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Versatile 400-lpm Line Printer with a
Friction-Free Mechanism that Assures

Long Life

This medium-speed line printer writes dot-matrix
alphanumerics and graphics with a mechanism that has no
sliding parts or bearings to wear out. It's also versatile,
with a capability for printing with a variety of character

sets.

by F. Duncan Terry

HE TRANSFER OF INFORMATION from a com-

puter to a printed page can be done with any of
several different techniques at various speeds in a
variety of modes. For most small computer systems,
especially those directed towards the scientific and
small business markets, the impact printing tech-
nique is favored because it allows printing on multi-
copy forms using standard paper. Impact printers
commonly used in small systems print with speeds
ranging from 120 characters per second to as high as
1000 lines per minute.

Described in the previous articles in this issue is a
serial-character printer (Model 2631A) using a
horizontal-scan, dot-matrix, impact printing tech-
nique capable of printing at speeds of 180 characters/
second. This article describes a new medium-speed
line printer (Model 2608A) that uses a combined
horizontal- and vertical-scan, dot-matrix technique to
achieve print speeds of up to 400 lines per minute,
equivalent to nearly 800 characters per second. With
this speed, the new printer (Fig. 1) can fulfill the
majority of printing needs in the small computer
field. It also offers the system programmer a new
dimension in system interaction with a line printer.

Basic Operation

The printing technique used in the new printer is
similar to that used in the HP Model 2607 A Printer
but anew mechanism was designed to achieve higher
speed and greater ruggedness. The basic printing op-
eration is the energizing and release of a cantilever
steel tine (hammer) by an electromagnet (Fig. 2). To
print a dot, the magnet draws the tip of the hammer
away from the paper and then releases it. When re-
leased, the hammer snaps forward and a tungsten-
carbide sphere welded near its tip impacts the ribbon
against the paper and platen, printing a dot 0.45 mm
{0.018 inch) in diameter.
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To print a complete character, the hammer and
magnet are moved horizontally five dot positions,
and dots are printed in the positions required by that

Fig. 1. Model 2608A prints 132 columns of characters on
standard 14-inch wide computer paper at speeds up to 400
linesiminute when printing upper case only with a 5 x 7 dot
matrix, or to 320 lpm when printing upper and lower case with
a5 x 9 dot matrix. As many as 16 different character sets can
reside within the printer, any two of which may be used within
any line, and the normal dot matrix can be expanded for
special print characteristics. Forms with as many as six parts
can be printed.
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Fig. 2. Print hammer mechanism. Eleven modules holding
twelve hammers each are clamped together by two tension
rods to form a rigid bar that is moved back and forth by a
linear (voice-coil) motor.

character in that particular row of the dot matrix. The
paper is then advanced 0.353 mm (0.0139 inch), the
hammer and magnet reverse direction, and the next
dotrow of the character is printed. Seven rows of dots
complete an upper-case character (Fig. 3). For lower
case characters, two more dot rows print the descen-
ders, if required.

The mechanism has 132 hammers, spaced on
2.5-mm (0.1-inch) centers, that move horizontally as a
unit. Any combination of hammers can be fired
simultaneously, depending on the information being
printed. The paper is pulled through the machine in
discrete steps, one dot row at a time, and after each
advance, the hammer and magnet assembly moves
horizontally to print all the dots in that row for all the
characters on that line.

New Directions

This technique has proven to be versatile, reliable,
and cost-effective. It has, in fact, proven to be capable
of generating some of the most uniform and readable
multicopy print from any type of printer because each
dot is printed with the same intensity, a characteristic

that is most noticeable when several carbon copies are
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being made. This is in contrast to full-font printers
where a low-density character, such as a period (.),
receives the same impact force as a high-density
character, such as the number sign (#), with resulting
variations in print intensity.

It was felt, however, that the basic mechanism had a
potential for higher speed and also for printing
graphics. In addition, the use of a microprocessor for
control could add a high degree of versatility. There-
fore, a major redesign was initiated. To take full ad-
vantage of the basic reliability and flexibility of this
method of printing, extensive analysis of the printing
action was undertaken, leading to major design
changes and improvements in the mechanism. The
electronics were completely redesigned.

During the design phase, the project focused on
three main objectives.

The first was to fully exploit the fundamental ad-
vantages of the print mechanism.

