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Delayed  Closed-Loop  Scheme  for  Stepping  Motor 
Control 

Abstract: An efficient method for control of stepping motor speed and position,  the  delayed  closed-loop (DCL) mode, is described. 
The new  technique permits control of high-speed motor motion by means of a  programmed  speed-displacement characteristic.  The 
method combines  the  static-speed control characteristic of the open-loop mode with the stable dynamic behavior of the closed-loop 
mode. Unlike  other  schemes for delayed  closed-loop control,  the  present configuration features  an  extension of delay  time to  more than 
one  step  duration, significantly improving the velocity  control. The phase  angle can  also be varied to i180°, permitting adequate con- 
trol of deceleration as well as acceleration. A stability  analysis is made of the DCL control  method. In  an illustrative example,  the 
technique is applied to control of the carriage  drive on  an  experimental high-speed  line  printer. 

Introduction 
Electrical  stepping motors [ 1, 21 can be operated in the 
start-stop mode for low-speed  position  control and in the 
slewing mode for higher  speed  applications. In  the  start- 
stop  mode the motor is actuated by an electrical  pulse 
representing  a step and then reaches the  new position 
and  comes  to a stop before the  next pulse is applied. 

This  paper  describes a  slewing-mode  control  method 
for  precise high-speed positioning with a large number of 
steps,  as required for a paper  carriage  drive in fast line 
printers.  The  motor  accelerates  for a certain  number of 
steps, subsequently  moves for several steps  at  constant 
high speed,  and  decelerates  to a stop in a  third sequence 
of steps.  The  objective is to achieve  the  fastest possible 
carriage drive in combination with precise position  con- 
trol  according to  the programmed number of steps. 

The two  conventional control techniques [3], the 
open-loop mode and  the closed-loop  mode, are first re- 
viewed and some  problems are  discussed, leading to  the 
development  objective of a high-speed slewing opera- 
tion. 

The open-loop  mode is an enforced speed control 
method.  The  motor simply follows the programmed  se- 
quence of steps.  This mode is adequate  for low-speed 
operation, e.g., the  start-stop mode. With a continuously 
applied sequence of steps in the high-speed slewing 
mode, however,  the  motor  tends  to oscillate. This  occurs 
because  the  step  sequence  must be  programmed so that 
the  motor can follow with worst-case  parameter toler- 
ances  and load conditions. With relaxed load conditions, 
the  motor  torque  exceeds  the required  value. The  motor 

responds by correcting its phase angle in electrical and 
mechanical  oscillations. The  motor may then fall out of 
synchronization. 

The closed-loop  mode represents a strong  feedback of 
the  motor  phase angle 8 .  Any motor-advance pulse, or 
step, is started by a feedback pulse generated by means 
of a timing disk indicating the position  achieved. The 
phase angle is thus stabilized and oscillations do  not 
occur. 

The  motor  torque is a function of the  phase angle 6 
between  the driving voltage and  the internally generated 
emf. The optimum phase angle as a  function of motor 
speed  increases from practically zero  at low speeds  to 
90" at high speeds.  In  the closed-loop mode, this phase 
angle corresponds  to  the electrical  angle between  the 
motor-advance (MA) pulse  and  the feedback (FB) 
pulse, as indicated in Fig. 1. Usually,  the timing disk is 
firmly attached  to  the  rotor  and adjusted so that  the an- 
gle is approximately zero. When an additional pulse is 
injected, it is switched abruptly to 90" [3, 41. With 
certain delay  techniques, the  phase angle  can also  be 
varied continuously [ 3, 41. The  range of variation is 
smaller than 90" with these  techniques, which is insuffi- 
cient  for full acceleration and deceleration. 

The problem of the closed-loop  control  mode is  that 
the  motor  speed is unregulated  and  strongly dependent 
on load conditions and  motor  parameter  tolerances.  The 
motor  accelerates or decelerates  according  to  the driving 
torque and load conditions. Thus,  the  motor  speed  after 
a programmed number of steps is not defined and  pre- 
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speed  phase  compensates  for different  motions in the 
high-speed phase.  However,  the low-speed phase  also 
increases  the overall  positioning  time significantly. For 
both  reasons,  the closed-loop  mode seems  inadequate 
for high-speed,  large-motion  applications. 

