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Abstract: The design  of feedback  systems  for  control of paper motion  through  the  IBM Printing 3800 Subsystem  is  described.  The main 
tool  for analysis and optimization is DSL, a digital simulation language for systems of continuous  nature.  The  several  stages in the evolu- 
tion  of the design are  discussed. 

Introduction 
Maintaining accurate position control, while paper  moves 
at 80 cm/s, and  providing rapid startlstop motion without 
tearing the fanfolded paper was  a significant design prob- 
lem for  the  paper  transport system of the  IBM 3800 print- 
er,  the mechanical features of which are described in [ 11. 
The objectives  were 1) to synchronize at  the transfer  sta- 
tion predetermined paper positions with the photocon- 
ductor  positions, so that transfer of the toned image can 
occur without  blurring; 2 )  to regulate paper  speed through 
the  fuser  and  assure stopping of paper  between  the hot 
rolls only at  perforations, where no print is located, and 3) 
to control the  amount of paper slack between  transfer sta- 
tion and fuser. 

Specifications for this  printer  were so different from 
those in previous IBM line printers that new concepts had 
to be  developed to meet the  requirements  accurately, re- 
liably,  and with reasonable  cost. Initial attempts  to  use 
conventional  mechanical schemes were  soon  abandoned 
in favor of servomechanisms. 

In addition to the technical  challenges in the design of 
these  systems, logistics and schedule  problems  were diffi- 
cult for this new printer. All other electromechanical  sys- 
tems,  as well as  the electrophotographic process and  the 
optical systems,  were equally new and  uncertain, requir- 
ing much experimentation and testing  with  laboratory 
models as well as  complete  prototype machines. It soon 
became clear  that  dependence  on  the  prototype machine 
had to be minimized in favor of analytic design methods, 
and  computer simulation  proved to be the  answer. 

These complex  electromechanical systems were  partly 
continuous, partly discrete in nature.  Their  transient be- 
havior as well as  steady  state stability had to be well un- 
derstood, and  computational flexibility had  to be  guaran- 
teed to allow exploration of many design alternatives. 
Fortunately, a digital simulation language  was  available 
that could solve large sets of coupled  nonlinear dif- 
ferential equations with arbitrarily  varying coefficients. 
This computer language,  together with a graph generating 
program,  enabled us to model all our problems as  accu- 
rately as desired in time,  frequency or  other  domains, and 
to display the  results graphically for easy interpretation. 

After  a brief characterization of the simulation lan- 
guage,  this paper  shows how the design of the  subject 
control systems evolved  through  several  cycles of con- 
cept formulation,  mathematical modeling, simulation and 
validation,  iteration about  the critical parameters, physi- 
cal buildup, and  testing. 

On  simulation languages 
The DSL language referred to  here is a digital language 
for the simulation of continuous  systems (a CSSL [ 2 ] ) ,  
rather than discrete  systems.  It is particularly  suited for 
the study of physical  phenomena as  expressed by ordi- 
nary differential equations or modeled through transfer 
functions.  Nonlinearities, coefficient variations in time, 
and  changes  in the model structure  are readily  accommo- 
dated, and there is almost no limit to complexity or  the 
number of inputs  to a system. 
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Figure 1 The paper  path  and some of the main components of 
the paper control systems. 

A high-level language like DSL is easy to learn and use. 
Like CSMP [3, 41 which evolved  from an early  version of 
DSL, this  language is largely nonprocedural,  i.e.,  the se- 
quence of program statements is not critical.  This fact  and 
the Englishlike syntax minimize communication prob- 
lems  between the  person who  poses the problem  and the 
computer. Simple statements,  such  as 

SPEED = INTGRL (v0, ACCEL) 

ACCEL = FORCEIMASS 
IF (SPEED. GT. TOP) CALL ENDRUN 

allow compact programs to be  written in a short time  and 
to be understood by others,  at  least in conjunction  with 
block diagrams that  show the  functional  interrelation of 
system  variables. 