High reliability is characteristic of the print ham-
mers because each is a simple mechanical spring with
no bearings or sliding parts to wear out. This concept
was extended to the horizontal movement of the
hammer assembly, which is now mounted on metal-
lic flexures, achieving a virtually frictionless print
mechanism. Print uniformity is enhanced by moving
the electromagnets horizontally with the hammers
rather than moving the hammers only. This maintains
a uniform magnetic field and reduces the problem of
cross-talk between adjacent characters at the extreme
excursions of the hammer assembly. It also allows the
hammers to move a greater distance so dots can be
placed in the between-character spaces for printing
graphics. Also, the hammer assembly is now moved
by a friction-free voice-coil-type linear motor, which
allows the stroke length to be changed easily for print-
ing graphics. Print speed was more than doubled by

The 26024 is an economical,
highly reliable, medium speed
dot. matrix line printer
daesigned for use in most compu-
ter applications, Printing at
400 lines per minute, utilizing
a high resslution matrix,
offering special wuser featur=s
such as graphics, multiple
character s=ts, t6-chann=zl VFC
and double size characters, the
26084 is a printer designad
with today’'s systa2ms in mind,
ruggad enough for EDP applica-
tions, yet quiet enough to b=

Fig. 3. Dot-matrix printing performed by the Model 2608A
Line Printer is reproduced full-size here.



driving the hammers near their resonant frequency,
by improving the hammer damping characteristics,
and by using better materials.

The second was to enhance system flexibility in a
cost-effective manner.

Microprocessor control made it feasible to offer
multiple character sets, double-sized characters,
full-scan graphics, overstriking for underlining or
creating APL characters, and a 16-channel vertical
format control (VFC) that is fully electronic and can
be initialized either from ROM or by software. Self-
test routines exercise all features of the printer to give
assurance that the printer is functioning properly. A
number of status indicators are now available to the
host system.

The third was to enable the printer to fit in a wide
variety of environments.

The compact appearance disguises the fact that the
new printer is a rugged, workhorse machine. Low
acoustical noise (72 dBa standard, 68 dBa optional)
allows its use in systems that are to be placed in
sensitive environments. The 100-metre (~100-yard}
ribbon, capable of printing 30 million characters, is
contained in an easily changed, smudge-free car-
tridge. Modular construction minimizes mainte-
nance costs.

These and other characteristics are described in
more detail in the article that follows.
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SPECIFICATIONS
HP Model 2608A Line Printer

PRINTING

TECHNIQUE: Impact

CHARACTER FORMATION: Dot matrix, 5x7, 5x8, 7x3.

GRAPHICS MODE: 924 dots per line at 70 dots per inch x 72 dots per inch
vertically. In the graphics mode, the printer interprets each data byte as
eight horizontal dot positions and prints dots where 1's occur
e.g. 323g = 11010011 = ee e ee).

LINE LENGTN: Up to 132 characters.

PRINT SPEED
MATRIX SIZE LINES PER MINUTE
5x7 400
5x9 320
7x9 250

40 dot rows per second with the maximum 924 dots per line in the graphics
mode.

LINE FEED RATE (6 or 8 lines per inch): 15 ms.

FORM FEED RATE: 357 mm (14 in) per second.

VERTICAL FORMAT CONTROL: Electronic control, 16 programmable channels.
Standard channel definitions and assignments are available from internai ROM,
or forms may be defined and channels assigned by an external data source.

FORM WIDTH: 130 mm (5 in) to 385 mm (16.16 in) edge-to-edge.

PAPER WEIGHT:

SINGLE PART: 20 Ib up to 100 Ib.

MULTI-PART: Up to 6 copies with 12 Ib paper and 7 Ib carbons (0.61 mm maxi-
mum pack thickness). Multipart forms and card stock should be tested for
satisfactory feeding, registration, and print quality.

POWER: 100, 120, 220, 240 vac +5%, —10%, 48-66 Hz, 700 VA typical,
1500 VA max when printing; 225 VA non-printing.

SIZE (including stand): 1042 mm H x 680 mm W x 555 mm D (41 x 26'2 x 22 in)

WEIGHT (including stand): 97 kg (215 Ib).

ENVIRONMENTAL
TEMPERATURE

PRINTER: 0 to 55°C (32 to 131°F) operating; —40 to 75°C (- 40 to
167°F) non-operating.
RIBBON: 10 to 50°C (50 to 122°C) in use or in storage.

RELATIVE HUMIDITY: 5% to 95% non-condensing. Forms should be tested
at high humidity for satisfactory feeding and handling. At low humidity, forms
should be tested to determine if static build-up should be eliminated for proper
stacking.

AUDIBLE NOISE (using ISO 3744 as measurement standard): 72 dBa operating,
55 dBa in standby. Optional sound cover reduces operating noise level to 68 dBa.

CONTROLS AND INDICATORS
POWER ON indicator
ON LINE/OFF LINE button

and indicator

FAULT CONDITION indicators
PRINT MECH PLATEN RIBBON
PAPER OUT TEST FAIL

FORMS ADJUST UP/DOWN buttons

POWER ON/OFF switch on
rear panel

INTERFACE:

STANDARD: Differential line driver compatible with the HP 26099A interface
board for 2100 and 1000 series computers, and the 30209A inlerface board
for 3000 series computers.