The control  method discussed in this paper is the de- 
layed  closed-loop (DCL)  mode, which allows motor 
motion  with the  shortest possible slewing time,  without 
losing stability and with accurate positioning. The  DCL 
mode  exploits the time-delayed  closed-loop schemes [ 41 
in a more general way, offering better tradeoffs  between 
stability and  performance  and allowing optimally tuned 
design. Unlike  the known  delayed  closed-loop schemes, 
the  DCL mode  delay is extended  to several step  dura- 
tions, providing  good speed control and a  wider phase 
angle, e.g., to k180". An external  velocity-control sys- 
tem to vary the time delays [ 51 is thus avoided. Control 
is based on a  programmed  delay step number table. 
Because of the  inherent velocity control,  the  motor 
effectively follows a fictive speed-time characteristic. 
This method  was  proved  and  applied to a high-speed 
printer  paper carriage drive.  The  experimental  setup  was 
run  under control of a small computer having the time- 

Figure 1 Control signals and voltages for a two-phase motor. 
delay table stored in a memory. 

Several sequencing  circuitries are in use [6] which, 
from  a performance point of view, differ in power effi- 
ciency.  For this work, a simple dc/ac converter circuit 
(shown in Fig. 2) with voltage  clamp and  current  thresh- 
old control  has  been  chosen. 

In  the following section,  the basic  sequencing logic is 
described  and  the  average  motor  torque calculated as a 
function of phase angle and stepping frequency.  This 
torque function is the input to a computer simulation of 
system motion. The simulation yields  a  suitable  delay- 
interval  table for  the  actual  DCL  control. A  description 
of the basic DCL operation is given in the third  section, 
and this control mode is analyzed for stability in the 
subsequent section. The analytical results give the limit- 
ing conditions for  the motion  simulation and delay-in- 
terval  table,  restricting the  motor  torque  to a  point  some- 
what below its  maximum  value. In  the last section,  ex- 
perimental measurements  are  presented. 

Figure 2 DC/AC converter-type circuit used in sequencing 
the motor drive signals. Motor characteristics and  operation 

cise  stop control is not  feasible. After  the programmed 
number of steps,  the  motor may still have a positive or 
negative  velocity. The usual way to  solve this  problem is 
to terminate the  deceleration  phase when a certain well- 
controllable,  low-speed level is achieved. The  motor is 
run  at this low speed  for all but  the  last  three  or  four 
programmed steps  and finally stops with these  three  or 

236 four  steps in the open-loop  mode. The length of the low- 

* Physical  description 
The stepping motor utilizes a two-phase, permanent 
magnet rotor.  The  stator  has  two coils that  are displaced 
by 90" physically and electrically and  are  driven by two 
separate  drivers,  as shown in Fig. 2. Each coil consists 
of two half-coils with center  taps which are bifilar- 
wound and  operated  one  at a time. The two drivers  are 
controlled by signals A  and  B and  generate  two  ac volt- 
ages V,, and V,,, which are displaced  electrically by 
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90" (Fig. 1 ) .  Signals  A  and  B are triggered by the mo- 
tor  advance  (MA) pulses  with the stepping frequency f ,  
and  switched cyclically (AB, AB, AB, . . .) . At  the 
commutation from  A to A, the coil current is transferred 
to  the  other half-coil in the backward direction.  The 
driving  voltage then  cDpmutates  current  and magnetic 
field into the new positive direction.  The commutation 
time is determined by the driving voltage VM, the half- 
coil inductance L,  and  the half-coil resistance R. With 
increasing  motor speed, an additional  voltage  has to be 
taken into account,  the emf V,,. The  rotor magnet  gener- 
ates this  voltage in the  stator coils. There  are two volt- 
ages, VI,,, and V,,, electrically  displaced by 90", corre- 
sponding to the two  stator coils. The electrical  angle 
between VM and VI, is 6. 

