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. ! 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 recording head, and Fig. 1(b) illustrates an elactrical
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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To imposé an electric fisld on the piezoelectric 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
head.

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

jetting characteristice effected by the driving elements in the
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piezoelectric unit 5, and alsc a breakdown of alectronic
components in the piszoalectric unit 5.

Therefore, 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 tnis method, however, the resistance valuee of the
current limiting resistors are readily susceptible to change.
As -a rééult, the charging and discharging times for the
individual piezocelectric unite vary, which affects the ink
jetting characteristics considerably. This problem alsoc exists
in integrated circuit (IC) inciuding such current limiting
resistors.

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

it is difficult to maintain uniform driving characteristics

- 3 -
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when driving a plurality of piézcalactric units due to the
differences in the capacitances of the plezoelectric units and
the differences in the current values of the constant cuxrant
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 baeing influenced by the
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
period for the piezoelectric units. This device is described
in Jeapanese Laid Open Patent Application Nos. 274554-1930
(Heisei 2), 36056—1991 (Heisei 3), 133647-1991 (Haeisei 3),
164544-1990 (Heisel 2), 369543-1992 (Heisel 4).

Figs. 2(a) and 2(b) of the present application
illuetrate 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
the piezoelectric units 14. In subsequent figures, idantical

parts are identified by the same numbers or characters.
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The driving circuit of Fig. 2(a) is employed in an ink
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 ;hus 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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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
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
becomes smaller (i.e., is reduced toward zeio) at a prescribaed
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 dincharged, which
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

maintain their charged state, and do not jet out any ink.
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Fig. 3(a) illustrates an arrangsment of the circuit of

the driving wvoltage generator 10, which genarates a driving

. voltage Vs, as shown in Fig. 2(a). This driving voltage

genexator 10 charges a capacitor C via a tranaistor 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
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
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 jetting characteristice. Morsover, £he
charging and discharging currents of .the piezoelectric unit,
respectively, 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.

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

overcomes the defects of the conventional driving devices
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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 VC = {(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) 4illustrgte 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

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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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

wave height of the driving voltagse 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
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
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
current 12, fed from the congtant current source 32, will
aggume the values determined by the following equations:

il = Eba / Rs2

12 = Ebe / Rs¢
where the voltage between the base and emitter in traneistors

TR3 and TR6 is expressed as Ebe.
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However, the voltage between the base and emiﬁter of a

transistor depends on the temperature in the environment and

changes c_onéiéerably from 0.7 V to 0.35 V in the range from 0

‘to 40° C. Hence, the circuit shown in Fig. 3(b) suffers from

problems related to the temperature characteristics,
It is the object of the present invention to provide a method and apparatus for driving an ink jet recording
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, 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 1is
provided a driving device for
use with an 4ink Jet xrescording head that 18 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 plezoelactric 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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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
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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acts as an emittaer or source follower to receive a voltage in

proportion to the output voltage, an output transistor,

connected at its bass or gate to the emitter or source of the
pre-transistor, and a resistor for setting 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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produces a refaranea voltage and the driving voltage generator
generates a driving voltage Vs on the basis of this raference
voltage. Thun, gimply 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 haight 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. Tha force generated by the pilegzoelactric
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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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 vcltagé, and a power emplifier which
inputs the output voltaée 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 another 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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taemperature or & secular change, is hecessary. Hence, a more
stable driving voltage Vs can be obtained.

Further, the second 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 viscoaity characteristica, etc,, of the ink.

The power amplifier of both driving devices described above provide in
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
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

that the collaector current generated by the first transistor is

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

Further, the collector and emitter of the second transistor is

connected +to the base and emitter of the fourth output

trangistor circuit, so that the collactor current generated by

the second transistor is applied as the base current of the

fourth transistor circuit.