OPTIONAL: HP-IB, HP’'s implementation of IEEE Standard 488-1975 and
ANSI MC1.1.

OPTIONS: Sound cover. Language options include Arabic, Cyrillic. Katakana, and
Draw; character options include APL, French, Ferman, Swedish/Finnish, Nor-
wegian/Danish, Spanish, British, Japanese ASCIl, Roman extension.

PRICE IN U.S.A.: $9250.

MANUFACTURING DIVISION: BOISE DIVISION

11311 Chinden Boulevard
Boise, Idaho 83707 U.S.A.

POWER ON CONDITIONS
6 or 8 LPI
PRIMARY LANGUAGE (1 of 16)
SECONDARY LANGUAGE (1 of 16)
FORMFEED button
LINE FEED button
6/8 LPI button and indicator
RESET button
SELF TEST button and indicator
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Optimizing the Performance of an
Electromechanical Print Mechanism

by Everett M. Baily, William A. Mcllvanie, Wallace T. Thrash, and

Douglas B. Winterrowd

7§ HE SPEED OF ANY MECHANICAL SYSTEM is

usually limited by effects that result from con-
trolling the acceleration and/or deceleration of criti-
cal parts. Finding the causes of certain effects and
minimizing them so printing speed could be in-
creased was a major design goal for the Model 2608A
Line Printer.

Details of the print hammer mechanism in the
2608A are shown in Fig. 1. The longer beam {or tine)
is the hammer and the shorter beam is the damper. To
print a dot, the electromagnet is energized, pulling
the hammer back against the core face. This stores
enough energy in the hammer so when the elec-
tromagnet is de-energized, the hammer flys forward
and strikes the paper through the ribbon with enough
impact to leave a crisp dot. The hammer then re-
bounds and collides with the damper on the return
stroke, reducing excessive residual motion of the
hammer.

Between release and impact, the beam moves freely
at arate determined by its natural resonant frequency,
which is about 400 Hz. The principal advantages of
allowing the hammer beam to impact the platen at its
natural frequency are speed and the relatively low
power required—if the core is energized again to
print an adjacent dot, the hammer will already be
moving towards the core face.

The disadvantage is the tendency for the hammer to
“overstrike”, that is, to rebound from the damper and
print an unwanted dot. In earlier implementations of
this printing technique, this problem was handled by
making the print speed slow enough to place over-
strike dots roughly in coincidence with the printed
dot.

One way to allow an increase in print speed would
be to increase the resonant frequency of the hammer
beam. The relationships involved are:

w : h/l2, where o = the resonant frequency;
h = hammer thickness;
1 = hammer length.

o : hy/l2, where o = stress;

= displacement.

E : o?lh:y(h/)3, where E = strain energy.

To raise the resonant frequency, either the thick-
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ness can be increased, or the length can be reduced.
Because of a number of material-availability, proces-
sing, and tolerance problems, the hammer thickness
is limited to a practical value. Since a certain amount
of strain energy needs to be imparted to the hammer
for good print quality, reducing the length of the
hammer would increase the stress, raising it above the
maximum permissible for good fatigue life. Thus,
there are practical limits to raising the resonant fre-
quency.

Another way would be to improve the damping
mechanism so overstrike would be eliminated al-
together. Specifically some means had to be found to
limit residual motion in the hammer to something
less than that needed for a visible overstrike.

Ribbon

%/ Paper

'/Winding
R

Platen
\
Vin ‘ > Hammer
o L
L ‘ Damper
= "
Vi
IR

Fig. 1. Details of the model 2608A’s print mechanism. To print
a dot, the electromagnetic core is pulsed, pulling the hammer
back against it and then releasing it to fly forward, printing the
dot.
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Fig. 2. Basic hammer motion. Impact redistributes energy in
the fundamental resonance mode to higher modes.

Analyzing Overstrike

The main variables affecting residual motion are
impact location, expressed as a percentage of hammer
length, and the damper-to-hammer length ratio.
Other variables are thickness and width but these had
already been determined by overriding criteria.

Ordinary steel rules make useful large-scale models
for observing the residual motion of a hammer. As
shown in Fig. 2, the impact location, which acts as a
temporary node point, is in the vicinity of the natural
second node point for a cantilever beam. The action of
impact redistributes the residual energy in the ham-
mer beam into higher modes, reducing the amplitude
of the fundamental motion. Experimentally it was
found that the optimum impact location from the tip
is 13% of the hammer length, 9% above the second
node point. Furthermore, the model suggests that
maximum damping occurs when the sécond-mode
frequency of the hammer is a multiple of the domi-
nant fundamental mode of the damper (not shown in
Fig. 2). Experiments showed that the optimum multi-
ple is 2. With this configuration, overstriking would
be minimized over a practical range of parameter
variations.

