of Fe FELCRe] AHBMTREY Ior oUTE EIpiictPs GRROFR] dedfcd B

use wth w%&dJJHth§tci£889EqugcéggﬁhetgftpaE%ofﬁﬂﬁgﬂ§¥55&9 control
over the discharging operation since it does not cause any
deviation in the position of the meniscus of the ink at 'the
point in time of jetting the ink even if the output voltage is
changed.

10 o Figs. B9(a) through 8(d) illustrate another driving
timing chart, which is an improvement from the driving timing
chart shown in Figs. B(a) through B8(d), and which can suppress
the residual vibrations of the meniscus to the maximum extent
possible after the ink droplets are discharged. As shown, the

15 discharge of the capacitor C is temporarilf stopped after the
ink is jetted out. Then, the discharge is resumed at the point
in time when tha meniscus is considerably drawn in, thus
canceling the further drawing in of the meniscus.

Even with a driving system like this, it is possible to

20 -  perform stable control over the jJetting of ink droplets because
only the rising and falling gradients of the voltage at the
tarminal of the capacitor C are adjusted as in the timing shown
in Figs. B(a) through B(d). Again, no change is made to the

charging time tl, the peak voltage holding time T2, and the

25 discharging time t4 through <6.
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mai nt ai ni ng consistent ink jetting characteristics by adjust.ing t he val ue
of the wave height of the driving voltage wave-form while controlling
the rise and fall times of the driving voltage wave-form to
fluctuate consistently at a desired voltage gradient. In a specific
aspect of the present i nvention there is provided a driving device which
I's not influenced by tenperature. According to anot her aspect
t he present invention further provides a driving vol tage

generator Wi ch 9onSEeR, BsERA Ruprts bRUEHREASLARTRRRERInCPEGS. (o)
piezoel ectrig-YabhSe (d]"€a’ @hEfoyed, it is be possible to improve the ink
jetting period. Further, when the discharge of the capacitor
C is stopped hﬁlfway in the operation, the waveform of the
5 driving signal can be kept flat because the input impedance of

the current amplifiar 30 is véry high.

In addition, the meniscus will be set in a still sgate
almost without any vibration if the charging operation is
stopped temporarily, with the control signal 51 being turned

10 OFF halfway thxough the charging operaticn. If the charging

| operation is then resumed, with the control signal S1 being
turned ON at the point in time when the maniscus returns, it is
possible to keep the peak véltage holding time t2 a very short
period.

15 An embodiment of & constant current source usad in the
present Iinvention will be deacribed. Fig. 10(a) illustratas
flow type constant current sources 45, and Sink type
‘constant voltage =source 46, which include mutually
complementary transistors in emitter—-follower connections.

20 The constant current source 45 uses voltagé Vinl as its
input voltage, and comprises an NPN type transistor TRS and a
PNP type transistor TR10 provided with an emitter resistor Re2.
This constant voltage current source 45 aleo includes a

transistor TR1l that is activated by the control signal 51 from

25 the system controller 60.
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generated by the piezoelectric units when driven enlarges or reduces the
vol unetric capacity of an ink chanber of the ink ] et
recordi ng head, thereby jetting out ink droplets through nozzl e
holes formed in the recordi ng head.

The constant current source 46 uses voltage Vin2 as its
input voltage, and comprises a PNP type transistor TR12 and an
NPN type transistor TR13 provided with an emitter resistor Red,
This constant current scurce 46 further includes
5 transisﬁor TR14 that is activated by the control signal 52 from
the sfstem control means 60.
The voltages generatad in the resistors Re2 and Rs4,
respectively, ars expressed by the following equations:
. Voutl.= Vinl - Ebed + Ebell
10 B .. Vout2 = Vin2 + Ebel2 - Ebel3
whers the saturated voltages between the basa and the emitter
of each of the transistors TR9, TR10, TR12, and TR13 are
exprossed Sy Ebas, Ebel0, Ebe12,.and Ebel3, reapectively.
| Howaever, since ths saturated voltéges between the base
15 and emitter of the individual transistors are almost egual in
their temperature characteristics, regardless of the polarity,
the eguations given above can respectively be restated,

ragardless of the temperature, as follows:

Voutl « Vvinl

20 ) Vout2 = Vin2

Therafore, the flow current il from the constant current source
45 is il-= Vvinl / Re2, and the sink current 12 from
the constant current source 46 18 12 = Vin2 / Red.

‘Accordingly, these current can be determined based only on the
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The driving voltage generator such as this conprises a const ant

vol tage source, which is capable of varying the out put vol tage in
accordance with a carrecting voltage signal,_and a first constant
current source, which generates a first constant vol tage in

proportion to the-output voltage through the use of t he const ant
vol t age source. The driving voltage generator further preferably

i ncl udes a capacitor whi ch is charged approxinmately up to the

out put coné’PH 'd?% oS a0 § Qtlu%‘érr$ﬂ§:hoﬁ@dd8?§888¥lgac895£ﬁé“
pro e n

current source, S a second constart curre
proportlonﬁéhﬁdmhﬁug@yt vol tage, for discharging the charged

capacitor. Finally, the driving voltage generator preferably conprises a

Since resistors having a tolerance of about 0.5 & are

available at low cost, this circuit provides a constant current

5 source at low cost and with a high levei of performance. In

addition, since the constant current source 45 operates at a

high degree of accuracy when voitage vinl and voltage Vin2 are

0.3 V or higher, it is possible to set the flnal charging

voltage of the capacitor C almost to the output voltage Vk from

10. 'the-varl;ble constant voltage source 40, and to set the final
discharging voltage almoat to GND.

Fig. 10(b) is a diagram illustrating another ambodiment
of a constant current source, which obtains a constant current
by maintaining the voltages generated in the emitter resistors

15 Re5 and Ref of the transistors TR15 and TRlﬁ, regpactively, at
the voltagas Vinl and Vin2, by using operating amplifiers B2
and B3, However, this circuit becomes unstable in its
operation if Vinl is set approximately egual to the output
voltage, or if Vin2 is set approximately egqual to GND, when the

20 voltage being supplied to the operating amplifiers B2 and B3 is
to be supplied from the output voltage Vk from the variable

constant voltage socurce 40,

In addition, it is possible to form a constant current

gource by using a current mirror circuit. Although such a
25 constant current source can maintain a vary small voltaga drop
-~ 25 -
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power anplifief, whi ch inputs the voltage of the capacitor and

out puts the driving voltage wave-form approxi mately equal to t he
term nal voltage of the capacitor. Accordingly, the driving
device of the present invention keeps the rise and fall times of the
driving vol tage wave-form constant, regardl ess of the correcting

I n anot her aspect of the present invention the

vol t age si-gnal
driving device is al so capable of varying the wave hei ght of the driving

voltage  in vhucton®thwntadjutidmty sourcd Nea C?&lﬁcb'fn&z\aﬂifﬂ@oﬁé QH&‘{rihE
accordance wth the temperature of the envi ronment. Furt her,
const ant cuwekihtbsdanced wharhcterceatiest hasti bt vaedl to acﬁiﬁi@dtﬁpﬂstant

currents each conprise a pre-transistor, which
During actual application of the above circults, in
" some circumetances, the peak voltage holding time t2 must be
s made very small. However, such a small peak voltage holding
time T2 may not be easily obtained due to a dispersion in the
accurady of the constant current socurce 45 in the circuit shown
in Fig. 5.
‘Accordingly, a circuit which provides an accurate
10 driving Qoltage Ve will be described with reference to Fig., 11.
In this circuit, resistors Re2 or Re5 (shown in Fig. 10(a)) for
detexrmining the flow current value for the constant current
source 45 are replaced with a variabla impedance 120, and
automatic control is performed on the value of the variable
15 impedance 120 in accordance with a dispersion in the accuracy
of the conatant current scurce 45, .

In pérticular, the difference in phase between the
point in time when the driving voltage Ve, detected by a peak
detector 121, attains the maximum voltage and tha rxeference

20 signal Td, which indicates the control point in time, is
detected by a phase detecting circuit 122. The detscted
difference in phase is converted into an analog voltage signal
by a charge pump 123 and an integrating circuit 124, and the
analog voltage signal is applied as the base current of the

25 transistor TR31 to adjust the impsdance betwaen the collector

and tha emitter of the transistor TR31,
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12 acts as an emtter or source follower to receive a voltage
I n proportion to the output voltage, an output transistor,
connected at its base or_gate to the emtter_or source of the
pre-transistor, and a resistor for setting a val ue of the
electric.current at the emtter of the output transistor.

yet anot her aspect the present inventjon also provides

Fig. 12(a) through 12(d) are graphs illustrating the
operations of the circuit shown in Fig. 11. In particular,
Pig. 12(a) shows the voltage wave-form of the driving voltage
Vs, Fig. 12(b) shows the rise-up point in time Ts for the
5 driving voltage Vs, Fig. 12(c) shows the reference signal Td

output with a lag by the time tl from the occurrence of the
rise time Ts, and Flgq. 12(d) shows the output frxrom the peak
detector 121. Figs. 12(e). and 12(f) show & phase advanca
signal (UP) and & delay signal (DN) output from the phase
10 .detecto£-122. In this.regard, a similar circuit can be used
also for controlling the fall time t3 of the driving voltage

vs.
The embodiments described above relate to the operation
of .an ink .jet recording head which, using a d31 type
15 piezoelectric unit, sucks up ink from a reservoir by expanding
2. pressure chamber in accordance with a voltage applied to a
piezoelectric unit, and jets out ink droplets by contracting

the pressure chamber by removing the voltage. An embodiment

for use with an ink jet recording head using having d33 type

20 pilezoelectric units, which operate in raverse to the operation
of the d31 type piezoelectric units, is illustrated in Fig. 10.

Fig. 13(a) is a circuit diagram of a driving voltage

generator 20a, which is used for an ink jet recording head
having d33 type piezoelectric units. A loglic power source Vd

25 provides a voltage of 5V to a level converter 93. This level

converter 93 performs a level converting process on the contrxol
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qfdevice for detecting the point in time when the driving vol tage

waveformattains its maxi nrum voltage or m ni num vol tage, and a
phase difference detecting device which detgcts a deviation in
phase between the output fromthe detecting device and a reference
signal indicating-the point intime, In anot her aspect the driving
devi ce further provides a device for nmaking ‘fine adjustnents of the
first constant current or the second constant current in

accordance with _the output . .fromthe

devi ce reg8ignads &t @ 53tBHF995IF%§@ tha ’Y’FPEhF%ﬁ%%n3§§?e%ﬁfé%$€éﬁ@
ST AR TR EE S B T i T T e X
provides control signals S1' and S2' to control constant
current sources 91 and 92, and provides correcting voltage Vx'
to control the voltage (~Vk) output by a wvarlable constant
voltage aéurce 90, thereby causing the driving voltagse
generator 20a to generate a driving voltage V& in a negative
voltage shown in Fig. 13(b). This driving voltage generator
20a also can be amployed in the circuit shown in Fig. 5.
10 - fhis embodiment 18 advantageous over fha first
| embodiment of the present invention, That is, as described
above, the first embodiment of the present invention gensrates
a driving voltage Vs on the basis of a charging voltage and a
discharging voltage of capacitor C. However, the capacitor C
1s can have a large chénge in its capacitance due to the
temperature of the environment, ox due to a change in
comparison with a reasistor. In view o©of this, the second
aembodiment of the prasent invention generates a driving voltage
Vs without using any capacitor C.
20 Pig. 14 1= A diagram 1llustrating a circuit of the
riving device o©of the second embodiment of the praesent
invention, which employs an analog-digital (A/D) converter 111
in a system controller 110 to convert the .temperature
information provided by temperature sensing element 52 into
25 digital values. A data processing unit 112 increases the

frequency of a clock generaﬁor 113 as the temperature bacomasa
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Accordingly, in one aspect of the present I nvention.

the capacitor is charged up to the output voltage value of a

vari abl e constant voltage source by using a constant current source.
In the constant current : source, the current value is controlled by a

vol tage dividing — signal for the output fromthe variabl e constant
vol t age source, and then the capacitor is discharged until it
attains . a zero voltage potential. Hence, the capacitor

thereby lower, depending on whether it is };}%.Eharging period or in a
discharging period.

The ﬁata processing unit 112 also outputs an adding
signal, a counting stop mignal, and a aubéracting signal in
repatition at prescribed time intervals to the counter 114,
which counts the clock signals generated from a clock ganerator
113, to control the coupting operation of the counter 114, The"
digital count output from the counter 114 is convarted into an
analog vglua by a digital-analog (D/A) converter 115, which
10 outputs voltage waveforms in stages as shown in Fig. 15, 1In
particular, the right-hand side of Fig. 15 showe the output
waveform in a low temperature state in which the viscosity of
the ink is increased, and the left-hand side of Fig. 15 Bhows
the output waveform in the normal temperature stats.

15 A constant current source 101 recai%ea the voltage vin3
from the digital-analog (D/A) converter 115, and in accordance
‘with this voltage, synchronizes the constant current i3 so that
i3 = vin3/Re7. Moreovaer, constant current source 1032 inputs a
voltage Vh and controls the constant current i4 so that i4 =

20 Vh/ReB with the voltage Vh = Rcl x i3. Therefore, a voltage
Vout3 = i4 x Rc2 is generated at resistor Rec2.

Assuming that Re7 = Rcl = ReB = {({ReD), then the
equation Vout3 = Vin3d x (Rec2 / Rel) is valid, and the voltage
Vout3 at an amplification ratio determined by the values of the

25 ‘resistors Rc2 and Re0 is obtained. This voltage Vout3l is

, further amplified by a powar amplifier 30 to becoms the driving
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13 produces a reference voltage and the driving vol tage

gener at or generates a driving voltage Vs on the basis of this
ref erence vol t age. Thus, sinply_hy adjusting the output from
t he vari abl e const ant voltage source in accordance with the

tenperature in the environnment in such a manner as to correct
characteristics of the ink such as viscosity or the like, it is
possible to vary the value of the wave height of the driving

voltag? VSJﬂHg;;JW%QFaInengeghinrkiisamégéﬁA embo&ﬁﬁhné §f the present

invention, the smoothness of the driving voltage Vs depénds on
the number of bits of the counter 112, but any number of bits
not less than five bits will suffice for practical purposes,
Furthermore, the driving device of the second
embodiment of the present invention m;y be arranged so that 1if

the fraguency of the clock genarator 113 is set to a fixed
value, the output bits of the countér 114 depend on tha

temperature Iinformation and are shiftad appropriately and
10 output t; the digital-analog convertsr 115.

. An embodiment of the power amplifier 30, which is
employed in the driving devicea of both émbodiments of the
praien£ invention, will now be described,

Pigs, 16(a) and 16(b) illustrate a powsr amplifier
13 arranged " as an emitter-follower coﬁprising mutually
complementary transistors coupled in & Darlington connection

and, for example, having the same polarity. Although the powsx
~amplifying circuits shown in Figs. 16(a) and 16(b) can ba used
if the output has fallen into a nearly short-circuited state,
20 in thise casge, the basa current of transistoxs TR20 and TR21l or
transistore TR22 and. TR23 at the final output stage will flow
without being limited, so the transistors will brsak down.
Also, with the circuit shown in Fig. 16(b), a decrease in the
voltags betwaen.the input and output can be .as great as two

25 times the saturated voltage between the base and the smittar of

_tha transistors.
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Furt hernore, the constant
mutual | y conpl enentary transistors,
namely, a pair of a_PNP _ transi stor and an NPN transistor in a
cascade connecti on, cancel s the respective base-emtter voltage

conponents, so that the constant current source itself does not
In a specific aspect the

driving voltage Vs constant.
current source fornmed of

depend on - t enperat ure,
present invention also provides another- driving device, for driving an
a driving vol tage generator

ink jet recording head, which includes
for generating a dBRAYRfAxKAt adee avold theeeor RFPPLLFE andher PXE%aTF in

ot oo it et SHiSYs a power ampfliynd BLELSLE Xs%unBlf 95 $1( ©
17(a) through Fig. 17(d). '
Fig. 17(a) illustrates a basic circuit which detects
5 the output current flowing to the final output transistors TR23
and TR22 by using current detecting resistors Rpl and Rp2.
Also, transistors TR24 and TR25 prevents the basa.currant from
flowing without being limited. The transistors are also
coupled as shown to resistors Rb3 and Rb4.