While digital simulation is in many ways similar to ana- 
log simulation,  which is used widely in the  process, 
power  and  aerospace industries, there  are unique differ- 
ences.  The  independent variable may be called TIME, 
but it is inherently discrete, unlike the real  time in nature, 
requiring  some  caution in numerically critical  problems. 
The problems of noise, drift,  and  resolution  associated 
with analog electronics  and programming problems,  such 
as scaling and sign inversion in analog equipment,  do not 
exist in digital simulation and  the  computer  can be  time 

20 shared with many other  types of applications. 

One  disadvantage of early digital simulation languages, 
namely the slow turnaround time of batch mode computa- 
tion,  has been overcome with the  advent of interactive 
computing systems and visual display consoles.  Another 
handicap of those simulation languages, which possess 
only  printed or print-plotted output capabilities, has been 
eliminated in DSL: a  graph  control language called 
GRAFAEL [5] was incorporated, enabling the  user to ob- 
tain high resolution  plots of flexible format  on a  variety of 
plotting devices with  little programming effort. 

Paper  motion  control  systems 
Of many automatically  controlled operations in the print- 
er,  the  paper motion  variables  were  among  the  more de- 
manding. Rapid accelerations  occur during  normal opera- 
tion and absolute position  control is necessary  for precise 
print  registration.  After image transfer,  the  fuser  servo 
has to maintain smooth  paper motion to avoid separation 
of toner particles from  the  paper. This is accomplished by 
closely  matching the  start and stop motion of the  two ser- 
vos. No relative  velocity error can be allowed in steady 
state. 

Figure 1 shows  the  paper  path and the primary com- 
ponents of the  paper motion control systems.  The motion 
is directed by a  supervisory  controller or control  com- 
puter, which coordinates the actions of these  and  other 
control  functions in the printer. The  transfer and fuser 
servos respond to  commands  to  start,  stop, and  inc,rease 
speed, and  they  supply information on  paper position by 
means of shaft  angle encoders and a paper hole counter. 

Both  servos  have  independent closed  loop  control. Af- 
ter a start signal from the  controller, a  series of input 
pulses increments  an upldown counter and  a  series of 
feedback  pulses decrements  the  counter.  The difference 
count is converted  to a  drive  voltage,  causing the  motor 
to  rotate.  The  printer controller thus maintains  control of 
both  closed  loop systems by communicating  through 
pulse  trains. 

Transfer servo design 
The initial design of the transfer servo  centered  around 
the  concept of using a high-torque,  low-inertia dc  motor 
with permanent magnets, which had been used in another 
printer. Acceleration  and  deceleration of constant magni- 
tude  were selected  for starting  and  stopping the  paper. 
This  resulted in a trapezoidal  velocity  input profile and 
meant that  paper displacement would increase  during 
starting  and decrease during  stopping  according to a 
quadratic  (parabolic)  function of time. 

A digital shaft  angle encoder was  envisioned from  the 
start. A  linear transducer,  however,  was assumed at first, 
and a continuous  system with lead-lag cascade  com- 
pensation was designed by conventional methods, using 
DSL to calculate and plot  frequency response  curves. 
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Specifically, phase  and gain margins were  optimized by 
studying families of curves associated with the movement 
of the poles  and zeros of the  compensator. This approach 
worked well, but a digital encoder  resembles a  linear  sys- 
tem only at full printing speed,  where  the  encoder  pulse 
rate is very high. Analytically, such a system could  be 
treated  as  neither a linear nor a  sampled data system dur- 
ing start and stop  modes,  because  the  encoder pulse fre- 
quencies would vary widely, making the  system  unstable 
at low speeds  and,  therefore,  useless without  additional 
measures.  The  linear design was a good way to get 
started.  However, transient  simulation  was  needed to 
check the  operation of the system as a function of time, 
including nonlinearities and discrete events; it was readily 
accomplished  with DSL. As a result, a good understand- 
ing of the  system  was  obtained, particularly  with respect 
to  the effect of discretization on stability. 