In going from the scaled-up thin-section model to
an actual size thick-section model, however, perfor-
mance was not the same. There was enough residual
fundamental motion after impact to cause occasional
overstriking. Sensitivity to parameter variations was
much greater too. These performance differences
might be explained by the rate at which energy in the
hammer is dissipated, primarily in the form of acous-
tic energy coupled to the air. As the equations show,
the strain energy increases as the cube of the thick-
ness, but since energy dissipation into the air is pro-
portional to frequency, which increases linearly with
thickness, the damping ratio goes down in proportion
to thickness. Intuitively speaking, the thicker ham-
mer is stiffer and less affected by its surrounding
medium.

It was therefore proposed, and confirmed by exper-
iment, that the introduction of a magnetic damping
pulse would obtain the results desired. The pulse is
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timed to occur as the hammer rebounds from the
damper and is on its way towards an overstrike.

Further Analyses

The complexity of hammer motion led to further
studies using a high-speed camera (40,000 frames/s).
This provided excellent qualitative information, but
quantitative data was hard to derive so the next step
was to design a computer model of the hammer
mechanism and simulate the dynamic processes digi-
tally. This allowed us to simulate different combina-
tions of operating conditions and parameters.

A finite element technique was used for the
analysis. The hammer and damper beams were mod-
eled as one-dimensional beam elements, i.e., only one
degree of deflection and rotation were allowed at each
node, and the deflection due to shear was neglected.

According to the simulation, the hammer imparts
energy to the damper when they collide, but the colli-
sion propels the hammer back towards an overstrike.
Experimentation with the location of the impact
point, the ratio of the fundamental frequencies of the
hammer and damper, and the gap separation between
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Acoustic Design of the Model .
2608A Line Printer ;

With as many as 132 hammers impacting the paper and
platen during printing, it was inevitable that the Model 2608A's
printing -mechanism would generate some noise. In fact, pro-
totypes demonstrated 90+ dBa sound-pressure levels. To
make the printer a welcome participantin an office environment,
a noise abatement program was initiated.

Because ofthe rigidity required in the printing mechanism, no
attempt was made to apply any vibration isolation to the working
parts. Instead, attention was directed towards attenuating
acoustic radiation from openings in the printer's enclosure.
Hence, the access cover was designed with a labyrinthine-foam
seal around the edges. The stand is foam lined and totally
enclosed, except for vents near the floor for cooling air input.
The paper box is contained within this stand so noise leaving the
machine by way of the paper inlet slot is attenuated by the stand.
The cooling faninlet is also in the stand and the cooling vents are &
at the rear, away from the operator. 3

An optional removable shroud encloses the paper outlet at &
the top of the machine and effectively moves this sound escape
outlet to the rear of the machine. i

To prevent the taut paper from acting as a soundboard where
it leaves the platen, a plastic cover clipped on to the top of the
core bar presses into the paper just above the platen (see the
diagram in the box on page 26). This not only damps paper
vibration, but it also reduces the area of paper affected by
hammer action.

Although the resuiting external sound levels are highly room
and geometry dependent, they are in the range of 72 dBa. With
the optional shroud, the sound level is 68 dBa, about the same
as an electric typewriter and quieter than many nonprinting
computer peripherals. g

-Lynn Hessing
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them confirmed that the combination of parameters
found empirically was the optimum for suppressing
overstrike.

The magnetic damping pulse was also im-
plemented in the simulation. The simulation showed
that the timing was critical; firing the pulse too late
would provide insufficient damping, and firing it too
soon would delay but not prevent overstrike. Simula-
tion showed that for a given amount of magnetic core
force, a pulse fired 3.3 ms after the print pulse and
sustained for 0.5 to 0.7 ms would be most effective in
suppressing overstrike. This was close to the op-
timum values found experimentally.

Driving Circuits

With the hammer design optimized, design of the
hammer drive circuits could be completed. The de-
sign goal was efficiency with cost as a tempering
factor. The number of drive circuits (132) dictated
that each drive circuit have minimal complexity.

The approach chosen was to use a single high-
power pulsed source and to use silicon-controlled
rectifiers (SCRs) to switch the current to the appro-
priate hammer drive coils. The SCRs are driven at the
TTL level by a shift register.

Pulsed drive was chosen so SCRs could be used.
Since these are inherently latching devices, turn-on
information needs to be present only at the beginning
of the power-pulse cycle. This makes the remainder of
the cycle available for loading the next dot informa-
tion into the shift register.