10 'Fig. 17(b), on the other hand, illu;tratas'a circuit
for increasing the capacity of the sink current, and
includes additional transistors TR26 and TR27. Fig. 17(c)
shows a clrcuit for increasing the capacity of the flow
current. Finally, Fig. 17(d) shows a circuit for increasing
15 both the capacity of the sink curreﬁt and the capacity

of the flow current. '
In any of the circuits shown in Figs. 17(a) through
17(d), thse voltags drép betwaan the input and output is such
that one unit portion of the saturated voltage between the base
20 and the emitter of the tranmigtor is sufficient. Purther, the
resietoxe Rb4 and Rb5 are used for praventing an open state
from forming between ths base and the emitter. Whether the
circuit shown in Fig. 17(a), Fig. 17(b), Fig. 17(c) or Fig.
17(d) is7"used in the driving circult of ejither embodiment

25 depends on the desiraed maximum output current value, the
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jet recording head. The force generated by the piezoelectric units

being driven enlarges or reduces the volunetric capacity of an ink
chanber, thereby jetting out ink droplets through nozzle holes in
t he recordi ng head, The driving voltage generator conprises
I n anot her aspect— of the invention a device for generating a

vari abl e frequency cl ock signal, a counter which

- 13 - 14

charging time for the piezoelectric unit, and tha length of the

discharging tima desired.

Moreover, in either embodiment of the driving circuit,

lthe output Vk from the variable constant voltage sources 40 or

5 90 may be supplied to the power amplifier. However, in these
cases, it 1s necessary to sufficiently increase of the electric
power capacity of the variable constant voltage sources 40 and
0. Furthar, although the transistors employed in the powar
amplifier and the constant current scurces and are illustrated

10 as bipolﬁr transistors, such transistors can be field effect
transistors or the like.

As described #bove, the first embodiment of the present
invention provides a driving device having a capacitor that is
diascharged by a constant current source in which the current

is valua 18 controlled with a voltage dividing'signal cutput from
a variable constant voltage. Bource, The wvoltage o©f the
capacitor is amélified by a power amplifier to provide a
driving voltage Vs for the pisezoselectric unit. Hence, the
value of the wave haight of the driving voltage Vs can be
20 adjusted, while the rise and fall times of the driving voltage
VB. are maintained constant simply by controlliné the output
from the variable constant wvoltage source in accordance with
the temperature in the environment to compensate for viscosity
characteristics of the ink. Therefore, it is possible to
25 maintain constant ink jetting characteristice without any

influence by the temperature in the environment. Further, by

~ 36 -

This Sheet Has Been Replaced




counts the clock signal, and a control device which outputs an addi ng
signal, a counting stop signal, and a deducting signal In repetition at
prescribed tinme intervals to the counter. The driving voltage generator
further includes a digital-anal og (DIA) converter, which converts the
digital output fremthe counter into an anal og vol tage, a vol'tage
anplifier for amplifying the anal og.vol tage, and a power anplifier which
i nputs the output voltage fromthe vol tage anpllfler and out puts the

G119, YOOI PSR gl Kol U oo

i nvention §§89§ckhﬁuEhﬁgl@ngoﬁﬁhEmEhQE§y transistors, that is, a PNP type

transistor ahd an NPN type transistor, the voltage components

between the base and the emitter in these transistors are

5 mutually canceled, so that the conastant current source also is
not influenced by the temperature. |

The second embodiment of the present invention provides

& driving device which convarts the output from a counter that

performs adding, count stopping, and subtracting operations of

1o clock mignals at prescribed time intervals, into an analog

voltage signal which ri{ses or falls in stages. The analog

voltage signal 1is amplified through a power amplifisr to

provide a driving voltage Ve for a'plezoelectric unit. Hencs,

a capacitor, whose capacitance may change due to changes in the

15 temperature and a secular change, is not needed. Accordingly,

the driving device can generate a more stable driving voltage

and can adjust the valua of the wave height of the driving

voltage Vs, while keeping the risa and fall times of the

driving wvoltage Vs constant, simply by controlling the

20 frequency of the «clock signal in gccordance with the

temperature in the environment to compensate for the viscosity

éhnracteristics, etc., of the ink. Thus, the driving device

maintainsg uniform ink jetting characteristics - without being

influenced by the temperaturs in the environment,
25 Although only a few exemplary embodiments of this

.invention have been described in detail above, those skilled.in
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of the driving voltage waveform constant, regardless of the. frequency of
the cl ock signal. This driving device also is capable of varying
t he wave height of_the _driving voltage waveform by adjusting the
frequency of the clock signal in accordance with. the tenperature of the
envi ronnent . — According to anot her aspect, in the second driving

devi ce provided by the present invention, the count output froma counter
whi ch counts the .cl ock signals at prescribed tine intervals is converted

by a di gt arid 0a 202091 ( Rl %%féc 8o WakOthanp! haderaLARALALWHLE

rise or fall 1n stages se-an tage signa s are anplified

produce a ERfyiaNGe UM {343 exemplary embodiments without matarillly
departing from the novel teachings and advantagea of this
invention. Accordingly, all such modifications are intended to

L bea Ilncluded within the scope of this invention as defined in

the following claims.
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and a driving voltage vs for the piezoelectric unit is ﬂ;ﬂmnﬂﬁnlﬂ"m n\ﬂll
basis of this reference voltage. Therefore, no capacito !
capaci tance may change_ due to a change in ___ e L oms

15 tenperature or a secular change, is necessary. Hence, a nore stabl e

driving voltage Vs-can be obt ai ned. Further, the second
driving device is capable of varyi ng the wave hei ght val ue of the

driving vol tage wavef orm
S6440-EP

CLAIMS

1. An apparatus for generating a driving voltage for driving
5 at least one piezoelectric unit of an ink jet recording
head (51) which, when driven, changes the volumetric
capacity of an ink chamber of the recording head (51) to
jet out ink droplets through a nozzle hole in the
recording head (51), said apparatus comprising:
10
a constant voltage source (40) for providing an output
voltage (Vy) which varies in accordance with a correcting

voltage signal (Vy);

15 a first constant current source (45) for generating a
first constant current in proportion to the output

voltage (Vy);

a capacitor (C) for being charged by the first constant
20 current to a voltage approximately equal to the output

voltage;

a second constant current source (46) for providing a
second constant current, in proportion to the output

25 voltage (Vy), to discharge the capacitor (C); and

a power amplifier (30) for amplifying the voltage of the
capacitor to provide said driving voltage (Vg), said
driving voltage having a constant rise time and fall time

30 independent of a value of the correcting voltage signal

(Vx)-

2. An apparatus as claimed in claim 1, further comprising a

35 circuit (60) for adjusting the correcting voltage signal

- < Ct -
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while keeping the rise and fall tinmes of the driving voltage
sinply by adjusting the frequency of the clock signal I n al:lmllllmlltmnﬂmyl |II|
the tenperature in the_ environnment, so as tq correct the vidcoSity

characteristics, etc., of the ink.. The power anplifier of both
driving devices described above provide in a specific aspect a front
stage crnprising a first transistor and a second transi stor whose bases
and enmtters are connected to each other, and which are nutually

conpl enentary angvpgr fgr m:aordaaes.hwriltlﬂ é)p‘éér@{aéf?é‘t@ﬁet ﬁ \t(}let %ﬂorbﬁlﬂ{
base térm nal s. An out st age power anplifier onpri ses

a third t r ank? Yy &’Fc"i‘i’i‘ﬁllWﬁ%lPﬁ st%%ffmfiﬁhl‘f%/l‘@ﬁﬁ)l @ﬁ@ht ary wth

the first transistor, and a fourth transistor circuit, which is

5 3. An apparatus as claimed in claim 1 or 2, wherein the
first and second constant current sources (45, 46) each

comprise:

an input transistor which receives a voltage in

10 proportion to the output voltage;
an output transistor coupled to the input transistor; and

a resistor for setting a level of current inserted to the

15 output transistor.

o>

An apparatus as claimed in any of the preceding claims,
further comprising:

20

a detector (121) which detects a point in time when the
driving voltage attains one of a maximum voltage and

minimum voltage;

25 a phase difference detector (122) which detects a
deviation in phase between an output from the detector
(121) and a reference signal (Tq) indicating the point in

time; and

30 an adjusting circuit (124) which adjusts one of the first
constant current and the second constant current in
accordance with an dutput from the phase difference
detector regardless of the output voltage from the
constant voltage source (40); and

35
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substantially conplenmentary with the second transistor. Thﬁmulljﬂulmﬂmlu""
end emtter of the first transistor is connected to t he ' '
of the third output transistor circuit, so __that the collectof ctrrént®

generated by the first transistor is applied as the base current of the
third transistor etrcuit. Further, the collector and emtter of the
second transistor is connected to the base and emtter of the

fourth out put transistor circuit, so that the collector current

generated by hpe.sRCQRE tEANG] 5 Ohiel $cBPRIthAS Jd10 PS8 1GUEECYnLT o ENE
fourth transistor circuit.
the rise time and the fall time of the driving voltage

(Vg) to a set value.

5 5. An apparatus for generating a driving voltage for driving
at least one pieioelectric unit of an ink jet recording
head (51) which, when driven, changes the volumetric
capacity of an ink chamber of the recording head (51) to
jet out ink droplets through a nozzle hole in the

10 recording head (51), said apparatus comprising:

a clock (113) which generates a clock signal having a

- variable frequency;
15 a counter (114) which counts the clock signal;

a controller (112) which outputs an adding signal, a
counting stop signal, and a deducting signal in

repetition at prescribed time intervals to the counter

20 (114);

a digital-analogue (D/A) (115) converter for converting
the digital output from the counter (114) into an
analogue voltage; and

25
an amplifier (30) which amplifies the analogue voltage to
provide the driving voltage, the rise time and fall time
of the driving voltage being constant regardless of the
frequency of the clock signal.

30

6. An adpparatus as claimed in claim 5, further comprising a

circuit which adjusts the frequency of the clock signal
in accordance with the temperature of the environment to
vary an amplitude of the driving voltage.

35

- L|_
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16 Both of the driving devices described above conpr Iﬁmﬁmmm" |“|
to a further aspect of the invention a current limting ciruln

i nhibits base current flowing to the third_transistor circuit ahd 'the °*
fourth transistor circuit, respectively, when an output current flow ng
through the third- transistor circuit and the fourth transistor circuit,
respectively, flows in excess of a predeterm ned val ue. These

and ot her objects and advantages of the invention wll becone nore
apparent anc} YN a?:%%xjax:u%pparem lmeérgg] tar}% of the preceding claims,

wherein the power amplifier comprises:

) a front stage comprising a first transistor and a second
5 transistor, which are mutually complementary and perform
a push-pull operation at the voltage of their base

terminals; and

an output stage comprising a third transistor circuit,
10 which 1is substantially complementary with the first
transistor, and a fourth transistor circuit, which is
substantially complementary with the second transistor,
collector current generated by the first transistor being
applied as base current to the third transistor circuit
15 and collector current generated by the second transistor
being applied as base current to the fourth transistor

circuit.

20 8. An apparatus as claimed in claim 7, further comprising:

a current limiting circuit, which inhibits the base
current flowing to one of the third tramnsistor circuit
and the fourth transistor circuit when an output current
25 flowing through one of the third transistor circuit and
the fourth transistor circuit, respectively, is in excess

of a predetermined value.

30 9. A method for generating a driving voltage for driving at
least one piezoelectric unit of an ink jet recording head
which, when driven, changes the volumetric capacity of an
ink chamber of the recording head to jet out ink droplets
through a nozzle hole in the recording head, said method

35 comprising the steps of:
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foll ow ng detail ed description of the presently preferred fﬂﬁ I""“
enbodi nents of the invention taken in conjunction wth the "

drawi ngs, of which Fig. 1(a) illusirates a conventional ink Jet
recording head enploying a piezoelectric unit; Fig. 1(b) shows an
equi val ent electronic circuit for the ink jet recording head shown in Fig.
1(a); - Figs. 2(a) and 2(b) . are circuit diagrans of
conventional driving devices for an ink jet recording head shown in Fig.
1(a); ) .and. 3( eagc S Ia

typical drivi nggJ onf%‘é@gggnevraazfl 3;51 ?%LL%Q thtq‘rtsgl g‘%élcyéé i %@é@r&%nce

with a correcting voltage sxgnal

generating a first constant current in proportion to the

5 variable voltage;

charging a capacitor by the first constant current to a

voltage approximately equal to the variable voltage;

10 generating a second constant current in proportion to the
variable voltage to discharge the capacitor in accordance

therewith; and

amplifying the voltage of the capacitor to provide said
15 driving voltage, said driving voltage having a constant
rise time and fall time independent of a value of the

correcting voltage signal.

20 10. A method as claimed in claim 9, further comprising the
step of adjusting the correcting voltage signal in
accordance with a temperature in the environment to vary

an amplitude of the driving voltage.

25
11. A method as claimed in claim 9 or 10, further comprising
the step of:
detecting the point in time when the driving voltage
30 waveform attains one of a maximum voltége and minimum
voltage and outputting a detection signal;
detecting a deviation in phase between the detection
signal and a reference signal indicating the point in
35 time and outputting a deviation signal; and
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devi ces shown in Figs. 2(a) and 2\(Ngz/iaf o aFij?isi/i ﬁéazlofttngggﬂmngﬂmmmluu “ |“|

graphs illustrating the voltage "
by the conventional _driving voltage generatgors shown in Figs. 3(a) and

3(b); - 16 -
17 Fig.—4(c) is a graph illustrating the current waveform

adjusting one of the first constant current and the
second constant current in accordance with the deviation
signal regardless of variable voltage so that one of the
rise time and fall time of the driving voltage are

5 automatically adjusted to a set value.

12. A method for generating a driving voltage for driving at
least one piezoelectric unit of an ink jet recording head

10 which, when driven, changes the volumetric capacity of an
ink chamber of the recording head to jet out ink droplets

through a nozzle hole in the recording head, said method

comprising the steps of:

15 generating a digital clock signal having a variable

frequency;
counting the clock signal;

20 outputting an adding signal, a counting stop signal, and
a deducting signal in repetition at prescribed time

intervals to the counter;

converting the digital clock .signal into an analog

25 signal; and

amplifying the analog signal to provide the driving
voltage, the rise time and fall time of the driving
voltage being constant regardless of the frequency of the

30 clock signal.