The parabolic input command of position  vs  time (in 
digital form, Fig. 2) was accomplished by incrementing an 
upldown counter through a prescribed  succession of 
pulses such  that  the time  between pulses  decreases  stead- 
ily  until the proper  pulse frequency for printing is reached. 
While the  paper  accelerates  from standstill to full speed 
for a distance  xa,  the drum  moves a distance of 2xa. 
Thereafter, they both move nominally at  the  same  speed 
for a short time  (until transients  have died  out)  before 
printing is actually started,  i.e., before toner  is  trans- 
ferred  from  the  photoconductor  to  paper.  The  actual shaft 
angle  displacement was similarly parabolic  in  time, which 
resulted in a pulse  sequence from the digital encoder 
much like the  input  pulse  sequence;  it, in turn, was  used 
to  decrement  the  counter.  The difference count, via a dig- 
ital-to-analog converter (DAC), served  as  the  error signal 
for this system. 

To  approximate  the proven continuous  system, a con- 
cept of analog fill between the discrete  steps of the input 
and feedback  signals was pursued and found to work 
well. To obtain a continuous signal roughly proportional 
to  paper position, motor drive voltage and armature cur- 
rent were  judiciously mixed (to yield a  “velocity  esti- 
mate,” explained  subsequently), integrated,  and  reset in 
synchronism  with the  encoder pulses. 

Similarly, an analog  command  velocity signal was in- 
tegrated and  reset  whenever  an input pulse was  emitted 
by the microprogram,  according to a stored table of in- 
tegers  which represent  the number of periods of a clock 
between  emission of pulses. Together with these fill sig- 
nals,  the DAC output became  a  much smoother function 
that did not  make the system unstable  at low speeds. Fig- 
ure 3 is a block diagram of this  system as designed  and 
used  during the initial stages of machine  development. 
Figure 4 is a frequency  response diagram for  the linear- 
ized system whose open  loop  transfer function  consisted 
of G(s) for  the amplifierlmotor  combination, 
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Figure 2 The  parabolic  form of digital  input  command of posi- 
tion vs time. 
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and C,(s) for  the compensating  filters, 

This  linearization  was  deemed adequate,  because  the po- 
sition feedback and feedforward paths  for fill merely pro- 
vided the signals which restored  the  continuous  nature of 
actual  and  desired position that was initially postulated. 

The motor  velocity o can readily be seen  to be  related 
to applied voltage V ,  armature  current i, resistance R ,  in- 
ductance L ,  and  back-EMF  constant K,: 

di(t)  
dt 

K,w(I) = V(t)  - Ri(I) - L -. 

In Laplace operator  notation,  and with the substitution T, 

= L / R ,  Eq. (3) becomes 

which is more easily  implemented if divided by ( 1  + 7,s). 
Because the electrical time constant re is very  small,  the 
following approximation holds  true: 

This is the basis for  the velocity estimation, mentioned 
previously. 21 
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Figure 3 Block diagram of the initial design of the transfer  servo. 

Note  that  none of the system  nonlinearities  shown in 
Fig. 3 came  into play during high speed printing because 
the sampling rate was high and  saturation did not occur. 
Rather, they were effective only during the  start and stop 
modes of operation, leaving the system  linear during the 
print mode, with the exception of Coulomb  friction. 

The system  was  found to function as intended in the 
simulation and  also in actuality.  It served in early  proto- 
types of the  printer  for a long time,  and  its success result- 
ed in the decision to design servo  systems with linear mo- 
tors,  both  for  the  fuser and the  drum  drive.  The initial 
fuser drive system, which used a harmonic  transmission 
to  the drum drive and on/off control  through  a  particle 
clutch and an electrical brake, showed severe wear  prob- 
lems. The drum drive  system, which used a precision gear 
drive and a synchronous  motor, was not accurate enough 
and was too  expensive. At that time, it was recognized 
that the same  type of motor could be  used to drive the 
transfer servo  and  the  fuser rolls, except  that  the  latter 
would be  driven  through a gear train. 