The coil current is limited to a maximum I,,, for mo- 
tor  protection.  Current threshold is provided by a servo- 
controlled chopper device,  instead of the usual resistor 
network. 

Switching of the stepping signal from A to x and the 
accompanying  zero-transition of the voltage VMA are 
started by a motor  advance (MA) pulse (Fig. 1 ) .  The 
timing disk  for feedback (FB) pulse  generation normally 
is adjusted so that  the  FB pulse is generated with a zero 
transition of the emf VrA. The  phase angle 6 then  cor- 
responds electrically to the  time  interval  between MA 
and FB. 

In  the  next  section  the  average  motor  torque in the 
slewing mode is calculated  for  a  given  threshold current, 
as a  function of stepping frequency  and  phase angle. 

Motor torque 
The  motor runs with a mechanical angular velocity 

R = w / N  = 21rjJ4N = rr&/2N, (1) 

where w is the electrical  angular frequency (e.g., of V ,  
and V, ) ,  N is the number of rotor  teeth,  and f, is the 
stepping frequency.  Thus,  one  step  corresponds electri- 
cally to 90". 

The emf V, is considered to be  sinusoidal and propor- 
tional to  the mechanical  velocity, where 

V , = K R s i n ( w t - S ) ,  (2)  

t = 0 being related to  the  zero transition of VM. 

motor is operated as generator without  load. 
The  constant ti can  be measured using ( 2 )  when  the 

The mechanical motor  power is 

Pmech = 7- a, (3)  

in which T is the  motor  torque. 

is then equal to  the electrical power: 
Motor  losses  are neglected and  the mechanical power 

P,, = 2Vp( t )  I( t )  = T (  t )  a, ( 4 )  

/ ( t )  being the coil current, which flows alternately in 
each half-coil. Combining (2)  and ( 4 )  we  obtain 

T ( w ,  6, t )  = 2 t i / (w ,  6, t )  sin ( w t  - 6).  ( 5 )  

The  average  torque, from  integration over a half-period, 
is 

Tal,(w, 6) = 2tiw/7r / ( w ,  6, t )  sin (u t -  6)dt.  (6) 

To solve Eq. ( 6 ) ,  the function I = / ( w ,  6, t )  must be 
calculated.  The differential equation  for  the  current 
I ( t )  is 

I:" 
L ( d / / d t )  + RI V ,  - V,,, ( 7 )  

where L is the half-coil inductance  and R is the half-coil 
resistance. 

The solution of the homogeneous part of (7) is 
/ + Ce"Hll , ) f .  ( 8 )  

Calculating the inhomogeneous  equation by using the 
method of variation of the  constant,  we find 

I =  C ( t ) e  , - - IH/L It 

d / / d t  = d C / d t  e"R'l,'f - C ( t )  (R/L)e"''''lt. 

Inserting into (7)  and using (9) we obtain 

d C / d t =  ( V M -  V,,)(l/L)e'R'L't 

With ( 2 ) ,  C ( t )  becomes 

X sin (wr' - 6)dt ' .  

Equation ( 

C ( t )  =- 
V M  

R 

11) is solved 

1 
- 0 cos ( w t  - 6) 

and  inserted  into (9).  

X - sin ( w t  - 6) - w cos ( w t  - 6) K 

1 

(12)  
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I Stepping frequency f, (steps/s) 

Figure 3 Computations (solid lines)  and  measurements 
(points)  for  the  isotorque field, showing contour lines of equal 
torque  as a  function of stepping  frequency  and phase angle. 
The  dashed lines represent maximum torque. 

Figure 4 Principal  pulse scheme  and velocity  control  meth- 
od for the  delayed  closed-loop mode, showing  several DCL 
classes. 
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Table 1 h u t  uarame :ters  for the  measurements a 
torque field ind For the stability  analysis. 