13. A method as claimed in claim 12, further comprising the
step of adjusting the frequency of the clock signal in
35 accordance with the temperature in the environment to

vary an amplitude of the driving voltage.
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| s generated by the conventional driving voltage generators shown in Figs.
3(a) and 3(b) Fig. 5 shows a circuit diagram of an enbodi nent of a
driving device of the present invention for_use in an ink jet recording
head; Fig. "6 is a graph illustrating the tenperature
characteristics aof the output voltage of the variable constant voltage
source of .the circuit shown in Fig. 5; Fig. 7 1s a circuit diagram
of an enbodi nent of a variable constant voltage source used in a driving

device of the enbodi nent of the presgﬁgTh?ﬁﬂption shown in Fig. 5;
Figs. -8(a) and 8(b) illustrate waveforns of control

A method and apparatus for driving piezoelectric units of an
5 ink jet recording head (51) to control the ink jet recording
head (51) to Jjet ink droplets having uniform sizes and at
uniform jetting velocity, without being influenced by any
change in the temperature of the surrounding environment. 1In
one embodiment, two constant current sources (45,46) are
10 employed provide driving voltages (Vg) which charge and
discharge a capacitor (C), and the voltage of the capacitor
is amplified to provide the voltage for driving the
piezoelectric units. In another embodiment, a digital output
from a counter (114), having a clock frequency controlled in
15 accordance with the temperature of the environment, is
converted into an analog voltage signal rising or falling in
stages. This analog voltage signal is amplified to provide a

driving voltage for driving the piezoelectric units.
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signals generated by the_circuit shown in Fig. 5; .~ Fig. 8(c)
i |l ustrates waveforms of.the charging and, discharging:currents applied to

the capacitor in the circuit of Fig. 5; Fig. 8(d) illustrates the
vol tage of the capacitor Cin the circuit shown in Fig. 5; Fi gs.
9(a) and 9(b) are other |Ilustrat|?pqh.of wavefornms of the control
signals generated by the circuit in Fig. 5 Fig. 9(c) is another

illustration of waveforns of charging and discharging currents applied to
the capacitor in the circuit of Pig. 5;

FIG. 1(a) FIG. 1(5)

5
3
6 1
\ }7
[ EQUIVALENT
1 2 CIRCUIT
FIG. 2(a)
0
Voo e r e — = — — == —
- iy
Vd—=IGENERATOR| 1 X----X----X—1-12
S D B _
= - - = -7
R
oo | [ [ ~m
_J
FIG. 2(b)
20
—Vp—=DRIVING
VOLTAGE
Vd —=GENERATOR
GND
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- 17 - 18 Ag. 9(d) is

anot her .llustration of :the vol tage of the capacitor C%i-n the circuit
shown in Fig. 5; Figs. 10(a) and 10(b) are circuit diagrans of an
enbodi nent of the constant current source unit used in the

2/14

FIG. 3(a)
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present invention; __Fig. 1t is a circuit diagram of an enbodi nent of
a driving device simlar: “f0 the enbodi nent of the enbodi-fent of the
present invention shown in Fig. 5 and realizes a nore accurate rise tine

for the driving voltage; Fig. 12(a) is a graph showing the
waveform of the driving voltage Vs prgi}gﬁd by the circuit shown in Fig.
11; Fig. 12(b) is a graph illu ing the signal T[err] which
indicates the starting point in time for the rise-up of the driving

vol tage shown in Fig. 12(a); Fig. 12(c) is a graph of the
reference signal Td which. indicates the target point in tine for the

termnation of the rise-up of the driving voltage shown in Fig. 12(a)
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Fig. 12(d) is a graph of an output signal froma peak detector of the

circuit shown in Fig. 1lgx Figs, 12(e) is a graph:illustrating an
advance phase signal provided by a phase detector in the circuit shown in
Fig. 11; Fig. 12(f) is a graph showing a delay phase signa
provi ded by the phase detector in the cirguit shown in Fig. 11;
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Fig. 13(a) is a circuit diagramillustrating an enbodi ment of a driving
vol tage generator used i, fhe driving device of the present invention;

Fig. 13(b) is a graph |IIustrat|ng a waveformof the driving voltage
generated by the circuit shown in Fig. 13(a); Fig. 14 is a circuit
di agram of anot her enbodi nrent of a drivépq device of the present invention
for use in an ink-jet recording head; Fig. 15 is a graph show ng
t he waveform of the output voltage froma digital-analog converter of the
circuit showmn in Fig. 14; Figs. 16(a) and 16(b) are circuit

di agranms for a power
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anplifier circuit; and

--—\
di agrans" for enbodlnents of a power anplifier circuit uséd in the.

rigs.

17(a) through 17(d).are circuit

enbodi ments of the dr|V|ng devi ces of the present invention.

Fig. 5is a circuit diagramshow ng an enbodi rent of a driving device,
use with an ink jet recordi ng head,
gener at or

shown, a driving voltage

tenperature of the environnent.

source 40 conprises a

The vari abl e constant voltage
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d by the present

i nventi on.

udes a vari abl e const ant
vol tage source 40 for outputting a voltage Vk, which is dependent on the

FIG. 8(d)
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ref erence voltage generat,L.ng unit 41, which generates a =_

- 19 - . 20 ref ereénce vol tage Vr
achi eved by super posi ng a correctl ng vol tage Vx, which will be described
| ater, on a Zener voltage of a Zener diode Zd. A feedback unit 43
generat es a voltage U whi ch is obtai r?eﬂ“*by di vidi ng the output voltage
VK by
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resistors Rfl and Rf2. Futher, a controller 42 conpares~the voltage Vr
fromthe-reference voltaggi‘generating unit 42 to the vigkt age Vf fromthe
feedback wunit 43 to control the output voltage Vk so that Vr is equal to
VF . A vol tage divider 44 of the driving voltage generator |0a.
produces voltage Vinl and vol tage Vin2 B 2DV|d|ng the output voltage Vk
fromthe variable constant vol tage sour 41 by the resistors Rdl, Rd2,
and d3. These voltages Vinl and Vin2 control constant current sources 45
and 46, respectively, to each generate a constant current.

Constant current source 45 generates a constant current in proportion to
the voltage Vinl, and a current fromthis

FIG. 10(a)
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constant current source 45_charges the capacitor C. The rise which occurs
in the voltage at the teripinal of the capacitor C at suchia time is

|l i near, and the charging voltage Vc attains a peak val ue approxi mately
equal to the output voltage Vk. Constant current source 46
generates a constant current in proportgﬁq o the voltage Vin2, and the
capacitor Cis discharged by this const current source 46. The vol t age

at the termnal of the capacitor C during discharge decreases Ilinearly
fromthe peak voltage Vk to zero. These constant current sources 45 and
46 are operated in accordance with - 20 -
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1 2 NOV 1996 — 21 centrol signals Sl
and S2 output alternatel yiih a prescribed operating cycke froma system

control | er 60. The voltage Vc at the terninal of the capacitor C
S anplified by a power anplifier 30, and a driving voltage Vs for a
pi ezoel ectric unit is thereby generated10/1h Recordi ng head 51

i ncl udes an actuator forned of

_____ - R B p—
______ AR DN SR
————————— ::E;-:__:::—:_
—
______ A A SR
- x o =
k4 ks = a > [

FIG. 12(a)
FIG. 12(b)
FIG. 12(c)
FIG. 12(d)
FIG. 12(e)
FIG. 12(f)
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pi ezoel ectric units, a seLgctlng switch unit shown in Fig- 2(a) or Fig.
2(b), and a tenperaturei’sensing elenment 52 for detecting the
tenperature of the environment. The t enperature information, which is
obtained based on changes in the resi stance val ue of the tenperature
sensing elenment 52, is I nput to the s%?tﬁz)controller 60 via a signal
line 52a, and the systemcontroller. 6 6 puts a printing data signal,
via a signal line group 60a, which controls the selecting switch unit.
The tenperature information input to the system controller 60 is converted
into a digital value by an analog-digital (A/D) converter 61. The digita
val ue is input

FIG. 13(a)
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to a data processing device 62 conprising a |ook-up table~and the data
processi ng device 62 out pms conpensating data for changifig the peak val ue
of the driving voltage Vs in order to conpensate for the fluctuations

whi ch the tenperature causes in the elenments of the actuator. Thi s
conpensating data is converted into an@jg val ues by, a digital-anal og
(DA converter 63, and the analog valu f"e output to the reference

vol tage generating unit 41 to cause the reference voltage
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22 generating unit 41 _to set the reference voltage Vt.at a higher

level as the tenperattre decreases. In particulaj;’ as descri bed
above, the reference voltage Vr i s changed by superposing a correcting
vol t age Vx, which is obtained by di viding the voltage of the anal og

out put fromthe digital-analog (D A) ,converter 63 by resistors Rcl and
Rc2, on a Zener voltage of the Zener1§ ZD via transistor TR7.

The reference voltage Vr which is thus generated at resistor Rb2 is
expressed by the follow ng equation

FIG. 15
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Vi =-Vx + Ebe7 + Vz - Eb where the saturated voltage~hetween the base
and enmitter of the PNP+{ype transistor TR7, and that between the base and
emtter of the NPN type transistor TR8, are expressed as Ebe7 and Ebe8,
respectively, and the Zener voltage of the Zener diode ZD is expressed as
Vz. However, since Ebe7 andnﬁl?‘_le/%1 are al nost equal, though they
change under the influence of the tenperature, the terns Ebe7 and EbeS8
cancel each other, and the follow ng equation is obtained:

Vr = W + Vz Thus, the tenperature characteristics of t he

FIG. 17(a) FIG. 17(b)
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base-em tter voltages of the transistors do not appear in the <wwefzer&Hice
voltage Vr. That is, the output voltage Vk fromthe vari abl e-constant
vol tage source 40 can be expressed by the follow ng equation:

VK
23

Vr

(1 + Rl [ RF2) 22 -

1
METHOD AND APPARATUS FOR DRIVING

AN INK JET RECORDING HEAD

The present invention relates to a method and apparatus

for drlving an ink Jjet recording hsad,

v

/ * #

/ h e

v x5 -
2t

Figs. 1(a) and 1(b) illustrate a conventicnal on-demand
type ink Jjet recording head for an ink'jet printer. In.-
particular, Fig. 1(a) is a sectional view of an actuator of the
ink jet reeordinq.head, and Fig. 1(b) illustrates an alectrical

eguivalent circuit for the.same.

An ink chamber 2 of tha actuator is formed of an ink

chamber frame 1 and a vibrating plate 4, and a plazoalectric

unlt 5, which expands and contracts as controlled by an
electric field epplied thareto, is rigidly mounted on the
vibrating plate 4. The volumetric capacity of the ink chamberxr
2 1is expanded or contracted as the vibrating plate 4 ls

displaced by operation of the piezoelectri'c. unit 5.
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= (W +Vz) . (1 +RI / R2) Hence, the output voltage Vk
depends only on a correcting voltage Vx according to the tenperature and
i's t herefore adjusted, at a high degree of accuracy, to the vol t age
val ue shown in Fig. 6. In this regard, the val ue of resistor Rbl is
deternined to be a value to allow anpl%® el ectric current to flow so that
an adequat e Zener voltage Vz can be generat ed. '

conceivable that in a tenperature correcti nmet hod,, te eﬁalsre sensi ng
el ement 52 can cGiR rimPRe kR | §lepkricy teldnes $s3let§ ’é’gﬁ'@ﬁfﬁ% Rtk 41
or the f%??%ﬁ?ﬁfggérf%lvoltagn is applied from an outaide powar sourca
via driving line 7 to an elaectrode 6§ which is dlsposed on the
plezoalectric unit 5.* This applied voltage causes a distortion
in the piezoelactric unit 5, and thils distorting force causes
tha vibrating plate 4 to exert an abrupt pressing force on the
ink chamber 2, thereby jetting‘forth ink droplets 3 out of very
small holes present in the ink chamber frame 1. A plurality of
actuators such as this ara disposed in the &n ink jet recording
head.
The piezoelectric unit 5 can be repressnted in
electxical terxrms as a capacitor, as shown in TFig. i(b).
Accordingly, selactric current in proportion -to the time
differential of the wavaform of the applied voltage flows as a
charging current and a discharging currxent when the electrig
field is applied and removed, respectively. |
As the voltage ig applied to and xemoved from the
plezoelectric unit 5 at a higher frequency, the charging
current and the discharging current increase;. Hence, when a.
large number of driving elements are pregent in the
piezoelectrié unit 5, for example, when 24 elements are driven,
the charging or discharging current will have a peak valus of
50A. Conseguently, a large drop in the voltage on the driving
line 7 occurs. This xesults in a consgiderable change in the

jetting characteristics effected bylihe driviﬁg elemants in the

: REPLACEMENT SHEET
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However, it is sonmetines difficult to select a tenperature sensing

el emrent 52 that matches the tenperature characteristics of the actuator
or those of the recording head. In particular, a tenperature correcting
process in which a tenperature sensing, el enent directly operates to
correct a driving voltage applied to3a pi ezoel ectric unit is disclosed in
Lai d Open Japanese Pat ent Application No. 65566-1980 (Showa 55).

However, that process is conpletely different fromthe present invention,

in  partifyRieledtidid eaaid t9, Ciddli h1gensar utdHdand tde dliedtibnic
system When correction needs to be nade for the thickness, etc.,
of the pi ezp@iR@intsC Junitha ididfodleaaasad Yariox change t he
Therafora, in an attempt to oliminata thase problems,
a method for driving a piezocelectric unit exista in which the
charging and dischaxging currents are limited by current
limiting reaistors., Thls method 18 described in United States
Patents Nos. 4,459,599, 4,126,867, and 4,282,535,
In this method, howsver, the resistance valuas of the
current limiting resistors ars readily suéceptibla to change.
As -a régult, the charging and discharging timos for the
individual piezoelectric units vary, which affects ths ink
jetting characteristics considerably. This problem also exists
in integrated circuit (IC) inciuding gsuch current limiting
resistors.
Morsovexr, the charging and dischaiginq times of the
plezcelectric units will eventually become different due to
inherxent changes in capacitance of the individual piezoelectric

units. Hence, because of this, the ink jetting characteristics

will deteriorate even if current limiting resistors having
identical resistances could formed in an IC with a high dagxee
of accuracy.

As an alternative, United Btates Patent No. 4,284,996
describes- & maethod for driving one plezoelectric unit with
constant -current sources, one of which being a flow type and
the other being a synchroniezing type. However, in this method,

it is difficult to maintain uniform driving characteristics
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val ue of -the wave height in the driving voltage even if the tenperature
remains the sanme. To acconplish this, a driving voltage generating unit

shoul d be constructed so that the ratio . - 23
24 of the resistors Rfl and Rf2 in

the feedback unit 43 can be varied to 4djust the feedback voltage Vf

when driving a plurality of piézoelectric units due to tha
differences in the capacitances of the piezoelectric units and
the differences in the current values of the constant current
sources.

In an attempt fp eliminate the problems associated with
the conventional apparatuses, such as those described abovse,
applicant has previously developed 4 driving device which 'isg
capable of suppressing the peak valuas of the charging and
digcharging currents without' baing 4influenced by the
differences in ths capacitance of the piezoelectric units, and
without using any current limiting resistors. 1In particular,
in the driving devics, a plurality of piezoelectric units are
directly couplaa to a driving power source whose output vo;taga
is fluctuated at a prescribed gradient in a single driving
period for the plezoelectric units. This device 1s described
in Japanese Laid Open Patent Application Nos. 274554—1990.
(Helsei 2), 36036—1991 (Heisei 3), 133647-1991 (Haisel 3),
164544-1990 (Heisel 2), 369543-1952 (Heisel 4).

Figs. 2(e) and 2(b) of the present application
illustrate this driving devica. A high wvoltagae Vp of"
approximately 20V is input to the driving voltage gensrator 10
and 20, while a Vd of approximately 5V is input to power the
logic circuit. The driving voltage generators 10 and 20 are
grounded at GND, and output a driving voltage Vs for driving
the piezoelectric units 14. In subsequent figures, idantical

. parts are identified by the same numbers or characters.
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In the circuit construction shown in Fig. 5 the output which can be
obtained fromthe digital-analog (DA) converter 63 will be a maxi num of
approxi mately 3.33V, which corresponds to 5V x 2/3 (the details of
calculating this value are omtted here.for convenience), provided that
the voltage supplied to the digital-armalog (DA converter 63 is 5v.
However, "~ during actual application, sonetinmes the variable ratio of

e el erence vol Lage, . peeds L0.0F: APSEERSeda) ! fuokehs 8,e8o% obMErr |

oDt o BRE PR Rl 8 SR SRR and
has pressuré chambers which expand upon application of a
voltage to the plezoelactric units, thereby sucking ink out of
the raeservoir and the pressure chamber.upon removal of the
voltage and éhus jetting out ink droplets. In this driving
circuit, the individual rlezoslectric units 14 of ‘the
plezoelectric unit array 13 are connectsd, via bi-dirsectional
tranafer gates 12 acting a8 selecting switches in a block of
nalectiﬁg switches 11, to the output of a driving voltage
genexrator 10, which generates the driving voltage Vs that
chaﬂgaa at a desired gradient. Because the slesctric power is
epplied sselectively to these transfer gates 12 to charge and
discharge the plezoelectric units 14 which are made of the gama
base material, the driving voltage Ve at the praescribed voltage
qr;dient is applied selectively to the plezoelsctric units 14
without being 4influenced by any dispsrsion in their
capacitance.