When a moving coil motor  was  custom  designed to’ 
serve  both  purposes,  certain compromises had to be 
made.  This  resulted in an occasional  instability, which 
was not expected from the  above mathematical  model. 
Experimental frequency response  diagrams were care- 
fully obtained,  but neither gain nor phase  curves vs  fre- 
quency  agreed  with  predicted ones  as indicated in Figs. 4 
and 5(a).  Other  tests showed  that  removal of the fill sig- 
nals  eliminated the oscillations. However, with fill re- 
moved, acoustical  noise  problems  from the gears arose, 
along with power system  problems due  to  current surges 
during starthtop.  Because  the  discrepancies between  ob- 
served  and  postulated frequency response  curves indi- 
cated a deficiency in our mathematical model,  we decided 
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to pursue model improvements. First, we derived the 
transfer  function of a resetting  integrator to  better repre- 
sent  the circuitry in the velocity feedback path. It was 
found to be 

Fill 1 

%St 

~ = “1 - S H ) ,  
S 

where SH is  the  conventional transfer  function of a zero- 
order sample and hold circuit 

and where T is the  encoder pulse  period. 
This did not prove to have the desired  effect,  and we 

modeled the  mechanical load more accurately. When that 
effort also failed to explain the  observed instabilities, it 
was suspected that  the system might be highly sensitive 
to mismatch between  parameters of components in the 
velocity estimator  and those of the  motor (KB, R ,  L ) .  
This, finally, was  found to be the answer  to  our  question; 
Fig. 5(b) shows the  drastic effect of resistance mismatch 
which,  together  with  mismatch  in other  parameters, 
would explain the  observed  phenomena in the frequency 
domain, Fig. 5(a). Such sensitivity studies would have 
been virtually impossible to  do experimentally. 

This led to  abandonment of the fill concept in favor of 
providing additional  inputs to  the  system, which were de- 
signed to  anticipate known loading in this case of known 
forcing: 1) a voltage  proportional to acceleration  (to over- 
come inertia  effects),  and 2) a voltage proportional to ve- 
locity (to  overcome motor back-emf).  These signals, 
when added to  the compensated discrete  error signal 
(without fill), together with the design of a  complex  pole 
filter, resulted in transients of desirable  characteristics 
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Figure 4 Frequency response of transfer servo. Open loop, 
uncompensated (G) and compensated (GG),. 

and  inherent  stability in the printing mode.  Since  the posi- 
tion command of the  servo is given as piecewise  para- 
bolic,  velocity  and  acceleration are known to be  piece- 
wise linear  and constant  functions,  as  sketched in Fig. 6. 
It is,  therefore,  easy  to generate the  extra system  inputs 
to the transfer  servo  as well physically as in the simula- 
tion program.  Figure 6 shows  a simplified simulation 
block diagram of the transfer servo  as it finally evolved. 

A  comparison of the position error signals obtained for 
the original design  (with fill) and the final design (with ad- 
ditional  forcing functions) showed the  latter  to be clearly 
superior.  This proves the validity of the  concept that it is 
advantageous to  add  open loop  control to a  system if its 
input or forcing  function is predetermined. Figure 7 illus- 
trates  the  superior capability of the system with extra in- 
puts  to track the  desired position profile while achieving 
the necessary position lock in a shorter  time. 

When the first design of the  transfer servo resulted in a 
usable system, it not only provided the foundation for 
tests of paper-motion-dependent subsystems, but  also 
stimulated the design of other servomechanisms in the 
3800 printer. An on-off control  system for  the  fuser had 
been plagued with wear  problems  and was changed to a 
continuous  control system with dc  motor  drive,  as de- 
scribed subsequently. A precision gear  drive  system for 
the photoconductor  drum was redesigned to a direct  drive 
dc motor scheme  that improved  speed regulation greatly 
while reducing cost. 

Fuser servo  design and slack loop control 
The design of the  fuser  servo,  as finally implemented,  was 
guided by the  idea of using as many of the  transfer  servo 
elements as possible, e.g.  motor,  encoder, and driver. Be- 
sides the  obvious  cost reduction advantage of common 
parts,  the benefits of replacement part interchangeability 

40 

20 

0 

- 20 

Phase '::' - 0  

- Phase margin 45" 
- Gain margin - 7 . 5  dB t Gain margn -7 .5 dB 

103 lo4 

Figure 5 Open loop  frequency  response  curves of transfer servo. 
(a) Experimental curves. (b) Computations for varying ratios 
of RR = R' /R .  

as well as simplifications in the trouble-shooting proce- 
dure also resulted. 