If the iso- 

L = 0.0024 H 
R = 0.7 il 
N = 3 6  
K = 0.324 V-s 
v,, = 55  v 

I,,, = 6.7 A 
J = 2 X kg-m2 (inertia of motor and load) 

The initial current I, is calculated  from the periodic 
boundary condition 

( 12) and ( 13) combined yields 

(ut - 6) - w cos (ut - 6) . 1 
Inserting ( 14) into (5) and  after solution of the integrals, 
we finally obtain 

T ( w ,  6) = 

R 
L 2VM -- . sin 6 + w cos 6 

This solution is equivalent to  that obtained in [7] by 
another method of calculation. However,  the analytical 
form of T ( w ,  6)  is valid only for a  special case of linear- 
ity,  when  the  motor  speed is high and  the motor  current 
is always smaller than  the threshold determined by the 
chopping  device. In general, the  current I is limited to 
the threshold  value I,,,. In  the calculation,  this thresh- 
old behavior is now reflected by  setting I = I,,, if the 
current  tends  to  exceed I,,,. Under  certain  conditions it 
is possible that  the emf decreases  the  current before the 
end of the half-period and  causes a reentry  into  the non- 
chopped  state. 
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The solutions of the differential equation (7)  are still 
valid; however,  the calculation of the time at which the 
current  reenters  the nonlimited state  results in a  tran- 
scendental  equation. 

To solve this transcendental  equation, a  numerical 
method is applied. The initial current value at t = 0 is 
determined  iteratively. The function I ( t )  calculated in 
this way is inserted  into (6) and  the  torque function of 
phase  angle 6 and frequency o is integrated  numerically. 

The  motor used in the experimental setup is a Superi- 
or  Electric, type M93. The experimental parameters  are 
given in Table 1. 

Results of the computation are plotted in Fig. 3 in the 
form of an  “isotorque” field showing contour lines of 
equal torque vs f ,  and 6. The maximum torque  for a giv- 
en stepping frequency is found at  the point where  the 
corresponding  isotorque line has  a  vertical tangent.  The 
dotted line connects  these points  and represents  the op- 
timum 6(  j J  for  maximum  torque. 

A part of the  isotorque field was  measured in the  ex- 
perimental setup  and is represented by the  points in Fig. 
3 .  Agreement with the calculated figures is fair, con- 
sidering that  the measured torque is smaller because of 
internal motor friction and  other  losses.  The isotorque 
field  is the basic  input parameter  for  the  dynamic simula- 
tion and  generation of the delay  time  table  used for  the 
experiments described in the section  entitled “lm- 
plementation  and  experimental  results.” 

Delayed closed-loop (DCL) mode 
In  the  DCL control scheme,  the  motor-advance pulse is 
generated from the feedback  pulse  with  a certain  delay. 
In  contrast  to conventional  closed-loop  mode  and other 
time  delaying techniques  [4],  the delay  interval has a 
typical duration of more  than one  or two steps.  Depend- 
ing on  the  duration of the delay  intervals,  a  number of 
DCL classes  can be defined according to  the  scheme 
shown in Fig.  4. 

Whereas in the conventional  closed-loop  mode [Fig. 
4(a)],  the  motor  advance  pulse is immediately triggered 
by the feedback  pulse, the first DCL class  (called DCL 
0) , Fig. 4(  b) , provides a delay  time t ,  between  the  FB 
and  the  MA pulses, which corresponds electrically to  an 
angle 90” - 6. 

In a second DCL class (DCL l ) ,  Fig. 4 (c ) ,  the de- 
lay  time corresponds  to  an electrical  angle 180” - 6 This 
class is even more effective with respect  to  speed con- 
trol. The delay  interval is larger  than the  duration of one 
step.  This overlapping degree is called rn = I .  

The delay  intervals are controlled by counters, which 
in turn  are triggered by the  FB  pulses.  It  can be seen 
that in the intervals T in Fig.  4 an overlapped  action of 
two time counters is required in class DCL 1. 

2 000 4000 

Stepping frequency f 9  (stcp\/s) 

Figure 5 Relationships  between frequency,  torque,  phase 
angle,  and  programmed  delay  times  for given loads. The iso- 
torque fields are indicated by solid curves and  the phase angle 
by dashed  lines. The  degree of overlap is rn = 1. 