The optimum drive voltage for the hammer coils is
18-20V for 1.5 ms. The coil current peaks at 1.5A, and

since any number of coils up to 132 may be energized
simultaneously, the total power-pulse current can be
as high as 200A. The energy losses in generating,
filtering, and switching 200A at 20V would have been
prohibitively high using conventional techniques,
not to mention the size of the necessary filter
capacitors. The method chosen was to use a coarsely-
regulated (£5%) 270V dc supply and an iron-core
step-down transformer. Two power Darlington tran-
sistors switch the 270V to the transformer to generate
the power pulses. The power switching thus takes
place at a relatively low current level (<<15A).

Ablock diagram of the core driving circuitis shown
in Fig. 3. The dot control information is transferred
from the microprocessor in serial form and held in an
input register until the logic circuits shift it into the
trigger register. As soon as the power pulse has been
initiated and the indicated hammers fired, the dot
information is shifted out of the trigger register into
the damping register. At the same time, the previous
dot information held in the damping register is
shifted back into the trigger register. A delayed trig-
ger isthen applied to SCRs controlling those coils that
were energized during the previous dot position but
not the present one. This provides damping for those
hammers now rebounding from the damper beams.
The delayed trigger has no effect on SCRs that are
fired in both the present and previous dot positions
because they would be turned on already.

Mechanical Construction
The magnetic cores for the hammer drive are made
of Hyperco-50 (vanadium permendur}, a material that

Power
Darlingtons
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Core Bar
Assembly

SCRs

MOS Damping
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Drivé From
Seréo/Cha:acter T
enerator Shift Register
(132 Long)
Serial MOS input
Dot Data Register (132 Long)

Fig. 3. Block diagram of hammer
drive circuits. A power pulse is
applied to all hammer coils
simulateously but only those coils
that are switched on by the SCRs
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will be energized.



provides one-third higher flux density than ingot
iron. Since the same magnetic field intensity could be
supported with less of this material than of iron, the
weight of the hammer-core assembly was reduced by
using this material. Because of its relatively high
fatigue strength, this material is also well suited for
the hammers.

The core assembly, or core bar as it is known, is
subject to thermal expansion, since its temperature
can vary as much as 150°C. Heat is generated by I2R
losses in the coils, and by eddy currents and hys-
teresis losses in the cores. Improved efficiency was
built in by rigidly mounting the magnetic cores and
the hammers in a single assembly that moves as a
unit. The rigid mounting permits a minimum-
reluctance air gap. Although this reduced the re-
quired drive energy from 0.07 watt-second per dot to
0.03 watt-second, the dots are now printed at a faster
rate with a corresponding increase in heat.

Heat build-up within the core bar presented a prob-
lem since the core bar is asymmetric, does not heat
uniformly, and is composed of such diverse materials
as aluminum, steel, and potting compound. To com-

bat this, the core bar is designed with eleven
aluminum modules clamped tightly between two end
caps by two tension rods, forming a rigid structure.
Each module holds an assembly containing twelve
cores and hammers, as shown in Fig. 4. This structure
allows the various materials to expand at different
thermal-expansion rates without causing out-of-
tolerance warping of the assembled core bar.

Heat generated in the core bar is dissipated mainly
by fins located on the back of the bar. Air is blown
upwards through the fins and out the top of the
printer through the paper exit, with a small amount
going through the hammers. Calculations show that
the fins can dissipate a maximum of 185W and an
additional 60 to 90W can be dissipated by other sur-
faces, assuming a practical air flow of 0.3 to 1 m?¥
minute and an allowable wire temperature of 200°C.
This is adequate for removing the heat when printing
alphanumerics. However, when printing dense dot
patterns in the graphics mode, heat can be generated
at rates up to 620W. For this reason, the number of
dots printed is monitored electronically and print
delays are imposed if the dot density averaged over a

Good print quality in a dot-matrix printer requires accurate
placement af the dots for each character. As described in the
accompanying article, servo control of the core bar motion in the
Model 2608A Line Printer positions the dots accurately in the
horizontal direction. Precise movement of the paper is required
to position the dots accurately in the vertical direction. Not only
must the paper be moved precisely but the movement must be
made and stabilized within 5 ms if print-speed requirements are
to be met.

It was found early in the project that step motor drive through a
belt-and-pulley arrangement introduced too much inertia into
the system to achieve smooth acceleration and deceleration of
the paper. Therefore, a custom-made, four-phase step motor
that advances 2° per step is used so it can be directly coupled
to the tractor drive shaft.