Fig. 2(b) illustrates a driving cigcuit which is=s
employed in an ink Jjet recorxding head which uses d33 type
piezoelectric units and has pressure chambers which expand upon
application of a voltage to the piezoelectric units, theraby
sucking ink out of the reservoir and the pressure chamber upon
‘removal of the voltage and thus jetting out ink droplets. The
driving voltage generxator 20 generates a nagative driving

. voltage -V8 which changes at & desired gradient.
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possible to obtain a favorabl e output voltage VK. To overcone this
dil emma, a variable constant voltage source, such as that shown in Fig. 7,
is used. The variable constant voltage source naintains the relationship
Vr < VK, but does not increase the magnifying ratio of (1 + RFI/Rf2), and
enlarges the ratio of change in the reféence voltage Vr even if it

I ncreases the Zener voltage Vz. In particular, in the circuit shown
in Fig. 7, the resistors Rel2 and Rel3 (Rel2 Rel3) and the transistors

TR28 and TR29 form altdsy r datvitingr ocietatti t .a whemmbon coélmeihaal ofureRAtS
I c (VWx/ Rell) having equal values flow to the
plezoalectric units 14 of the piezoelectrLc unit array 13 is
connacted to the output of driving voltage generator 20 which
genarates the driving voltags -Vs that ch&nges at the desired
gradient. The other .ends of the plezoelectric units 14 are
connected to ground GND via a group of selecting switches 21
comprising mono-~directional fransistors 22, weach having a-
parasitic diode 23 coupled in parallel. These selecting
switches can be formed in an IC, such as those presently sold
on the m;rkat. |
When the driving voltage -Vs growse larger at a constant
gradient in the negative direction, all the plezoelectric units
14 are cﬁargad via the parasitic dicdes 23, and the pressure
chamber 1s thereby expanded. Then, as the driving voltage Vs
becomes smaller (i.s., 18 raduced toward zeio) at a prescribed
gradient, electric power is conducted through only transistors
22, which have a signal being applied to théi; bases sufficient
to turn on the traneistors. Hence, the plezoelectric units 14
corresponding to thoses transistors 22 are discharged, which
causges the corresponding pressure chambers to contract, thereby
jetting out the ink. Moreover, the.;ransiators 22 having an
"off" signal (i.e. a voltage not laxge enough to turn on the
translstor) applied to their bases remain non-conductive, and

t@ua, the plezoelectric units 14 coupled to thasa transistors

maintain thelr charged state, and do not jet out any ink.

A
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- 24 25 transi stors TR28 and TR29.

The reference voltage Wr w || therefore be as expressed by the follow ng
equat i on! - Vr =ic X Re3 + Vz = (Rc3 /
Rell) x Wx + Vz Accordingly, the fluctuating range of the reference

. 7

vol tage Vr

Fig. 3(a) illustrates an arrangement of the circuit of

the driving voltage generator 10, which generatea a driving

. voltage Vs, as shown in Fig. 2(a). This driving voltage
genarator 10 charges a capacitor C via a transistor TRl at a
time constant determined by the capacitance of capacitor C.and
the resistance of resistoxr Rtl, and thereafter dischargses the
capacitor C via a transistor TR2 at a time constant determiped
by the capacitance of capacitor C and the raslstance of
resistor Rt2, thereby obtaining a reference fluctuating
voltagae. The driving voltage Vs is generated by amplifying
this fluctuating voltage of the capacitor C by a power
amplifie; 30. This power amplifier 30 comprises a pair of
mutually complementary transistors.

This circuit illustrated in Fig. 3(a) is simple and low
cost. Howevear, since the wavaform has the characteristics oﬁ
an exponential function, the waveform tapers near the end of..'
operation of the actuator. Hance, this driving device cannot
attain favorable ink djetting characteristice. Moreover, £he
charging and distharging curxrents of .the pilezoelectric unit,
regspectively, have the characteristics of an exponantial
function and thus do not provide constant current.
Accordingly, 4in this circuit, large current flows 1in the
initial phasses of the charging period and discharging period,
which is._.not favorable.

Fig. 3(b}) illustrates a driving voltage generator which

overcomes the defects of the conventional driving devices
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can be made | arger by arbitrarily anplifying the correcting voltage Vx by
appropriately selecting the respective resistance values of the resistors

Rc3 and Rell. Next, the operation of the circuit shown in Fig. 5
is described with reference to Fig. 8(a) through Fig. 8(d). Fi gs.
8(a) and 8(b), respectively, illustrate8he control signals Sl and S2.
These control signals are output by the systemcontroller 60 so that the
constant current sources 45 and 46 are operated alternately. I n response
to these control signals S1 and S2, as shown in Fig. 8(c), the constant
current source 45 generates a charging current il which charges capacitor

C, and constant current source 46 generates a

- dascribad abova. . This driving device attainz a refersnce
fluctuating voltage by charging and discharging the capacitor
C with constant current sources 31 and 32. The referance
fluctuating voltagé is amplified by the power amplifier 30, and
the driving voltage Vs is thereby obtained.

. The plazoelectric units arxe thus driven with constant
chaiging‘and discharging currents at the driving voltage Vs,
When this process is used, the voltage Vc of the capacitor C
will be YC = (il/C) x t or Vc = Vp - {(i2/C) x t (wherein, t: time).
The'veltage Vc, therefors, undergoes a lineax cﬁange;—and tHus,
this voltage generator ovarcomes the problems found with the

“ conventional driving voltage generators.

Figs., 4(a) through 4(c) 4illustrdte the wave-form;
provided by the driving voltage generator, which attains a
lineaxr change in tha generatad voltage, as éhown in Fig. 3(b).
In particulaxr, Figs. 4(a) and 4(b) show the wave-form of the
driving voltage Vs that is provided, and Fig. 4(c) shows the
wave-form of the. Hrivinq curxent Is that is provided,
Actually, Figs. 4(a) and 4(b) ghow tha driving voltagauvg"that
it is used for the d31 type plezoaslectric units and the d33
type plezoalectric units, respectivaly.

Differences in the base material. of which a
Diezoelectric unit is made, =such as a. difference in the
ﬁhickness'of the bese material, will result in a difference in
the amount of expansion or contraction of the plezoelectric

.unit, so that there will be differences in the guantity of the

i
—
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i 2 which discharges capacitor C. Fig. 8(d) illustrates

di schargi ng current
the capacitor C, which

the wave-form of the voltage Vc at the term nal of

is charged and di scharged, respectively, by charging current il and
di scharging current i2, Mor eover, a waveformis shown in Fig. 8(d)
for a case when the output voltage frofthe variable constant voltage
source 4-0 is reduced fromVkl to VK2. In this case, the charging

i be smaller in

current value il and the discharging current value i2 wll
prOpOfthN&thbHe£ﬁ¥U|ﬂﬁe0H€ﬂEb£%§pHE the jetted ink, and so forth.

REPLACEMENT SHEET
Accordingly, it iz necessary to adjuat the value of the wave
height of the driving voltage Vs in order to compensate for
such differences.

Purthermore, it is necessary to adjust the value of the
wave height of the driving voltage when there is a sharp change
-in the characteristics (a.g. viscosity) of the ink 15 relation
to the temperature in ths environment. Such a correction can
be made by adjusting the charging and dlscharging times of tha
piezoelectric unit, as shown by a single dot chain line in
Figs. 4(a) and 4(b). However, such an adjustment increases the
time in which the ink chamber iz maintained in its state of its
maximum expansion from t0 to t0’. As a result, a deviation
cccurs in the posgition of the meniscus of the ink ﬁt the point
in time when the ink is jetted out, and thus, & change
eventually occurs in the ink jetting characterlstics.

Also, with tha driving voltage generator shown in Fig.
3(b), the charging current i1, which is fed from the constant
curxent source 31 to the capacitor C, and the discharging
current 12, fed from the constant current source 32, will
aggume the values detarmined by the following equations:

i1 = Ebe / Rs2
12 = Ebe / Rs¢
wnere the voltage between the bare and emitter in transistors

TR3 and TR6 is expressed as Ebe.
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voltage, and the rising and falling gradients of the voltage Vc

the termnal of the capacitor C being thereby adjusted. However, the
charging tinme r1, the peak voltage holding tine r2, and the discharging
time r3 will not change. I n ot her words, this circuit is capable of
perform ng stable control over the:H3scharging operation since it does
not cause any deviation in the position of the neniscus of the ink at

"t he

transistor depends on the temparature in the environmant and

changes c—oﬁéiaerably from 0.7 V to 0.35 V in the ranga from 0

o 40" C. Hence, the circuit shown in Fig. 3(b) suffers from

problams related to the temperature characteristicsa,
It is the object of the present invention to provide a method and apparatus for driving an ink jet rebording
head which avoids the above mentioned drawbacks. This object is solved by an apparatus according to
independent claims 1 and 5 and by a method according to independent claims 9 and 12. Further
advantageous features, aspects and details of the invention are evident from the dependent claims, the
description and the drawings. The claims are to be understood as a first nonlimiting approach to define the

invention in general terms,
*

The invention provides an ink jet recording head having piezoelectric units and, in particular, 2 method and
apparatus for driving an ink jet recording head to provide uniform ink jetting characteristics of the ink jet
recording head without being influenced by fluctuations in temperature of the surrounding environment.

- PR 3 3
According to one aspect of the present invention there 1s

provided a driving device for

1.;..58 with an 4ink Jjet rscoxding head that is capable of
maintaining consistent ink jetting characteri;:ica by adjusting
the value of the wave height of the driving voltage wavae-form
while controlling the xise and £all times of the driving

voltagas wave-form to fluctuate conaigtently at a desirac
voltags gradient. In a specific aspect of the present
invantibn.the;e is provided a driving device which is not influenced
by temparature,
According to another aspect the
- present invention further provides
a driving voltage generator which generates a driving
voltage waveform rising and/oxr falling in a prescribed driving
pexliod to dxive a plurality of plezoelactric units, The forca
.gsnerated by the plezoslectric unlts when driven enlarges or

reduces the volumetric capacity of an ink chamber of the {ink
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point in tinme of jetting the ink even if the output voltage is changed.
Figs. 9(a) through 9(d) illustrate another driving timng chart, which
is an inprovenent fromthe driving timng chart shown in Figs. 8(a)

t hrough 8(d), and which can suppress the residual vibrations of the

meni scus to the maxi num extent possiBile after the ink droplets are

di scharged. As shown, the discharge of the capacitor Cis tenporarily
stopped after the ink is jetted out. Them—the discharge is resuned at the
point in time when the nmeniscus is considerably drawn in, thus canceling
the further drawing in of the neniscus. Even with a driving system

like this, it is possible to
jet recording head, thereby jetting out ink droplets through

nozzla holes formed in the recording head.

The driving voltage generator such as this comprises a
constant voltage source, which is capable of varying the out;_:ut
volfage in accérdaqce with a correcting voltage signal, and a
first constant current source,'which generates a first constant.
voltage in proportion to’ the output voltage through tha use of
the constant voltage source. |

The driving voltage geherator further preferably includes a
capacitof, which is charged approximately up to ths output
voltage by the first constant current, and a second constant

. current source, which provides a Becond constaﬁt current, in
proportion to the output voltage, for discharging the charged
ca.pe.citor. Finally, the driving voltage genaxator preferably comprises a
powexr amplifier, which inputs the vcltngé of the capacitor and '
outputs the driving voltage wave-form approximately egual to
the terminal voltage of the capacitor. Accordingly, the
drziving device c¢f the present invention keeps the rise and fall
times of thea drivihg voltage wave-Iform constant, ragarxdless of
thé_corracting voltage signal.

In another aspect of the present invention the driving device is

also capable of varying the wave height of the driving veltags
waveform by adijusting the coxrecting wvoltage eignal in
accordance with the tsmperature of the environment. Further,

the constant current sources which generate the first and

second constant currents sach comprise a pre-transistor, which

- 11 -
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perform stable control over the jetting of ink droplets because only the
rising and falling gradients of the voltage at the termnal of the
capacitor C are adjusted as in the timng shown in Figs, 8(a) through
8(d). Again, no change is made to the charging time tl1, the peak voltage
holding time r2, and the discharging ti%re r4 through T6.

- 26

acts as an emitter or source follower to recelve a voltage in
proportion to the output voltage, an output transistor,
connected at its base or gate to the emitter or source of the
pre-transistor, and a resistor for setting a value of the

glactric.current at the emitter of the output transistor,

In yet another aspect the present invention also provides
a device for detecting the point in time when ‘the
driving voltage waveform attaing its maximum voltage or minimum
voltage, and a phase difference detecting device which detacts
a deviation in phase between ths output from the detecting
device and a refersnce signal indicating the point in tims. In
another aspect the driving device further provides a device for making
f?ne adjustments of. the £irst constant current or the second
constant current in accoxdance with the output from the phase
differsnce detecting device regardless or.the output voltage
from the constant voltage sourcas, The driving device therefor-
automatically adjusts the rise or fall times of the driving

voltage waveform to a set valua.

Accoxdingly, in one aspect of the present
invention the capacitor is charged up to
the.output voltabe value of a variable constant voltage souxce
by using a constant current source. In the constant current’
souxce, the current value iz controlled ﬁy & voltage dividing
elgnal for the output from the variable constant wvoltage
source, and then the capacitor is discharged until it attains

, & zero voltage potential. Hence, the capacitor thereby

- 12 -
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27 If the driving system operating as shown in Figs. 9(a)
through 9(d) is enployed, it is be possible to inprove the ink jetting

period. Further,

when the di scharge of the capacitor C is stopped hal fway

in the operation, the waveform of the driving signal can be kept flat

because the input inpedance of the clfrent anplifier 30 is very high.
In addition, the neniscus will be set in a still sate al nost wi thout any

vibration if the
control signal S

PREEE S BB o s p SR P a G e ERAFgTh o tEeos

operation. |f tRQeneh@tdd W) driving voltage Vs on the basis of this raference

driving

voltage. Thus, simply by adjusting the output from the
variable constant voltage souxce in accordance with the
temperature in the environment in ‘such a manner &8s to corract
characteristics of the ink such as viscosity or the like, it is
possible to vafy the value of the wave height of the driving -
voltage Vs while maintaining the rise and fall times of the
driving voltage Vs constant. '

Qurthermore, the conatant currant source formed of
mutually complementary transistqrs, namely, a pair of & PNP
transistor and an NPN transistor 4in a cascade connectlon,
cancels the respective base-emittexr voltage components, so that
the constant current source itself does not depend on
temperature,

In a specific aspect the present inventimmal&aprmddesanoﬂmr
device, for driving an ink jet rscording head, which includes
2 driving voltage generator for generating a driving voltage
wavaeform xising and/or falling in a prescribed driving pexiod
to drive a plurality of piezoelectric units disposed in the ink
jat recording head. Tha forces generatad by the plezoelactric
units being driven enlarga; or reduces the volumetric capacity
of an ink chamber, thereby jetting out ink droplets through
nozzle holes in the recording head.