- 15 -
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Both of the driving devices described above camprise according to
a further aspect of the invention a

current limiting circuit which inhibita base current flowing to
the third transistor circuit and the fourth transistor circuit,
respectively, when an ocutput current flowing through the third
trangistor 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
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
head employing a plegoalactric unit;

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);

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 conventicnal

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

- 16 -
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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
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;

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;

Figs. 9(a) and 9(b) are other illustratione 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 circuit of Pig. 5;

- 17 -
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Pig. 9(d) is ancther illustration of the voltage of the

‘capacitor C in the circuit shown in Fig. §;

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

Iamhbdiment of the constant current source unit used in ths

present invention;

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

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);

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;

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;

- 18 -
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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
voltage from a digital-analog converter of the circult 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
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,
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 varxiable constant voltage source 40 comprises a

reference voltage generating unit 41, which generates a

- 19 -
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reference voltage Vr achieved by superposing a corracting
voltage v&,.which will be described later, on & 2ener voltage
of a Zener diode 2d. A feedback unit 43 generates a voltagae Vf
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 generat%ng 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
10a.prbdﬁces voltage Vinl and wvoltage 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.

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
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
linearly from the peak voltage Vk to zero. Thess constant

current sources 45 and 46 are operated in accordance with

- 20 -
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control signals 51 and 52 output alternately in & prescribed
opaerating cycle from a system controller 60.

The voltage Vc at the terminal of the capacitor C is
amplified by a power amplifier 30, and a driving voltagse Vs for
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
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
gsignal line group 60a, which controls the selecting switch
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
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)

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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generating unit 41 to set the reference 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
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:

: 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$,
respectively, and the Zenar voltage of the Zener diode 2D is
expressed 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:

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
following equation: '

Vk = Vr . (1 + Rfl / Rf2)
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= (Vx + Vz) . (1 + Rf1 / Rf2)

Hence, the output wvoltage Vk depends only on a
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

syatem.

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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of the resistors Rfl and Rf2 in the feedback unit 43 can be

varied to adjust the fsedback voltage Vf£.

In the circuit construction shown in Fig. 5, the output

which can be obtained from the digital-analeg (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 tha voltage suppliad to
the digital-analog (D/A) converter 63 is 5V.

Howaﬁer, during actual application, sometimes the
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
prescribad output voltage Vk, it 1s necassary toc make the
magnifying ratio of (1 + R£1/R£f2) larger. Hence, it may not be
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
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

currents ic {Vx/Rell) having equal values flow to the
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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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voltage, and the riasing and falling gradients of the voltagae Vc
at the terminal of the capacitor C being thereby adjusted.
However, the charging time t1, the peak voltage holding time
t2, and the discharging time T3 will not change. In other
words, this circuit 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. 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
discharge of the capacitor C is temporarilf stopped aftexr 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
rexform stable control over the jetting 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

discharging time t4 through <6.
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If the driving system operating as shown in Figs. 9(a)
through 9(d) is employed, 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
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
OFF-halfﬁny through the charging opsration. If thes 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.

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.
The constant current source 45 usaes voltagé Vinl as its
input voltage, and comprises an NPN type transistor TRS and a
PNP type transistor TR10 provided with an emitter resistor Rel.
This constant voltage current source 45 aleo includes a
transistor TR1l that is activated by the control signal 51 from

the system controller 60.
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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
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

Vout2 = Vin2 + Ebel?2 - 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
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

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 1g 12 = Vinz / Read.

Accordingly, these current can be determined based only on the
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consistency of the resistance valuea, without dependance on the
temperatura.

Sincé.resistors having a tolerance of about 0.5 & are
available at low cost, this circuit provides a constant current
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

the variable constant voltage source 40, and to smet 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
Re5 and Ref of the transistors TR15 and TRlﬁ, raspectively, 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
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

constant current source can maintain a vary small voltaga drop
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in the constant current source, a palr of transistors having
well-balanced characteristica must be used to achieve this.

During actual application of the above circults, in

" some circumetances, the peak voltage holding time t2 must be

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 source 45 in the circuit shown
in Fig. 5.