Open-loop control of the step motor achieves the simplest
and Jeast expensive method of control. However, to assure that
the rotor detent position is reached reliably for worst case loads,
more than sufficient torque for overcoming inertia and friction is
needed. To improve the motor’s rated torque, a two-level vol-
tage drive is used. A 600-us overdrive pulse from & high-voltage
supply causes an initial rapid increase in winding current (to 5A)
thatis sustained by a low-voltage supply for the remainder ofthe
drive pulse. By this means, torque was increased 25% over a
single-level drive while mechanical resonance problems were
minimized.

Extensive studies with an electro-optical tracking system on
early versions of the printer revealed that hammer action caused
the paper to vibrate against the platen. To reduce this motion,
the platen face was curved to match the bend radius of the
paper, providing better adhesion as the paper is tensioned
around it. Tension is provided by a thin (0.010-inch) stainless-
steel, cantilever, paper-tension spring that contacts the paper
along the entire width of the platen just below the print line. A

Precise Paper Movement

/ Core Bar Cover

Forms /

Tractors 4
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Paper — . 1
P

plastic cover along the top of the core bar protrudes into the
paper path to force the paper to conform to the radius of the
platen face, as shown in the drawing.

With this paper path, the step motor drive moves the paper
0.0139 inch for each dot row and completes each movement
within 5 ms without overshoot or other aberrations, giving excel-
lent print quality.

-Robert Deely
-Lynn Hessing
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Fig. 4. One core-bar segment holds twelve hammers,
dampers, and cores. The cores are held in place by potting
compound that permits the cores to expand thermally at a
different rate than the aluminum module.

page exceeds 37%.

Mechanical Tolerance

A tolerance study revealed that consistent print
quality is obtained when hammer-to-paper spacing is
0.038 +0.08 mm (0.015 £0.003 inch). Hammer varia-
tions alone take up 0.08 mm of the allowed 0.16 mm
spacing tolerance. This means that straightness toler-
ance over the 335-mm (13.2-inch) length of the core

Computer
Museum

must be 0.08 mm, assuming variations are negligible.
The core-bar assembly has an initial straightness
tolerance of 0.05 mm, and this is maintained by the
tautness in the tension rods.

Core Bar Motion

The core bar is attached to the printer casting by
two stiff flexure springs that allow lateral motion
while precisely maintaining the hammer-to-platen
spacing (see Fig. 5). The rest position is aligned with
the center dot column of the character matrix. With
this configuration, energy stored in the flexure
springs by core bar movement left or right aids the
linear motor in providing the forces necessary to re-
verse the core bar direction at turnaround.

As illustrated in Fig. 6, the linear motor housing is
also attached to the printer casting by stiff flexure
springs. These isolate drive force vibrations from the
casting. Although the flexures permit some move-
ment of the linear motor, the closed-loop motion-
control system assures precise and controlled move-
ment of the core bar with respect to the platen, inde-
pendent of motor housing motion.

The lateral motion of the core bar is tightly defined
by the action of the hammers. Since these operate at a
fixed repetition rate (400 Hz) close to the hammer
resonant frequency, the core bar must move across the
character spaces at constant velocity to assure equally
spaced dots. In addition, core-bar turnaround must be
completed in an integral number of dot cycle times. It
is also desirable to make the velocity rate of change

Platen

Velocity
Trans-
ducer

Core
Bar

Optical
Position
Transducer

Paper Drive
Step Motor

Linear
Motor

Fig.5. Partially assembled printer
mechanism.
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constant during turnaround to minimize the mag-
nitude of the forces acting on the bar. Hence, the
desired core-bar velocity profile is as shown in Fig. 7.

To achieve the desired motion, the core bar is em-
bedded in a closed-loop motion control system, dia-
grammed in Fig. 8. The actual velocity of the core bar
is obtained from a velocity transducer that has its
stationary part fixed to the print mechanism base and
its movable part fixed to the core bar. The transducer
output is compared to the desired velocity profile
obtained from a waveform generator and the error
between the two signals is forced to zero by the
motion-control system loop. Thus, the actual velocity
closely matches the velocity profile waveform.

The equation of core-bar motion is:

=<

1Ko Ky =M, X +C,X+K, X

where X = core-bar displacement
V;, = drive amplifier input voltage
K, = drive amplifier constant
K., = linear motor force constant
M, = core bar mass
C, = effective viscous friction
K, = flexure constant.

With this as the model describing the core bar and
drive components, a compensator that provided ap-
propriate loop dynamics was designed using classi-
cal root-locus design. The compensator used a third-
order pole at the origin to achieve a system capable of
following the input velocity profile ramp on turn-
around {classical type-2 control system) and three
zeros were included in the left half plane for stability.