The driving voltage generator comprises in another aspect

of the invention a device for generating a variable frequency

clock signal, a counter which

- 13 -
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operation is then resunmed, with the control signal S1 being turned ON at
the point in tim when the neniscus returns, it is possi ble to keep the

peak voltage holding tine T2 a very short peri od. An enbodi ment
of a constant current source used in the present invention will be
described. Fig. 10(a) illustrates fIBﬁ/type constant current sources 45,
and sink’'type constant voltage source 46, which I ncl ude nmut ual | y

conplementary transistors in emtter-foll ower connections The
constant €@FREAt tRBUFLeckseigRalyorRdgR SPRETAS ??SicﬁnﬁUFCVoPPégétaaﬁé

conpr ses NPN transi stor, TRO and P t tran
prgeihed ﬁ“%n %éﬁf%er rEéP§F&P9R€§°P ;ignii did a 'dadu E? §}gna1

. in repetition at prescribed time intervals to the counter. The
driving voltage generator further includes a digital-analog
(D/A) converter, which converts the digital output from the
counter into an analog voltage, a voltage amplifier for
amplifying the analog voltagé, and a power amplifier which

~ inputs the output voltaée from tha voltage amplifier and
outputs the driving voltage waveform approximately equal to the
output voltage from the voltage amplifiex. Hence, this driving
device of the present invention keeps tha xrise and fall times
of the driving voltage waveform constant, regardless of the
fraquency of the clock signal.

This driving device also is capable of varying the wave
haeight of the driving voltage waveform by adjusting the
frequency of the «<clock signal in accordance with, théi
temperatura of the environment,

According to another aspect, in the second driving device provided by
the present invention, the count output from a countar which
counts the clock signals at prescribed time intervals is
converted by a digital-to—analog'(D/A) convarter into analog
voltage signals which rise.or fall in stages. These analog
voltage signale are amplified to produce a reference voltage,
and & driving 'voltage ve for the piézoelactric unit is
genarated on the basis of this reference voltage, Therefore,

. no capacitor, whose capacitance may change dus to a change in
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This constant voltage current source 45 al so includes a transistor TR

t hat
- 27_

Is activated by the control signal S1 from the systemcontroller

28 The const ant

current source 46 uses voltage Vin2 a§5its

. fourth transgistor circuit.

temperature or a secular change, is hecessary. Henca, a more
stable driving voltage Vs can be obtained.

Further, the sgecond driving device is éapable of
varying the wave height value of the driving voltage waveform,
while keeping the rise and fall times of the driving voltage Vs
constant simply by adjusting the freguency of the clock signal
in accordance with the temperature in the environment, so as to
correct the viﬁcosity characteristics, etc.,, of the ink.,

The power amplifier of both driving devices described above provide in
specific éspect a front s£;ée.cémprising a first transistor and
a sacond transistor whose bases and emittera are connectasd to
each other, and which are mutually complementary and perxform a

push-pull opaeration on the voltage at their base terminals. An

output stage of +the power - amplifier comprises a third

I
60.

transistox circuilt, which is substantially complementary with

the firxst transistor, and a fourth transistor clrcuit, which is
substantially complementary with the second traneistor. The

collector and emi{tter of the first transistor is connected to
the bage and emitter of the third output transistor circuit, so

that the collaector curraent generated by the first transistor is

-applied as the base current of the third transistor circuilt.

Furthexr, the collector and emitter of the second transistor is

connected to the base and emitter of the. fourth output

transistor circuit, so that the collector current gensrated by

the second transistor is applied as the base current of the
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I nput vol tage, and conprises a PNP type transistor TR12 and an NPN t ype

transi stor TR13 provided with an emtter resistor Re4, This constant
current source 46 further includes transistor TRI4 that is activated
by the control signal S2 from the systemcontrol neans 60. The
vol tages generated in the resistors ReZ and Re4, respectively, are

expressed by the fglh @ Ag: QgidAingOAS/ices described above\mtiolrise Wcodrdinghed +
Ebel0 Vin2 + Ebel2 - Ebel3 where the saturated

vol t ages Be@#%%@FFﬁEaﬁé§€1ﬁﬁanﬁ@ tih fter of each of the transistors TR,
TR10, TR12, and TR13 are expressed by Ebe9, Eb10, Ebel 2, and Ebel 3,

reSpeCtiV8h¥rent limiting circuit which inhibits base current flowing to
the third transistor circuit and the fourth trangistor circuit,
respectively, when an output current flowing through the third
tranasistor «circuit and +the fourth transistor cirecuit,

raspectively, flows.in excess of a predeterminsd value.

These and other objects and advantaéea of the invention
will become more apparent and more readily appreciated from the
following detailed description of the presently prafgrred
exemplary embodiments of the invention taken in conjunction
with the accompanying drawings, of which:

Fig. 1(a) illustrates a conventional ink jet recording
head employing a piezoelaectric unit;

ig l(bj shows an eguivalent electronic circuit for
ha ink jat recording head shown in Fig. 1(a);

Figs. 2(a) .and 2(b) are circuit diagrams of
conventional driving devices for an 4ink jet recording head
shown in Fig. 1(a);

Figs. 3(a) and 3(b) each illustrate circuit diagramsa of
typical driving voltage generators employed in the driving
devices shown in Fige. 2(a) and 2(b);

Figs. 4(a) and 4(b) are graphs illustrating the voltage
wavaeform of a driving voltage Vs generated by the conventiocnal

- driving voltage generators shown in Figs. 3(a) and 3(b);

R PLACEMENT SHEET
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However,

I ndi vidual transistors are alnost equal in their tenperature
characteristics, regardl ess of the polarity,.. the equations given above
can respectively be restated, regardLgss of the tenperature, as follows:
Vout| = Vinl Vout2 = Vi Therefore, the flow current i1l
fromthe constant current source 45 is il = Vinl / Re2, and the

si nk current i2 from the constant current source 46 is 12 =
;ﬁhg2 I Re4.  Aceqidi ngley, 16h8Sgragh €1lug@Palendet RaTeaed «hds Gl vEN PN

Is generated by the conventional driving voltage generators
ghown in Figa. 3(a) and 3(b);

Filg. 5 gshows a circuit diagram of an embodiment of a
driving device of the presenﬁ invention for use in an ink jet
racoxding heﬁd;

Fig., 6 1is a graph illustrating the tempsrature
characteristics of the output voltage of the variable constant
voltage source of the circuit shown in Figz 5;

fig. 7 is a circuit diagram of an embodiment of a
variable constant voltage source used in a driving device of
the embodiment of the present invention shown in Flg. 5;

Figs. 8(a) and B(b) illustrate waveforms of control

signals generated by the circuit shown in Fig. 5;

rig. 8(c) illustrates waveforms of the charging and,

discharging currents applied to the capacitor in the circuit of
Fig. 5;

Fig. B{(d) illustrates the voltage of the capacitecr C in
the circuit shown in Fig. 5;

Figs. 39(a) and 9(b) are other 4illustrations of

" waveforms of the control signals generated by the circuit in

Fig. 5;
Fig. 9(c) 4is another illustration of waveforms of
charging and discharging currents applied to the capacitor in

the clrcuit of Fig. 5;
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- 28 - 29 consi stency of the

resi stance val ues, w thout dependence on the tenperature. Si nce
resistors having a tol erance of about 0.5 %are available at |ow cost,

this circuit provides a constant currggt

Fig. 9(d) ia another illustration of the voltagse of the
‘capacitor C in the circuit shown in Fig. §5;

Figs. 10(a) and 10(b) are circuit diagrams of an
embodiment of the constant current source unit used in the

prasent invention;

Fig. 11 is a circuit diagram of an embodimant of a
driving device similar to the embodiment of the embodiment of -
tha present invaﬁtion gshown in Fig. 5 and realizes a more
accurate rise time for the driving voltagé;

fig. 12(a) 1is & graph showing the waveform of.tha
driving voltage Vs provided by the circuit shown 1n Fig. 1l1;

Fig. 12(b) is a graph illustrating the signal Ts which
indicates tha starting point in time for the 'rise-up of the
dxiving voltage shown in Fig. 12(a);

Fig. 12(c) is a graph of the reference signal Td which,
indicates tha target point in time for the termination of the'
rige~up of the driving voltage shown in Fig. 12(a);

Fig. 12(d) 4is a graph of an output signal from a peak
detector of the circuit shown in Fig. -11;

Figs. 12(e) is & graph illustrating an advance phasge
signal providad by a phase detector in the circuit ghown in
Fig. 11;

Fig. 12(f) is -a graph showing a delay phase signal

provided by the phase datector in the circuit shown. in Fig. 11;
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source at low cost and with a high | evel of performance. In addition,

since t

he constant current source 45 operates at a high degree of accuracy

when voltage Vinl and voltage Vin2 are 0.3 V or higher, it is possiblE to
get the final charging voltage of the capacitor C al nost to the out put
voltage Vk from the variable constant’3oltage source 40, and to set the

final
illustr

di-schargi ng vol tage al nost to GN\D. Fig. 10(b) is a diagram
ating anot her enbodi ment of a constant current source, which

obtains a constan Irr by ;gui gt apni-pg; L he esjgengiahed e
a constang gur " 8l a )0V 1HRI B ap LA ENeay@hLages a8 TRl?,qnlgn Ry

em tter
respect
82

_ the transistors™TR15 an _ o
| VEl¥oddenkth® v @l 3ARE NY Kby d/igehe it 48| ige@PERathBId @RI NG ers

device of the present invention;

Fig. 13(b) 4is a graph illustrating a waveform of ths
driving voltage generated by the circuit shown in Flg. 13(a):

Fig, 14 is & circult diagram of another smbodiment of
a driving dgvice of the presant invention for use in an {nk jet
recording head; .

Fig. 15 is a graph showing the wavaform of the output
voltage féom a digital-analog converter of the circuilt shown in
Fig. 14;

Figs. 16(a) and 16(b) are circuit diagrams for a power
amplifier circuit; and

rigs, 17(a) through 17(d) are circuit diagrams for
embediments of' a8 power amplifier circuit used in the.

embodiments of the driving devices of the present invention,

FPig. 5 is a circuit diagram showing an embodiment of a
driving device, for use with an 4ink det recording head,
provided by the prssent invention. As shown, a driving voltage
generator l0a includes a variable constant voltage source'40
for outputting a voltage Vk, which 418 depsendent on the
temperature of the anvironment,

The variable constant voltage source 40 comprises a

" raference voltage generating unit 41, which generates a
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and 83. However, this circuit becones wunstable in its operation
If Vinl is set approximtely equal to the output voltage, or if Vin2 is
set approximately equal to GND, when the voltage being supplied to the
operating anplifiers 82 and 83 is to & supplied fromthe output voltage
Vk fromthe variable constant voltage “source 40. In addition, it
is possible to forma constant current source by using a current mrror
circuit. Al t hough 'such a constant current source can nmamintain a very
smal | vol t ag€edenpe voltage Vr achieved by super@®®sing a corracting
voltage ﬁx,.which will be described later, on a Zener voltage
of a Zenar diode Zd. A feedback uynit 43 generates a voltagae V§
wﬁich is obta;ped by dividing the output voltage Vk by
reaiatorﬁ Rf1 and Rf2. Further, a controller 42 comparee the
voltage Vr from the reference voltage generating unit 42 to the
voltage Vf from the feedback unit 43 to c;ntrol the output
voltage Vk 8o that Vr is equal to Vf. '
A voltage divider 44 of the driving voltage generator
lOa.prbdﬁces voltage Vinl and voltage Vin2 by dividing the
output voltage Vk from tha variable constant voltage source 40
by the resistors Rdl, Rd2, and Rd3. Thase voltages Vinl and
Vin2 control coenstant current sources 45 and 46, respactively,
to sach generate a constant current.

Constant current source 45 generates a constant currant
in proportion to the voltage Vinl, and a current from this
constant current source 45 charges the capacitor C. The riss
which occurs in ths voltage at the terminal of the capacitor C
at such a time is linsar, and ths charging voltage Vc attains
a peek value approximately equal to the output voltage Vk.

Constant current source 46 generates a constant current
in proportion ‘to the voltags Vin2, and the capacitor C 1is
discharged by this constant current source 46, The. voltage at
the terminal of the capacitor C dprihg discharge decreases

linearly from the peak voltage Vk to zero. These constant

current sources 45 and 46 are operated in accordance with
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30 in the constant current source, a pair of transistors having
wel | - bal anced characteristics nust be used to achi eve this. Duri ng
actual application of the above circuits, in sonme circunstances, the peak
voltage holding tinme t2 nmust be nmade very small. However, such a smal

peak voltage holding time T2 may not B& easily obtained due to a
di spersion in the accuracy of the constant current source 45 in the

circuit shown
control eignals S1 and S2 output alternately in a prescribed

operating cycle from a system controller 60.

The voltage Vc at the tarminal of the capacitor C is
amplified by a power amplifier 30, and a driving voltage Vs for
a plezodlectric unit is therseby generated.

Recording head 51 includes an actuator formed of
plezoelsctric units,.a selscting switch uﬁit ghown in Fig. 2(a)
or Fig. 2(b), and a temperature sensing element 52 for
detecting the temperaturas of the environmeﬁt. The temperature
information, which 18 obtained based on changes In the
resigtance value of the temperature sensing element 52, is
input to the system controller 60 via a signal line 52a, and
the system controller 60 outputs & printing data signal, via a
gignal line group 60a, which controls the selecting switch
unit, o

The temperature d4nformation input to the system
controller 60 4is converted into a digital wvalue by an
analog-digital (A/D) converter 1. The digital valua iz input
to a data processing device 62 comprising a lock~up table, and
the data processing device 62 outputs compansating data for
changing the peak value of the driving voltage Vs in order to
companeate for the fluctuatione which the temperature causas in
the elemenga of the actuator. This compensating data is
convertad into analog values by a digifal—analoq (D/A)
converter 63, and the analog values are output to the reference

,voltage generxating unit 41 to cauese the referance vcltage
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in Fig. 5. Accordingly, a circuit which provides an accurate
driving voltage Vs will be described with reference to Fig. 11. In this
circuit, resistors Re2 or Re5 (shown in Fig. 10(a) ) for determning the
flow current value for the constant current source 45 are replaced with a
vari abl e i npedance 120, and automatic é8ntrol is performed on the val ue of
the variabl e inpedance 120 in accordance with a dispersion in the accuracy
of the constant current source 45, In particular, the difference

Ib; ghgzgkb@ggﬁggfgﬁlﬁg ﬂ;?tli'i:%r?tslst e%%l\%ﬁgag% l\éér)# é?%':rre ea?gﬁ'%‘t&d
level as the temperatura dsecraasas. In particular, as
described above, the xeference voltada Vr 18 changed by
superposing a correcting voltage Vx, which is obtained by
dividing the +voltage of the analog output from the
digital-analog (D/A) converter 63 by resistors Rcl and Rc2, on
a Zenaer voltage of the Zener diode 2D via transistor TR7. '

The reference voltage Vr which is thus generated at
resistﬁr Rb2 is expresséd by the followiné equationt

: Vr = Vx + E$e7 + Vz - EbeB
where the saturated voltage betwaen the base and emitter of the
PNP type transistor TR7,-and that betwean tha base and emitter
bf the NPN type transistor TR8, are expressed as Ebe7 and Ebe§,
respactively, and the Zenar voltage of the Zener diode 2D is
gxpresead as Vé. '

However, since Ebe7 and EbeB are almost equal, though
they changs under the influsncae of the temperature, the texms
Ebe7 and EbeB cancel each other, and ths following aguation is
obtained:

Vr = Vx + Vz

Thus, the temperature characteristics of the
base-emitter voltages of the tranasistors do not appear in the
reference voltage Vr. That is, the output voltage Vk from the

variable -constant voltage source 40 can be expressed by the

following equation:

Vk = Vr . (1 + Rfl / Rf2)
- REPLACEMENT SHEET

it el
- 22 - || 17wy s



signal Td,

phase detecting circuit 122.

whi ch indicates the control point intinme, is detected by a
The detected difference in phase is

converted into an anal og voltage signal by a charge punp 123 and an
integrating circuit 124, and the analog voltage signal is applied as the

base current of the

col | ector -
-30-

transi stor TR31 t@&3adjust the inpedance between the
and the emtter of the transistor TR31,

= (Vx + Vz) . (1 + Rf1 / R£2)

Hence, the output voltage Vk depends only on a
correcting voltaga Vx according to the temperature and {s
therefore adjusted, at a high degree of accuracy, to the
voltage value shown in Fig. 6. In this regard, ths value of
resistor Rbl is detarmined to be a value to allow ample
elsctric current to flow so that an adeguate Zener voltage V2
can be geherated.