‘Accordingly, a circuit which provides an accurate
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
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
signal Td, which indicates the control point in time, is
detected by & phase detecting circuit 122. The detscted
difference in phase is converted into an analog voltage signal
by a chaxrge pump 123 and an integrating circuit 124, and the
analog voltage signal is applied as the base current of the
transistor TR31 to adjust the impedance between the collector

and tha emitter of the transistor TR31,
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Fig. 12(a) through 12(d) are graphs illustrating the
operations of the circuit shown in Fig. 11. In particularx,

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

driving voltage Vs, Fig. 12(c) shows the reference signal Td
output with a lag by the time Tl from the occurrence of tha
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

detector 122. 1In this.regard, a similar circult 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 dink .jet recording head which, using a d31 type
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
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
provides a voltage of 5V to a level converter 93. This leval

converter 93 performs a level converting process on the contrxol
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signals S1 and S2 ocutput from the system controller 60 and the
corracting voltage Vx based on the temperature information,
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.
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 basls of a charging voltage and a
discharging voltage of capacitor C. However, the capacitor 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 reasistor. In view o©of this, the second
aembodiment of the prasent invention generates a driving voltage
Vs without using any capacitor C.
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

digital values. A data processing unit 112 increases the

Ifrequency of a clock generaﬁor 113 as the temperature bacomasa
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lower, depending on whether it is in a charging peri{od or in a
discharging period.

The ﬁata processing unit 112 also outputs an adding
signal, a counting stop signal, and a subtracting signal in
repatition at prescribed time intervals to the counter 1124,
which counts the clock signals generated from a clock ganerator
113, to control the counting operation of the counter 114. The
digital count output from the ¢ounter 114 is convarted 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 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 shows
the output waveform in the normal temperature stats.

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. Moreover, constant current source 102 inputs a
voltage Vh and controle the constant current i4 so that id4 =
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

‘resistors Rc2 and Re0 is obtained. This voltage Voutl isg

, further amplified by a powar amplifier 30 to becoms the driving
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voltage Vs. Hence, in this second embodiment of 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
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
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,
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

times the saturated voltage between the base and the smittar of

_tha transistors.
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Therefora; to avoid these problems, the present
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
end TR22 by using current detecting resistors Rpl and Rp2.
Also, transistors TR24 and TR25 prevents the base current from
flowing without being limited. The transistors are also
coupled as shown to resistors Rb3 and Rb4.

" FPig. 17(b), on the other hand, illustrates 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
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
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

depends on the desiraed maximum output current value, the
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charging time for the piezoelectric unit, and tha length of the

discharging tima desired.

Moreover, in either embodiment of the driving circuit,

the output Vk from the variable constant voltage sourcses 40 or

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
&s 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
valua 18 controlled with a voltage dividing'signal ocutput 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
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

maintain constant ink jetting characteristice without any

influence by the temperature in the environment. Further, by
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employing in the device a constant current source comprising a
pair of mutually complementary 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
mutually canceled, go 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
clock uiénals 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
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
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,

Although only a few exemplary embodiments of this

.invention have been described in detail above, those skilled.in
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the art will rxeadily appreciate that many modifications are

possible in the exemplary embodiments without materially

departing from the novel teachings and advantagea of this

invention. Accordingly, all such modifications are intended to

bea Ilncluded within the scope of this invention as defined in

the following claims.
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CLAIMS

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 providing an output
voltage (Vy) which varies in accordance with a correcting

voltage signal (Vy);

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
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)-

An apparatus as claimed in claim 1, further comprising a

circuit (60) for adjusting the correcting voltage signal

- '?Cl_
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(Vx) in accordance with a temperature in the environment

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

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.

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 dutput from the phase difference
detector regardless of the output voltage from the

constant voltage source (40); and
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wherein the driving device automatically adjusts one of
the rise time and the fall time of the driving voltage

(Vg) to a set value.

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

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

(114);

a digital-analogue (D/A) (115) converter for converting
the digital output from the counter (114) 1into 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.

An apparatus 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.

- L|_
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An apparatus as claimed in any of the preceding claims,

wherein the power amplifier comprises:

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 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
and collector current generated by the second transistor
being applied as base current to the fourth transistor

circuit.

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
flowing through one of the third transistor circuit and
the fourth transistor circuit, respectively, is in excess

of a predetermined value.

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:
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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.

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 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
time and outputting a deviation signal; and
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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

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 deducting 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.
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