When this compensator was added to the system
and the loop closed, however, the system proved to be
unstable. It was found that the model did not give an
accurate representation of the core bar over the total
range of frequencies involved. Although the core bar
oscillates at about 30 Hz during the printing of al-
phanumerics, its motion has a high harmonic content

because of the nonsinusoidal nature of the velocity
profile. At frequencies above 400 Hz, the core bar,
which at that time was a ribbed steel bar with the
cores and hammers mounted along the top, no longer
behaved as arigid body but was subject to some twist-
ing and bending. The twisting and bending motions
were coupled into the velocity transducer.

Frequency response plots of the core bar system
were made with an HP Model 5451B Fourier Analyzer
to determine what additional compensation would be
needed to stabilize the loop. These plots disclosed the
existence of several resonance peaks that rendered
the system uncontrollable for the response speeds of
interest. An accelerometer probe was then used with
the Fourier analyzer to find the sources of the reso-
nances. Therefore, changes were made to the core-bar
design. The changes were iterative in nature with
each change followed by further probing with the
accelerometer and analyzer to determine the extent of
the resonance attenuation achieved.

As a result of this process, several modifications
were made. For example, the coupling structure be-
tween the linear motor coil form and the core bar was
strengthened to prevent excessive flexing. The print
mechanism base, originally made of half-inch
aluminum members bolted together, was replaced by
a one-piece, ribbed aluminum casting, and the core
bar was redesigned with the cast-aluminum modules
shown in Fig. 4 for increased rigidity. Finally, the
velocity transducer was relocated to a point where
any twisting or bending modes of the core bar would
have minimum effect. The frequency response plots
also indicated a need to improve the linearity and
speed of response of the drive amplifier.

Wwith these changes, plus the addition of lead-lag
and roll-off compensators to the electronics, the de-
sired stability was achieved.

Position Control
For proper synchronization between hammer oper-
ation and core-bar motion, it is necessary to generate
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Fig. 6. Mechanical diagram of the
core bar and linear motor.
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Fig.7. Velocity profile of the core-bar for obtaining even spac-
ing of the printed dots and a constant rate of change during
turnaround.

information pertaining to the core bar position. This
is done by applying the output of the velocity trans-
ducer to an op-amp integrator and applying the re-
sulting position waveform to a bank of comparators
that have equally spaced reference voltage levels.
Each time the waveform crosses a comparator refer-
ence level, the resulting output edge triggers a pulse
generator, signifying that a dot column has been en-
countered.

A second position circuit is included for control-
ling the stationary ‘“home” position of the core bar
when the printer is in the STANDBY mode. An LED and
a phototransistor are mounted on the base casting
with a vane attached to the core bar passing between
them. The vane partially blocks the LED light when
the core bar is in the home position so the output of
the phototransistor is proportional to core bar posi-
tion over a narrow range. This signal is switched into
the motion-control feedback loop during STANDBY to
place the core bar in the home position. An initial
adjustment of the vane is made so the home position
coincides with the mechanical rest position of the
flexures.

The output of the position integrator is also in-
cluded in the home-position feedback loop. The in-
tegrator provides an accurate, dynamic position-
feedback signal for returning the core bar to the home
position in situations where the core bar is remote
from the home position with the photo-detector cir-
cuit in a limiting state. A block diagram of the

composite motion and position control system is
shown in Fig. 9.

When the core bar is operating in the oscillatory
print mode, the output of the phototransistor is used
to generate a short pulse each time the core bar crosses
the home position. This pulse closes a switch in paral-
lel with the position integrator capacitor to provide a
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momentary reset, preventing any slight offset in the
velocity transducer circuit from causing the position
waveform to drift with time.

Microprocessor Control

The printing of the dots is synchronized with the
motions of the core bar and the paper by the
machine’s microprocessor. This is a control-oriented,
eight-bit, NMOS microprocessor designed and man-
ufactured by HP’s Loveland Instrument Division. A
second function of this microprocessor is to control
the conversion of the ASCll-coded input characters
into the dot patterns required for printing these
characters.

The core-bar position control system provides posi-
tion information to the microprocessor. Using this
information, the microprocessor decides when to re-
verse or stop the motion of the core bar, when to
advance the paper, which portion of the dot patterns
to use, and when to fire the print hammers.

The core bar is moved according to the largest ma-
trix to be used in a given line. In the alphanumeric
mode, there are three sizes of dot matrices— 5x7,
5x%9, and 7 X9— according to what is being printed.
For example:

E
5X7

3

5X9

If upper-case ASCII only is being printed, seven dot
rows with five dots per row in each character are
printed at a speed of 400 lines per minute (Ipm). If a
lower-case character is included in the data stream,
then nine dot rows per line are printed and the speed
is 320 lpm. If underline is added, nine dot rows with
seven dots per row in each character position are
printed and the speed is then 250 Ilpm. In the graphics
mode, core-bar motion across seven dot columns is
used and printing proceeds at a rate of 40 dot rows
(0.572 inches) per second.