It is conceivable that in a tembarature correcting
method, temperature sensing element 52 can_cohtrol directly the
raference voltage generating unit 41 or the feedback unit 43.
However, it 1s sometimes difficult to select a temperaturas
sensing element 52 that matches the temperature characteristics
of the actuatoxr or thosa of the recording head. In particular,
a temperature correcting process in which a éamperature sensing
element directly operates to corrsct a driving voltags applied'
to a plezoelectric unit is disclosed in Laid Open Japanese

Patent Application No. 65566-1980 (Showa 55). However, that

process ie completely different from the present invention, in

particular, with regard to circuit construction and the driving

syatem.

When correction naeaeds to be made for the thickness,
etc., of the piezoelaectric unit, it is necessary to change the
value of-the wave height in the driving voltage even if the

temperature remains thae same. To accomplish this, a driving

, voltage generating unit should be constructed ma that the ratio
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31 Fig. 12(a) through 12(d) are graphs illustrating the
operations of the circuit shown in Fig. 11. |In particular, Fig. 12(a)
shows the voltage wave-formof the driving voltage Vs, Fig. 12(b) shows
the rise-up point intime Ts for the driving voltage Vs, Fig. 12(c) shows
the reference signal Td output with a2tag by the tine Tl fromthe
occurrence of the rise tine Ts, and Fig. 12(d) shows the output fromthe
peak detector 121, Figs. 12(e). and 12(f) show a phase advance signal

(UP) and a delay signal (DN) output fromthe phase
. of the resistors Rfl and Rf2 in the feedback unit 43 can bhe
varied to adjust the feedback voltage V£.

In the circuit construction shown in Fig. 5, the output
which can be obtained from the digital-analog (D/A) converter
63 will be a maximum of approximately 3.33V, which corrasponds
to 5V x 2/3 (the details of calculating this valus are omittad
here for convenience), provided tﬂat the voltage supplied to
the digital-analog (D/A) converter 63 is 5V.

Howe&er, during actual application, somatimes the
variable‘ ratio of the referenca voltage Vr needs to bse
increassd. In such a case, the Zsner voltage Vz can be
reducad. Navartheless, in this case, in order fo obtain a
prescribed outﬁut voltage Vk, it 1s necessary to make ths
magnifying ratio of (1 + RE1/Rf2) larger. Hence, it may not be
possible to obtain a favoxable output voltAge vk,

To overcome this dilemma, a vaxiable constant voltage
source, such as that shown in Fig. 7, 1s used. The variabdble
conetant voltage source maintains the relatiénship Vx < Vk, but
does not increase the magnifying ratio of (1 + Rf1l/Rf2), and
enlaxges the xatio of changse in the reference voltage Vr even
1f it increasas the Zenar voltage Vz.

In particular, in thae circuit shown in Fig. 7, the
resistors Rel2 and Rel3 (Rel2 = Rel3) and the tranalators TR28
and TR29" form A current mirror clrcuit, wherein collector

currents ic (Vx/Rell) having equal values flow to the
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.detector 122. In this regard, a simlar circuit can be used also for
controlling the fall tinme r3 of the driving voltage Vs. The
enbodi ments descri bed above relate to the operation of an ink jet
recordi ng head which, using a d31 type piezoelectric unit, sucks up ink
froma reservoir by expanding a pres&ure chanmber in accordance with a
vol tage applied to a piezoelectric unit, and jets out ink droplets by
contracting the .pressure chanber by renoving the voltage. An enbodi nent

for use with an ink jet recording head using having d33 type piezoelectric
units, whitgenmiatazs | BRR8vanst T828he oPBRatTBFETBRCBhYMAIGp¥r will

i ezoel eCt't:r}ieCraufnci;}as’bei Sasi lel:ypsztersastgc(ij II::;'] *.!::}ng f%?lowing squation:
Vr = ic x Rc3 + Vz
= (Rc3 / Rell) x Vx + Vz
Accordingly, the fluctuating range of the reference voltags Vr
can be made larger by arbitrarily amplifying the correcting

voltage Vx by appropriately selecting the respective.rgsistance

values of the resistors Rc3 and Rall.

-

Next, the operation of the circuit shown in Fig. 5 is
described with refexence té Fig. B{a) through Fig. 8(d).

. Figs. 8(a) and B8(b), respectively, illustrate the
control signals S1 and S2. These control signals are output by
the system controller 60 so that the constant current sources
45 and 46 are operated alternately. In raesponse to thesze
contrxol signals S1 and 52, as shpwn in Fig; B(c), the constant
current source 45 generates a charging current i1 which charges
capacitor C, and congtant current source 46 generates a
discharging cuxrent i2 which discharges capacitor C. Fig. B(d)
illustrates the wave-~form of the voltage Vc at the terminal of
the capacitor C, which is charged and discharged, respectively,
by charging current i1 and discharging current i2.

Moreover, a waveform is shown in Fig. 8(d) for a case
when the output voltage from the variable constant voltage
souxce 40 is reduced from Vkl to Vk2. In this case, the
charging current value i1 and the discharging current value 12

~will be smaller in proportion to the decline of the output
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Fig. 13(a) is a circuit diagramof a driving voltage generator 20a, which
Is used for an ink jet recording head having d33 type piezoelectric units.
A | ogic power source Vd provides a voltage of 5V to a | evel converter 93.

This level converter 93 perfornms a Ieggl converting process on the control

-31 - - 32

voltage, and the rising and falling gradients of the voltage Vc
at the terminal of the capacitor C being thereby adjusted.
Howevar, the charging time tl, the peak voltage holding tims
2, and the discharging time <3 will not change. In other
words, this clrcuit is capable of performing stable contxol
over the discharging operation since it does not cause any
deviation in the position of the meniscus of the ink at 'the
point in time of jetting the ink even if the output voltage is
changed. '

Figs. 9(a) through 9(d) Jllustrate another driving
timing chart, which ig an improvement from the driving timing
chart shown in Figs. B(a) through 8(d), and which can suppress
the residual vibrations of the meniscus to the maximum extent
possible after the ink droplets are discharged. As shown, the
dischaxge of the capacitor C is temporarilf etopped after the.
ink is jetted out. Then, the discharge is raesumed at ths point
in time when the meniscus is considerably drawn in, thus
canceling the further drawing in of the meniscus.

Even with a driving system like this, it is possible to
rerform stable control over the jetting of ink droplets because
only the rising and falling gradients of the voltage at the
terminal of the capacitor C are adjusted as in the timing shown
in Figs. 8(a) through B8(d). Again, no change is made to the
charging time tl, the peak voltage holding time T2, and the

discharging time t4 through <t§.
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signals S1 and S2 output fromthe systemcontroller 60 and the correcting
vol tage Vx based on the tenperature information, provides control signals
S1' and S2' to control constant current sources 91 and 92, and provides
correcting voltage VWx' to control the voltage (-Vk) output by a variable
constant voltage source 90, thereby c&dsing the driving voltage generator
20a to generate a driving voltage Vs in a negative voltage shown in Fig.

13(b). This driving voltage generator 20a also can be enployed in the
enbodi nent i s advant ageous over the

Firet - enbodi ment OF 8 FEEAT SYRER GROTARINY (48 SROWCoR HR . dhinp,

the first %ﬂ%ﬁ'&ﬂe @t( dcif itsh%.prl%sy%rc]it, iir%virlt ib%n P %%%.rb%.teesto improve the ink
jetting period. Further, whan the discharge of tha capacitor
C is stopped hélfway in the operation, the waveform of the
driving signal can be kept flat bacause the input impedance of
the current amplifiar 30 is véry high.

In addition, the meniscus will be set in a still sate
almost without any vibration if the charging operation isg
stopped temporarily, with the control siénal S1 bsing turned
OFF halfway through the charging opsration. If ths charging
operation is then resumad, with the control signal 51 being
turned ON at-the point in time when the meniscus returns, it is
possible to keep the peak véltage holding time 12 a very short
period,

An embodiment of a constant current source usad in ths
present Invention wlll be described. Fig. 10(a) illustrates
flow typa constant current smources 45, and Sink type
‘constant voltage BEOource 46, which include mutually
complementary transistors in emitter-follower connections.

The constant current source 45 usas voltagé Vinl as {its
input voltage, and comprises an NPN type transilstor TRY and a
PNP typa transistor TR10 provided with an emitter resistor Re2,
Thie constant voltage current source 45 also includses a
transistor TR11l that is activated by the control signal 5! from

the system controller §0.
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a driving voltage Vs on the basis of a charging voltage and a discharging
vol tage of capacitor C. However, the capacitor C can have a |large change
in its capacitance due to the tenperature of the environnment, or

due to a change in conparison with_a resistor. In view of this, the
second enbodi ment of the present i nventPon generates a driving voltage Vs
W t hout using any capacitor C. Fig. 14 is a diagramillustrating a

circuit of the driving device of the second enbodinent of the _
T omero oy SR SRR 5, 0o A L D BRI LSS A
t enper at ur e ing NG lelagEENtana? b&ﬁ%ises a PNP type transistor TR12 and an
NPN type transistor TR13 provided with an emitter resistor Red,
This anstant current source 46 further includes
transistor TR14 that is activated by the control signal §2 from
the sfstem control means 60,
The voltages generated in the resistoxs Re2 and Ra4,
respectively, are expressed by the following equations:
Voutl.= Vinl - Ebe§ + Eball
Vout2 = Vin2 + Ebel2 - Ebell
whers the saturated voltages between the base and the emitter
of each of the transistors TRY9, TR10, TR12, and TR13 are
axpresgad ﬁy EEaS, EbgloO, Ebelz,-and Ebell3, respectivaly.
However, since the saturated voltéges between the base
and.emitter of the individual transistors are almost equal in
their temperature characteristica, regardless of the polarity,

the equations given above can respectively be restated,

ragaxdless of the temperature, as follows:

Voutl « vinl

Voutl2 = vVin2

Therefoxe, the flow current i1 from the constant currant scurce
45 18 11-= vinl / Re2, and the sink current 12 from
the constant current gource 46 1 412 = Vvin2 / Red.

.Accordingly, these current can be determined based only on the
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digital values, A data processing unit 112 increases the frequency of a

cl ock generator 113 as the tenperature becones

REPLACEMENT SHEET N - 32 -
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whether it is in a charging period or 4% a di schargi ng peri od.
The data processing unit 112 al so outputs an addi ng

consistency of the resistance values, without dependence on the
temperatura.

Sincé.rasistora having a tolerance of about 0.5 & are
available at low cost, this circuit provides a constant current
seource at low cost and with & high level of performance. In
addition, slnce the constant current source 45 operates at &
high degree of accuracy when vdltage vinl and voltage Vin2 ars
0.3 V or higher, it 1is possible to set the final charging
voltage of the capacitor C almost to the oukput voitage Vk from
'tha-varl;bla constant voltags source 40, and to set the final
discharging voltage almost to GND.

Fig. 10(b) is a diagram illustrating another embodiment
of a constant current source, which obtains a constant current

by maintaining the voltages generated in the emitter resistors

Re5 and Ref of the transistors TR15 and Tle, respactively, at

the voltagas Vinl and Vin2, by using operating amplifieras 82
and B3. However, this cirxcuit becomes unstable in its
operation if Vinl 18 set approximately egual to the output
voltage, or if Vin2 ig smet approximately egqual to GND, when the
voltage being supplied to the operating amplifiers B2 and 83 is
to be supplied from the output voltage Vk from the variable
constant voltage source 40,

In addition, it i1s possible to form a constant current
gource by using a current mirror circuit. Although such a

constant current source can maintain a vary small voltaga drop
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signal, a counting stop signal, and a subtracting signal in repetition at
prescribed tine intervals to the counter 114, which counts the clock
signals generated froma clock generator 113, to control the counting
operation of the counter 114. The digital count output fromthe counter
114 is converted into an anal og value(ﬁy a digital-analog (D A) convertor
115, which outputs voltage waveforns 3 stages as shown in Fig. 15. In
particular, the right-hand side of Fig. 15 shown the output waveformin a

| ow t enperg Ukige Séh8taAL WRLER ehhe 5\6'u§%s' ty ﬁiirt Be it¥arsidtr£ased)ngnd
the l-eft-hand sirde of Fig. 15 shows he ‘out put waveformin the nor mal

t enper at unge XX<isflanced chafﬁ@ﬁ@ﬁlﬁﬂicﬁuﬁﬁﬁﬂtbéouwaaZHH-déﬁiﬁﬁﬁﬁtﬁf@.

voltage Vin3. fromthe digital-analog (DJA) converter 115, and in

accor dance During actual application of the above circuits, in
some clrcumstances, the peak voltage holding time T2 must be
mada very small. However, such a small peak voltage holding
time t2 may not be easily obtained due to a dispersion in the
accuraéy of the constant current sourca 45 in the circuit shown
in Fig. 5.

‘Accordingly, a circult which provides an accurate
drivingiﬁoltage Vs will be described with reference to Fig., 11.
In this circuit, resistors Re2 or Re5 (shown in Fig. 10(a)) for
determining the flow current value for the constant currsant
source 45 are replaced with a variable impedance 120, and
automatic control is performed on the value of the variable
impedance 120 in accordance with a dispersion in the accuracy
of the conatant current scurce 45, |
In pérticular, the difference in phase batween the

point in time when the driving voltage Vs, detected by a peak
detector 121, attains the maximum voltage and tha referencs
signal Td, which indicates the control point 4in time, is
detected by & phase detecting circuit 122, The detacted
difference in phase is converted intc an analog voltage signal
by a charge pump 123 and an integrating circuit 124, and the
analog voltage sgignal is applied as the base current of the
transistor TR31 to adjust the impedance between the collector

and the emitter of the transistor TR31.
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with this voltage, synchronizes the constant current i3 so that 13 =

Vi n3/ Re7. Moreover, constant current source 102 inputs a voltage Vh and
controls the constant current 14 so that 14 - Vh/Re8 with the voltage Vh -
Rcl x 3. Therefore, a voltege Vout3 4 x Rc2 is generated at resistor Rc2.
Assum ng that Re7 Rcl = Rel - (Re®!, then the equation Vout3 = Vin3 x
(Rc2 / ReO 15 valid, and the voltage Vout3 at an anplification ratio
determ ned by the values of the resistors Rc2 and ReO i 9 obtained. Thi s

voltage Vout3 s fyrthen eiPlh{eddh £ BPSle ARhbhkC A0 dahacarecabe

12Nov 1996r;peration8 of the circuit shown in Fig. 11. In particular,
Fig. 12(8) shows the voltage wave-form of the driving voltage
Vs, Fig. 12(b) shows the rise-up point in time Ts for the
driving voltage Vs, Fig. 12(c) shows the reference signal Td
output with a lag by the time tl from the occurrence of the
rise time T, and Filg. 12(d) shows the output from the peak
detactor 121, Figs. 12(e). and 12(f) show & phase advance
signal (UP) and a delay signal (DN) ouéput from the phase
.detectof'l22. In this.regard, a simllar cirxcult can be usad
algo for controlling the fall time t©3 of the driving voltage
Va,

The embodiments described above relate to the operation
of an ink Jet recording head which, using a d31 typse
plezoelectric unit, sucks up ink from a rasarvolr by expanding
a. pressure chamber in accordance with a voltage applied to a
piezoelectric unit, and jets out ink droplets by contracting
the pressure chamber by removing the voltage. An aembodiment
for use with an ink jet recoxrding head using having d33 type
plezoelectric units, which cperate in reverse to the operation
of the d31 type plezoselectric units, is {llustrated in Fig. 10.