Paper motion through the  fuser is caused by the pinch 
action of two  rubber  coated rolls of 10.2-cm diameter. 
The hot roll, which contacts  the print side,  is motor  driv- 
en through  a gear  train, and the  backup roll is normally 
loaded  against the hot roll. Pressure  and  heat  fuse  the  ton- 
er particles onto  the  paper, fixing the image permanently. 
While slippage between  paper and fuser rolls is negligible, 
dimensional changes in the rolls and the  paper  cause pa- 
per displacement variations, which need to be corrected 
in order to assure that the  paper  stops  between rolls only 
in the vicinity of the perforations;  this avoids offset (stick- 
ing) of toner  to  the hot  roll. 

Differences between transfer and fuser  servo and tim- 
ing problems required a slack loop of paper between the 
two  stations. Its length variations  had to be minimized to 
prevent toner from  coming off the  paper  because of weak 
electrostatic  attachment prior to fusing. Control of the pa- 
per loop is,  therefore,  another requirement  associated 
with the  fuser  control. 

Figure 8 shows how the basic fuser  and  transfer  servo 
systems  are  interconnected  to  assure  proper operation of 
the  paperline as a whole. The  start and stop commands 23 
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Figure 7 Position error  during start of transfer servo, showing 
how the system tracks the desired position profile (simulation 
results). 

cause  the generation of a trapezoidal signal (accelerate/ 
printldecelerate),  which  varies the  frequency of a  voltage 
controlled  oscillator (VCO) such  that  an impulse  train is 
generated to serve as primary input to the fuser servo, like 
the table-generated  impulse  train to  the  transfer  servo. 
The resulting paper displacement is determined by a 
microprogram in the controller by combining  information 
from the  fuser shaft  angle encoder  and a pin feed  hole 
counter  ahead of the  fuser. Absolute paper positions at 
the  fuser and the  transfer  stations  are then  compared and 
used to supply  additional  impulses to the  fuser  servo, 
when it lags behind the  transfer  servo.  The VCO is de- 
signed so that  the  fuser  servo  operates nominally slower 
than the transfer servo.  Note  the 4-ms delay in starting 
the  aceleration  table  for  the  transfer  servo; this reduces 
start  transients in the slack  loop. 

The simulation program  developed for  the  transfer  ser- 
vo  served as the  basis of a program for  the  fuser  servo, 
since  some  similarities  existed. A number of modifica- 
tions  were  readily made  to model the system  properly: 
the  gear  drive in the mechanical load,  the VCO input 
scheme,  the slack loop (based on a simplified transfer ser- 
vo  representation),  the hole count mechanism and a filter 
in the  outer  loop.  This allowed us  to study the inter- 
actions of the  two  servos  and  to optimize parameters 
throughout the evolution of the system  design.  As for  the 
transfer  servo,  the  fuser  servo simulation programs and 
frequency response calculations  provided  essential  tools 
to  develop  the  system, minimizing the experimentation 
with hardware.  Because of the high paper  speeds, experi- 
mentation on  the  interaction between the  servos  to con- 
trol paper slack would have been difficult. 

Summary 
Several systems  for  automatic control of paper motion  in 
the high speed IBM 3800 printer have been  designed to 
control  acceleration  during  starting and stopping  and to 
obtain position lock  at printing speed despite widely vary- 
ing mechanical loads. A mixture of analog and digital 
hardware  was used  to accomplish the task  with high re- 
liability at  reasonable  cost. 

Accessibility of prototype machines for experimenta- 
tion was  very limited,  yet many novel approaches had to 
be  evaluated. Computer programs,  written  in  a high level 
digital simulation  language,  provided the  means  to  ana- 
lyze  many alternatives in time and frequency  domain 
studies. Their flexibility, computing  power and precision, 
combined with good  graphic output capabilities, made  the 
difficult task possible, limited only by the  accuracy of the 
mathematical models. 
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