The ASCIl-coded characters sent to the printer by
the external system are processed through the inter-

__ (underline).
7X9

Desired
Velocity Error
14

Velocity

Profile
Generator Jihs

===

Actual Orive
Velocity Force

Transducer

Fig.8. Closed-loop motion-control system forces the core bar
velocity to match the velocity profile.



Interface 1/O for a 400-1pm Printer

The design of the interface /O for the Model 2608A Line
Printer is in keeping with the general philosophy of flexibility in
the printer's electronics. The selection of which functions are to
be performed by the I/O and which by the main processor in the
printer allows the communications flow between the printer and
the host computer to be relatively independent of the main
processor control.

The standard interface to the host computer is a TTL-level,
direct-coupled, differential, parallel bus with eight line pairs
carrying input data, eight carrying output data, four for com-
mands, and one line pair in each direction for control. Except for
the control lines, these connect to registers in the /0, as shown
in the diagram below.

———

Command i 4

Another function of the ASM is the processing of control code
bytes that are to be acted upon by the printer. Character data
bytes are scanned for the shift-out, shift-in, and backspace
characters and these operations are performed, unless the
printer is in the transparency (print control codes) mode.

The HP interface bus I/O is implemented with a CMOS SOS
integrated circuit developed specifically to provide a logical
interface to the interface bus defined by IEEE-488-1975. The
HP-IB has bidirectional buses and control lines so information
on these lines is sorted out by the HP-IB IC and applied to the
appropriate unidirectional bus feeding into the standard parallel
I/O, as shown in the diagram. The /O's state control for the
HP-IB has two serial linked ASMs.
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The heart of the /O control is the algorithmic state machine
(ASM) shown in the diagram. Strobe logic within the ASM syncs
the asynchronous incoming information to the printer's clock.
Incoming information is decoded to determine whether it is data
or information related to a command. If it is character data, the
ASM takes control of the bus into the main processor RAM by
turning off the processor clock (stealing processor cycles) dur-
ing the processor fetch phase. This gives the ASM direct access
to the main processor's RAM by way of the processor’s outgoing
data bus. The ASM stores the character data at the appropriate
address, returns control to the main processor, and then waits in
its idle state for the next data or command byte. Input data burst
rates up to 500K bytes/second can be handled this way.

Printer command bytes with /O flags and data bytes as-
sociated with commands are routed onto the main processor's
incoming bus.

The HP-IB I/O also enables three additional control codes to
be acted upon by the printer. These are carriage return, line
feed, and form feed.

The flexibility of the I/O system design allows adaption to other
interface requirements. The standard interface is easily
changed to a positive- or negative-true TTL interface. A serial
interface is being designed.

--Stanley G. Peery
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Fig. 9. Combined motion and position system.

face board and stored in a buffer RAM (read-write
memory) using direct memory access (Fig. 10). Actu-
ally, there are two buffers so characters can be loaded
into one while the microprocessor converts charac-
ters stored in the other into dot patterns.
Dot-pattern conversion is performed with the use of
a table stored in ROM. Inputs to this conversion are:

1.
2.
3.
4.
5.

7-bit ASCll-coded character;

1-bit code extension (i.e., shift in/shift out);
4-bit language code (16 languages possible);
3-bit dot-row number;

3-bit dot-column number.

This implies a virtual memory space of 256K bits.
However, because many characters are duplicated in

Pl.u&m-

Data

Logic

Print
Data

Commands g

i
and Data

External
- Contraller
" (CPY)

Fig. 10. Block diagram of the microprocessor control system.
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the languages, the printer’s actual memory space is
40K bits with 16 languages.

The microprocessor moves the ASCII-coded
character data directly from RAM to the dot pattern
generation table. From there, it goes to the hammer
control logic. This decoding is done once for every
dot in each of the 132 character positions per line.

Inthe graphics mode, each eight-bit byte sent by the
external system is presented to the hammer-control
logicas eight contiguous dots with the 1’s printed and
the 0’s left blank. Since there are 924 (7 X 132) dots per
dot row, 116 (924+8) data bytes are needed to de-
scribe one row. Thus, to turn the printer into a conve-
nient, user-oriented graphics device, external
software is required. Such software has been written
for use with the Graphics-1000 software on the
RTE-IV operating system for the HP 1000 series com-
puter system.! The Model 2608A Printer can thus be
an AGL-compatible plotter supported by the 1000
system.
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