Fig. 13(a) is a circuit diagram of a driving voltage
generator 20a, which is used for an ink Jjet recording head
having d33 type pilezoelectric unita. A logic power source Vd
provides a vaoltage of 5V to a level converter 93. This level

converter 93 performs a level converting process on the contxrol
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34 vol tage Vs. Hence, in this second enbodi nent of the present
I nvention, the snoothness of the driving voltage Vs depends on the nunber
of bits of the counter 112, but any nunber of bits not |less than five bits
will suffice for practical purposes. Furthernore, the driving
devi ce of the second enbodiment of th¥ present invention may be arranged
so that if the frequency of the clock generator 113 is set to a fixed
signals S1 and S2 cutput from the system controller 60 and the
corracting vcltage Vx based on the temperature information,
provides control signals S1’ and 82’ to control constant
currant sources 91 and 52, and provides correcting voltage Vx’
to control the voltags (~Vk) output by a varlable constant
voltagae aéurce 90, thereby causing the driving voltags
generator 20a to generaté a driving voltage Vs in a nsgative
voltage shown in Fig. 13(b). This driving voltage generator
20a also can ba amployed in the circuit shown in Fig. 5.

éhis embodiment 418 advantageocus over £ha first
embodiment of the present invention. That is, as described
above, the first embodiment of the present invention gensrates
a driving voltage Vs on the basis of a charging voltage and a
discharging voltage of capacitor C. Howaver, the capaciﬁor C
can have a large chénge in its capacitance due to the
temperature of the environment, ox due to a change in
comparison with a xesistor. In view of this, the second
ambodiment of the prasent invention generates a driving voltaga
Vs without using any capacitor C.

Pig., 14 4= é diagram illustrating a circuit of the
riving device of the second embodiment of the present
invention, which employe an analog-digital (A/D) converter 111
in a system controller 110 to convert the .temperatura
information provided by temperature sensing elsment 52 into
digital values, A data processing unit 112 increases the

" frequency of a clock generator 113 as the temperature becomes
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val ue, the output bits of the counter 114 depend on the tenperature
I nformation and are shifted appropriately and output to the digital-anal og

converter 115. An enbodi nrent of the power anplifier 30, which is
enpl oyed in the driving devices of both enbodi nents of the present
I nvention, wll -aow be descri bed. 33 Figs. 16(a) and 16(b) illustrate

a power anplifier arranged as an emtter-foll owner conpri si ng
nmut ual |'y Gonplenentary transi stors coupled'in a Darlington connecti-on

ond 1O 53R el SATE,RLSEL Ly o A Tokhe RS BRIy AL 1

circuits
fallen |nt ahg%%&h% iggagdperU|ted state,

The data procegsing unit 112 also outputs an adding
signal, a counting stop signal, and a aub£racting signal in
repetition at prescribed time intervals to the counter 114,
which counts the clock signals generated from a clock generator
113, to control the counting operation of the counter 114. Ths"
digital count output from the counter 114 is converted into an
analog value by a digital-analog (D/A) converter 115, which
outputs voltage waveforms in stages as shown in Fig. 15. 1In
particular, the right-hand side of Fig. 15 showsn the cutput
waveform in a low temperature state in which the viscosity of
the ink is increased, and the left-hand side of Fig. 15 shows
the output waveform in the normal temperature statas.

A constant current source 101 recai?es the voltage vin3.
from the digital-analog (D/A) converter 115, and in accordance
with this voltage, synchronizes the constant current i3 so that
i3 = vin3/Re7. Morsover, constant current source 102 inputs a
voltage Vh and controls the constant current i4 so that i4 =
vh/ReB with the voltage Vh = Rcl x i3. Therefore, a voltage
Vout3 = 14 x Rc2 is generated at resistor Rc2.

Assuming that Re7 = Rcl = Re8 =~ (Re0), then the
sguation Vout3 = Vin3 x (Rc2 / Rel) is valid, and the voltage
Vout3 at an amplification ratio determined by the values of fhe
‘resistors Rc2z and Re(Q 13 obtained. This voltage Vout3 is

- furthexr amplified by a power amplifier 30 to become the driving
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in this case, the base current of transistors TR20 and TR21 or transistors
TR22 and. TR23 at the final output stage will flow w thout being limted,
so the transistors will break down. Also, with the circuit shown in Fig.
16(b), a decrease in the voltage between the input and output can be as
great as two times the saturated vol t4ge between the base and the enmitter

of the transistors. 35

voltage Va. Hence, in this second embodiment of the present
invention, the smoothness of the driving voltaga Vs depends on
the number of bits of the counter 112, but any number of bits
not less than five bits will suffice for practical purpaﬁes.

Furtharmore, the driving device of the second
embodiment of the present invention m;y be arranged so that if
the frequency of the clock generator 113 is set to a fixed
value, the output bits of the countér 114 depend on the
temperature information and are shiftad appropriately and
ocutput t; the digital~analog converter 115.

. An embodiment of the power amplifier 30, which is
employed in the driving devices of both émbodiments of ths
preian£ invention, will now be dsscribed,

Pigs. 16(ma) and 16(b) illustrate a powsr amplifier
arrangad . as an emitter-follower coﬁprising nutually:
complementary transistors coupled in a Darlington connection

and, for axample, having the same polarity. Although the powsr
.amplifying circuits shown in Figs. 16(a) and 1l6(b) can be used
if the output has fallen into a naarly short-circuited stats,
in this cage, the bass current of transistors TR20 and TRZ1l or
transistora TR22 and. TR23 at the final output stage will flow
without being limited, so the transistors will break down.
Also, with the circuit shown in Fig. 16(b), a decrease in the
voltage betweenlthe input and output can be .as great as two

times the saturated voltage between the base and the emittar of

:the transistors.

REPLACEMENT SHEET

- 34 -
172 NOV 1996




Therefore, to avoid these problens, the present I nvention enpl oys a power
anplifying circuit as shown in Fig, 17(a) through Fig. 17(d).

Fig. 17(a) illustrates a basic circuit which detects the output current
flowng to the final output transistors TR2Z3 and TR22 by using current
detecting resistors Rpl and Rp2. Also,3%ransistors TR24 and TR25 prevents

the base current frbm flowing without being limted. The transistors
are also coupled as shown to resistors Rb3 and Rb4. Fig. 17(b),
on the other hand, illustrates a circuit for increasing the capacity of
the -sink Therefioxsnt , tand avoid these problems, tha pregent

invention employs a power amplifying circuit as shown in Fig,
17(a) through Fig. 17(d).

Fig. 17(a) illustrates a basic circuit which detects
the output current flowing to the final output transistors TR23
and TR22 by using current detecting xresistors Rpl and Rp2Z.
Also, translstors TR24 and TR25 prevents the base current from
flowing without being limited. The trénsistors ara also
coupled as shown to rasistors Rb3 and Rb4.

'Fig. 17(b), on the other hand, illustrates a circuit
for increasing tha capacity of the sink current, and
includes additional tranaistoxrs TR26 and TR27. Fig. 17(c)
shows a circuit for increasing the capacity of the £flow
current. Finally, Fig. 17(d) shows a circuit for increasing
both the capacity of the sink 'curreﬁt and the capacity-"
of the flow curxent.

In any of the circuits shown in Figs. 17(&) through
17(d), the voltags drﬁp betwaen the input and output is such
that one unit portion of the saturatad voltage between the base
and the emitter of the transiator is sufficlient. Purther, the
resistors Rb4 and Rb5 are used for preventing an open state
from forming between the basa and the emitter. Whather ths
circuit shown in Fig. 17(a), Fig. 17(b), Fig. 17(c) or Fig.
17(d) 4is " used in the driving circult of efther embodiment

depends on the desired maximum output current value, the
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I ncludes additional transistors TR26 and TR27. Fig. 17(c) shows a
circuit for increasing the capacity of the flow current. Finally, Fig.
17(d) shows a circuit for increasing both the capacity of the si nk
current and the capacity of the flow current. In any of the
circuits shown in Figs. 17 (a) through3617(d), -the voltage drop botwQon the
I nput and. output I8 such that one unit portion of the saturated voltage
bet ween the base and the emtter of the transistor is Buff icient.

Further, the resistors Rb4 and

e used for, preventing, an ate
from for wwméﬁ% fexphBe BhE ‘?ﬂi‘"éﬁFf'Fe\mEt % 1'rh?ﬂ’e'a %&P 5"?nown
'n Fg. 17(%)chalﬁ::|gg.n t(in?a cfes%.r 1::?( c) or Fig.

Morsover, in either embodiment of the driving circuit,
the output Vk from the variable constant voltage sources 40 or
30 may be supplied to the.power amplifier, However, in these
cases, it 18 necessary to sufficiently increase of the electric
power capacity of the variable constant voltage sources 40 and
90, Furthsr, althoﬁgh the transistors employed in the power
amplifier and the constant current sources'and are illustrated
as bipol;r transistors, such transistors can be field effect
transistors or the like.

As described #bove, the first embodiment of the present
invention provides a driving device having a capacitor that is
discharged by a constent current source in which the current
value 18 controlled with a voltage dividing‘signal output frcm{
& variable constant voltage:- source. Tha wvoltage of the
capacitor is amélified. by a power amplifier to provide a
driving voltage Vs for the piezoalectric unit. Hence, tha
value of the wave haight of the driving voltage Va can be
adjusted, while the rise and fall times of the driving voltage
Ve. are maintained constant simply by controlliné the output
from the variable constant voltage source in accoxdance with
the temperature in the environment to compensate for viscosity
characteristice of the ink. Therefors, 1t is posslble té-
meintain constant ink Jjetting characteristics without any

' influence by the temperature in the environment. Furthexr, by
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17(d) is -used in the driving circuit of either enbodi rent depends on the

desired maxi num out put current val ue, the
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t he piezoolectric unit, and the Iength33f t he

employing in the device a constant current source comprising a
pair of mutually complementary transistors, that is, a PNP type
transistor aﬁd an NPN type transistor, the voltage components
between the base and the emitter in these transistors are
mutually canceled, so that the constant current source also is
not influenced by the temperature. .

The second embodiment of the present invention provides
a driving device which converts the output from a counter that
performs adding, count stopping, and subtr;cting oparations of
clock =mignals at prescribed time intervals, into an analog
voltage signal which xrises or falls in stages. The analog
voltage signal 1is amplified through a power amplifisr to
provide a driving voltage Vs for a plezoslectric unit. Hencs,
‘a capacitor, whose capacitance may change due to changes in the
temperature and a secular change, is not needed . Accordingly, -
the driving device can generate a more stable driving voltage
and can adjust the value of the wave height of ths driving
voltage Ve, while ksaeping the rise and fall times of the
driving voltage Vs constant, simply by controlling the
frequency of the «clock signal in gcccrdanca with the
temperature in the environment to compensate for the viscosrity
Eharacteristics, etc., of the ink. Thus, the driving davice
maintains uniform ink Jjetting characteristics without being
influenced by the temperature in the environment.

Although only a few exemplary embodimente of this

'.invention have been describad in detail above, those skilled.in
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di scharging tinme desired, Moreover, in either enbodi ment of the
driving circuit, the output Vk fromthe variable constant voltage sources
40 or 90 may be supplied to the power anplifier, However, in these cases,
it is necessary to sufficiently increase of the electric power capacity of
t he variabl e constant voltage sources 8@ and 90. Further, although the

transistors enployed in the power anplifier and the constant current

sources and are i.llustrated as bipolar transi stors such transi stors can
ri.bed above, the

??rfslt'ela?rb%y rrenzft ?gggl Toh O{ g$$ﬁ%%¥?5ﬁ P8\ d’é%":é B‘Pﬁg‘fﬁﬁ“&é\ﬂ“(?e 458 ng
a capaci t Qhglsfidhel Sin the exemplary embodiments without materially
departing frxom the novel teachings and advantageas of this
invention. Accordingly, all such modifications are intended to
ba included within the scope of this invention as defined in

the following claims.
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di scharged by a constant current source in which the curr

controlled with a voltage dividing signal output from ﬁmul mm Hm;lljlmuu’Lt
vol t age sourcepU%AF@mgmpHﬁage bf the capacitor is anpliffted by a"poder*
anplifier to ¢rOVL4k>4%~ﬂmﬂ“vrng|voltage Vs for the piezoelectric unit.
Hence, the value of the Jave: height oigthe driving voltage Va can be
adj ust ed,. whi lie - 't he?ridé fatl times of the driving voltage Vs. are
mai nt ai ned corist:ant S|any_by controlling the output fromthe variable
constant voltage source in accordance with the tenperature in the

envi ronnent to conpensate-fer-viscosity character-istics of the ink.
Therefore, it impossible to naintaiCGLATMSIstant ink jetting
characteristics without any

1. An apparatus for generating a driving voltage for driving
at least one piezoelectric unit of an ink jet recording
head (51) which, when driven, changes the volumetric
capacity of an ink chamber of the recording head (51) to
jet out ink droplets through a nozzle hole in the

recording head (51), said apparatus comprising:

a constant voltage source (40) for eproviding an output
voltage (Vi) which varies in accordance with a corrécting

voltage signal (Vg);

a first constant current source (45) for generating a
first constant current in proportion to the output

voltage (Vk);

a capacitor (C) for being charged by  the first constant
current to a voltage approximately equal to the output

voltage;

a second constant current source (46) for providing a
second constant current, in proportion to the output

voltage (Vy), to discharge the capacitor (C); and

a power amplifier (30) for amplifying the voltage of the
capacitor to provide said driving voltage (Vg), said
driving voltage having a constant rise time and fall time

independent of a value of the correcting voltage signal

(Vx)'-

2. An apparatus as claimed in claim 1, further comprising a

circuit (60) for adjusting the correcting voltage signal

G -
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device a constant current source conprising a pair of mutually
conplenmentary transistors, that is, a RBYWP type transi stor and an. NPN type
transi star, the voltage conponents

(Vx) in accordance with a temperature in the environment

to vary an amplitude of the driving voltage (Vg).

3. An apparatus as claimed in claim 1 or 2, wherein the
first and second constant current sources (45, 46) each

comprise:

an input transistor which receives a voltage in

proportion to the output voltage;

.

an output transistor coupled to the input transistor; and

a resistor for setting a level of current inserted to the

output transistor.

o>

An apparatus as claimed in any of the preceding claims,

further comprising:

a detector (121) which detects a point in time when the
driving voltage attains one of a maximum voltage and

minimum voltage;

a phase difference detector (122) which detects a
deviation in phase between an output from the detector
(121) and a reference signal (Tq) indicating the point in

time; and

an adjusting circuit (124) which adjusts one of the first
constant current and the second constant current in
accordance with an output from the phase difference
detector regardless of the output voltage from the
constant voltage source (40); and e e
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bet ween the base and the emtter in these transistors are
cancel ed, so that the constant current source also is not Ii “ﬂ éul'ulllu"llll

t he tenperature. The second enbodi nent of the present ithventon?

*

provi des a driving device which converts the output froma counter that
perforns addi ng,—count stopping, and sdltracting operations of clock
signals at prescribed tine intervals, into an anal og voltage signal which-
rises or falls in stages. The anal og voltage signal is anplified through

a power anmplifj.er_t. rovi,de _a driyving voltage Vs for a piezoelectric
Hence, V}a{leecraep%ci T, d\fﬁgéé’gca%%‘@rg‘ieanéﬁgﬁﬁ‘?t&ﬁﬁg&é{ o'{)ﬁ&-ﬂ‘i%t%hﬁﬁﬁes"frn

unit.
t he

t enper at thhe antsa $émel andhahge faild noimeeededhéAcdeieingl Woltage
(Vg) to a set value.

5. An apparatus for generating a driving voltage for driving
at least one piezoelectric unit of an ink jet recording
head (51) which, when driven, changes the volumetric
capacity of an ink chamber of the recording head (51) to
jet out ink droplets through a nozzle hole in the
recording head (51), said apparatus comprising:

a clock (113) which generates a clock signal having a

- variable frequency;
a counter (114) which counts the clock signal;
a controller (112) which outputs an adding signal, a

counting stop signal, and a deducting signal in

repetition at prescribed time intervals to the counter

(11¢);
a digital-analogue (D/A) (115) converter for converting
the digital output from the counter (114) into an

analogue voltage; and

an amplifier (30) which amplifies the analogue voltage to
provide the driving voltage, the rise time and fall time
of the driving voltage being constant regardless of the

frequency of the clock signal.

6. An &pparatus as claimed in claim 5, further comprising a
circuit which adjusts the frequency of the clock signal
in accordance with the temperature of the environment to

vary an amplitude of the driving voltage.

REPLACEMENT GHEET
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the driving device can generate d nore stable driving voltage mﬂ
adj ust the value of the wave height of the driving voltage \/HI "ﬂm””m"'"'
keeping the rise and fall tinmes of the driving voltage Vs constant,t sitnpby =
by controlling the frequency of the clock signal in accordance with the

tenperature in the environnent to conpessate for the viscosity
characteristics, etc., of the ink. Thus, the driving device maintains
uniformink jetting characteristics wi thout being influenced by the

tenmperature, i n the environment. . Al t hough only a few exenpl ary.
enbodi-rrent?' of 1t PTG Rt Fon HAMESee d8L¥ io5gdt]¥?\ geeseAl SO\FS‘,QIJ'I%SE
skilled in wherein the power amplifier ¥bmprises: REPLACE3. 2J F s

a front stage comprising a first transistor and a second
transistor, which are mutually complementary and perform
a push-pull operation at the voltage of their base

terminals; and

an output stage comprising a third transistor circuit,
which is substantially complementary with the first
transistor, and a fourth transistotr circuit, which is
substantially complementary with the second transistor,
collector current generated by the first transistor being
applied as base current to the third transistor circuit
and collector current generated by the second transistor
being applied as-base current to the fourth transistor

circuit.

8. An apparatus as claimed in claim 7, further comprising:

a current limiting circuit, which inhibits the base
current flowing to one of the third transistor circuit
and the fourth transistor circuit when an output current
flowing through one of the third transistor circuit and
the fourth transistor circuit, respectively, 1is in excess

of a predetermined wvalue.

9. A method for generating a driving voltage for driving at
least one piezoelectric unit of an ink jet recording head
which, when driven, changes the volumetric capacity of an
ink chamber of the recording head to jet out ink droplets
through a nozzle hole in the recording head, said method

comprising the steps of:

REPLACEMENT SHEET

“LLE.‘
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Iréadizl yoz\a/plp?zci ate that many nodifications are pOSSI bI et |h(ra1 amllmlu""m II’I ” IIII

enbodi ments without materially departing fromthe novel teachi ngs and
advantages of this invention. Accordingly, all such nodifications are
intended to be inAcluded within the sc of this invention as defined in

providing a variable voltage which varies in accordance

with a correcting voltage signal;

generating a first constant current in proportion to the
variable voltage;

charging a capacitor by the first constant current to a
voltage approximately equal to the variable voltage;

generating a second constant current in proportion to the
variable voltage to discharge the capacitor in accordance

therewith; and’

amplifying the voltage of the capacitor to provide said
driving voltage, said driving voltage having a constant
rise time and fall time independent of a value of the

correcting voltage signal.

10. A method as claimed in claim 9, further comprising the
step of adjusting the correcting voltage signal in
accordance with a temperature in the environment to vary

an amplitude of the driving voltage.

11. A method as claimed in claim 9 or 10, further comprising

the step of:

detecting the point in time when the driving voltage
waveform attains one of a maximum voltage and minimum

voltage and outputting a detection signal;

detecting a deviation in phase between the detection

signal and a reference signal indicating the point 1in

time and outputting a deviation signal; and REPLACEMEMT SHEET
. L BER ) oninE
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deagglalr g}tMijggfgr—aFtEgEQ(P@ﬂﬁfWgs’aﬁfﬂri—vi ng voltage for driving Hlmnﬁ“umu " |II|

pi ezoel ectric unif of an InkK @&t |recording head (51) which, *when driwven, *
changes the vqunEthcNgv-@? a¢|ty of an ink chanber of the recordlng head
(51) to jet loyt ink drople tthrough4a nozzle hole in the recordi ng
head (51), said ap I $i ng:

adjusting one of the first constant currenﬁ and the
second constant current in accordance with the deviation
signal regardless of variable voltage so that one of the
rise time and fall time of the driving voltage are

automatically adjusted to a set value.

12. A method for generating a driving voltage for driving at
least one piezoelectric unit of an ink jet recording head
which, when driven, changes the volumetric capacity of an
ink chamber of the recording head to’jet out ink droplets
through a nozzle hole in the recording head, said method
comprising the steps of:

generating a digital clock signal having a variable

frequency;
counting the clock signal;

outputting an adding signal, a counting stop signal, and
a ldeducting signal in repetition at prescribed time

intervals to the counter;

converting the digital clock .signal into an analog

signal; and

amplifying the analog signal to provide the driving
voltage, the rise time and fall time of the driving
voltage being constant regardless of the frequency of the

clock signal.

13. A method as claimed in claim 12, further comprising the
step of adjusting the frequency of the clock signal in
accordance with the temperature in the environment to

vary an amplitude of the driving voltage.



a constant voltage source (40) for providing an out put vol t age (Vk)
whi ch varies in accordance with a correcting vol tage signal (W);
first constant current source (45) for generating a first constant
current in proportion to the output vol tage (VKk); a capacitor (C
for being charged by the first constdh current to a voltage
approximately equal to the out put vol t age; a second constant —

current source (46) for prgh ANDIARPARATISEEORMRIOME ant current, in
proportion to the out put AN OINkagrer GMBORDING HEiABChar ge the capacitor (C);
and “a power anplifier (30) for anplifying the voltage of the
capacitor to provide said driving vol ta%e (Vs), said

ABSTRACT

A method and apparatus for driving piezoelectric units of an
ink jet recording head (51) to control the ink jet recording
head (51) to jet ink droplets having uniform sizes and at
uniform jetting velocity, without being influenced by any
~change in the temperature of the surrounding environment. In
one embodiment, two constant current sources (45,46) are
employed provide driving voltages (Vg) which charge and
discharge a capacitor (C), and the voltage of the capacitor
is amplified +to provide the wvoltage for driving the
piezoelectric units. In another embodiment, a digital output
from a counter (114), having a clock'frequency controlled in
accordance with the temperature of the environment, is
converted into an analog voltage signal rising or falling in
stages. This analog voltage signal is amplified to provide a

driving voltage for driving the piezoelectric units.

FIGURE 5
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driving voltage having a constant rise tine and fall ti ' ndent of
a value of the correcting voltage signal (W) . 2 Rﬂﬁﬁaﬁparatug ﬁs
claimed in claim1, further conprising a circuit (60)

correcting vol tage signa
in accordance with a tenperature in tfhe environnent
anplitude of the driving voltage (Vs).
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3. An apparatus as clainmed in claiml or 2, wherein the first and second

constant current sources (45, 46) each conpri se: an i nput

transi stor which receives a voltage in proportion to the out put

vol t age; an out put transistor coupled to the input transistor; and

a resistor for setting a level of curreéht inserted to the ..output. .
transi stor. 4. An apparatus as clained in any of the pre:q@ﬁmgcgﬁﬁ@ﬁ&gyg?
further conpri sing: a detector (121) which detects a poipf I N S
when t he !

il 12 NOV 1995
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driving voltage attains one of a maxi mum vol tage and m ni mum vol t age;

a phase difference detector (122) which detects a devi ation in phase
bet ween an out put fromthe detector (121) and a reference signal (Td)
indicating the point in time; and an adjusting circuit (124) which
adj usts one of the first constant cagrrent and the nd const ant

-‘"’—-———..——..__-_

current in accordance with an output fromthe phas Rmﬁﬁem@
0Pt 5@]

detector regardless of the output voltage fromthe
source (40); and
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one piezoelectric unit of an ink jet
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recordi ng head (51),
whi ch generates a cl ock signa

j et out

havi ng a

head (51)

wherein the driving device automatically adjusts one of
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counting stop signal, and a deducting signal in repetition at

prescribed tine intervals to the counter (114); a

di gi tal -anal ogue (D/A) (115) converter for converting the digital

output fromthe counter (114) into an anal ogue voltage; and. . .. __.an._. ..
anplifier (30) which anplifies the analppgue voltage to ; provnde thl ;
driving voltage, the rise tine and fall tine of the driving: voltag _
bei ng constant regardl ess of the frequency of the clock signal. i
An apparatus as claimed in claim5, further conprising a ; C|rCU|%fwh?ch. i
adj usts the frequency of the clock signal in accordance with the | |
tenperature of the environnent to vary an anplitude of ‘the driving

vol t age. T —
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42 7. An apparatus as clainmed in any of the preceding clains, wherein

the power anplifier conprises: a front stage conprising a fi rst
transi stor and a second transi stor, which are nutually
and perform a push-pull operation at the voltage of th i RE éMLm 54 T
termnals; and an out put stage co§rpr|5| ng a third tr n |s"t"01~~e-|rcu|_f
which is substantially conplenentary with the first tr rs]lg anda
fourth transistor circuit, which is substantial ly conpe t
t he second transistor, col l ector current generated by L_,,,z__
transi stor being appl ied as base current to the third {transistor
circuit e e
. .
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and coll ector current generated by the second transistor
as base current to the fourth transistor circuit.

claimed in claim7, further conprising: a current |
whi ch inhibits the base current flowng to one of the
circuit and the fourth transistor cigrcuit when an out
fl owi ng through one of the third transistor circuit and
transistor circuit, respectively, is in excess of anp
9. A nmethod for generating a driving voltage for driving
pi ezoel ectric unit of an ink jet recordi ng head whi cH

bei ng applied
8. An apparatus as
Lmting circuit,
rthlrd"“ransLsth
puLucurrenI B
the fourth |
deﬂérmﬁﬁepggaﬂue.
t | east on
, when driven

14
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changes the volunetric capacity of an i nk chanber of

he.recordi ng head

to jet out ink droplets through a nozzle hole in the
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43 providing a variable voltage which varies in accordance W th

a correcting voltage signal; generating a first constant current in
proportion to the vari abl e vol t age; charging a capacitor by the
first constant current to a vol t age approxi mately equal to the variable
vol t age; 8
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generating a second constant current
vol tage to discharge the capacitor

anplifying the voltage of the capacitor to provide said
vol tage, said driving voltage having a constant
i ndependent of a value of the

nmethod as clained in claim?9,
the correcting voltage signa
environment to vary
as clainmed in claim9 or 10,

in

corr

rise tinme and fall

in proportion to the
i n accordance

ting vol tage signal
further conprising the

further conprising
detecting the point in tinme when the driving voltage

accordance with at
an anplitude of the driving volt
" the

vari abl e

therewith; and
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10. A

7St ep- of--adj-usting
enperat uret

i drifitfe

time

nod

m
S%_ L
rQu
<3
xI
o
ol = —_——
Dl 0O = = 77 r
o~ [ =
™ &) | — o
[
L"'JL_J::) I —‘[}—_—4' -«
L AITE Fay m
o ‘ =
e W W] [ 7 X
T L_
X ay ST s s T T
~
. o
O ™~ E
S~ J
L XLl
(Y %
ao >
o
m
O ~ )
(=) 0 0 |
‘C:l_ (a o o i
—
N\
]
|
!
q
L

GND



waveform attai ns one of a maxi mum vol tage and m ni num
outputting a detection signal; detecting a deviati
t he detection signal and a reference signal indicati
time and outputting a deviation signal; and

vol tage and

on in phase betmeen -

ng tlIC

of the first constant. current and theqo second const ant current'fﬁ B

accordance with the deviation signal regardl ess of
t hat one of the rise tine and fall tine of the driv
automatically adjusted to a set val ue.

var ifabl eqyokgowEgso
ing voj tage are

mtnmroacass o aera
vt

R
————— —— — -—— — l . — ——— m—— e m— e So———
______ AR I S
________ een— ::E::: funlivus Bugnlinpding cususn
______ I NN IS E

] x a e

2 = o > a

FIG. 12 a
FIG. 12 b
FIG. 12 ¢
FIG. 12 e

FIG. 12 f




12. A nmethod for generating a driving voltage for driving: at™ 7~ ~Teast-on
pi ezoel ectric unit of an ink jet recording head whi chj, "shen“difeAHEcT
changes the volunetric capacity of an i nk chanber of fthe recordi ng Tgag
to jet out ink droplets
sai d met hod conprising the steps of11 gener ati ng digita
signal having a variabl e frequency;

T east - 0Re-.

through a nozzle hole in the |rgcotding

8%

counting the Crotk—stgred=

out putting an adding signal, a counting stop signal, and a_deducting

signal in repetition at prescribed tine
converting the digital
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signal ; and anplifying the analog signal to provide the driving

voltage, the rise tine and fall tinme of the driving vol t age bei ng
constant regardless of the frequency of the cl ock signal.
method as clained in claim12, further conprising the S
the frequency of the clock signal in accordance with th
the environnent to vary an anplitude of the driving vol
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However, the voltage betwaen the base and emiﬁter of a

transistor depends on the tampa:c&.ture in the environment and

changes c—oxiéic_ierably from 0.7 Vv to 0.35 V in the range from 0

to 40° C. Haence, the circuit shown in Fig. 3(b) euffers from

problems related to the temperature characteriatics,

It is the object of the present invention to provide a method and apparatus for driving an ink jet recording

head which a.vo_ids the above mentioned drawbacks. This object is solved by an apparatus according to

independent claims 1 and S and by a method according to independent claims 9 and 12. Further

advantageous features, aspects and details of the invention are evident from the dependent claims, the

description and the drawings. The claims are to be understood as a first nonlimiting approach to define the

invention in general terms.

The invention provides an ink jet recording head having piezoelectric units and, in particular, a method and
apparatus for driving an ink jet recording head to provide uniform ink jetting characteristics of the ink jet
recording head without being influenced by fluctuations in temperature of the surrounding environment.

*

According to one aspect of the present invention there is
provided a driving device for
usa with an ink jet =xecording head that is capable of
maintaining consistent ink jetting characteristics by adjusting
the value of ths wave height of the driving voltags wave-form
while controlling the risa and fall times of tha driving
voltage wave-form to fluctuate consistently at a desirad

voltage gradient. In a specific aspect of the present

inventi'on there is provided a driving device which is not influenced

by temparature, - !

According to another.aspect the
presant invention further provides
a driving voltage generatbr which generates a driving
voltage waveform rising and/or falling in a prescribed.driving
pericd tg drive a plurality of plezoelsctric units, The forca
§anerated by the piezoelectric units when driven enlarges or

reduces the volumetric capacity of an ink chambar of the ink

’
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