In a third class, DCL 2, the delay  interval exceeds 
two step  durations,  as shown in Fig. 4(d).  Three time 
counters  are required at intervals 7. The overlapping 
degree is rn = 2. The straightforward  extension to  an 
infinite overlapping degree (DCL a) leads  to  the  con- 
ventional  open-loop mode. 

In  contrast  to  the conventional  closed-loop system, 
the  DCL mode  stabilizes the  motor  speed by its inherent 
negative feedback,  as indicated in Fig. 4 (e ) .  

During the delay  time t,, the motor proceeds  at  the 
correct speed and a certain angle until the  corresponding 
MA pulse is generated.  The  phase angle 6 just  corre- 
sponds  to  the required motor  torque. With higher motor 
speed,  the  motor  has turned  with  a  larger  displacement 
during the delay  interval, thus reducing the  phase angle 
6 ;  in the  case of lower  speed, the phase angle 6 is in- 
creased.  Since  an increased phase angle increases  the 
motor  torque  and a decreased  phase  angle  decreases  the 
torque,  the  feedback mechanism acts  to maintain the 
correct  speed. With higher speed  the  torque is reduced 
and  the motor  decelerates,  and vice versa. This mecha- 
nism works  also  for variable  delay  intervals - the  motor 
follows the pulse sequence determined by the  pro- 
grammed  delay  times over  the whole  slewing  range, in- 
cluding acceleration and  deceleration  phases. 

DCL I 
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Figure 6 Analysis  of  speed stability under varying load: speed stability vs (a) phase angle for degree of overlap m= 1 ;  (b)  torque, for 
m = 1; and ( c )  torque for various degrees of overlap with,f, = 2000 steps/s. 

The  DCL mode can  be  considered a transition  from 
the closed-loop  mode to  the open-loop  mode. It  has a 
displacement feedback like the closed-loop  mode and a 
speed stabilizing characteristic like the open-loop  mode. 
By varying the  degree m of overlapping, the design point 
can be shifted in either direction. On  the  other hand, the 
tendency of the  system  to oscillate grows with  increas- 
ing m. 

Stability analysis 
A numerical  analysis is made  here of motor speed  stabil- 
ity under varying load and  dynamic behavior in the 
DCL mode. The input parameters  are listed in Table 1. 

Analysis of speed  stability  under  varying  load 
The  motor  torque is a function of the  phase angle and 
angular frequency, according to  Eq.  (6).  In  the  DCL 
mode  the  phase angle is related to  the stepping  fre- 
quency by 

S = ( .rr /2)  ( 1  + m) - ( ~ / 2 ) & .  (16) 

For small variations around a given  operating  point 
(&,, So), a linear approximation for  the  torque calcula- 
tion is 

Combining ( 16)  and ( 17) we obtain 

”- 

Figure 5 shows graphically how the  phase angle is 
related to  frequency  for given loads. The diagram com- 
bines  the isotorque field, Fig. 3, and  the graphic  rep- 

240 resentation of (16),  for m = 1 .  The nominal load is 

assumed  to  be 2N-m and the programmed  delay  time t,, = 

I ms. The intersection of the  2N-m-torque  curve with 
the  delta(&)-line defines the operating  point. A small 
load  variation A T  results in deviations AS and A&. 

The  ratio of AT/Af, is a measure of the  speed stability 
of the operating  point (h0, So) .  A large  value of A T / A j ,  
means  that a  large load variation is required to get some 
velocity  deviation. Thus, high stability  against  load vari- 
ations is desirable for a  powerful speed control system. 

The  ratio AT/Af, is negative for  stable operating 
points, i.e., lower velocity causes  the  motor  to  generate 
higher torque.  Positive values of AT/A& characterize 
an  unstable condition. 

The  stable  and  unstable ranges are indicated by the 
point lines in Fig. 5. The  area  between  the  two lines cor- 
responds  to a stable condition. For positive torque,  the 
maximum torque  curve  (Fig. 3) is just inside the  stable 
area.  For negative torque, this curve falls slightly into 
the  unstable  area. With the  motor  deceleration  phase, 
therefore,  the delay  interval table must  be  programmed 
so that  the  torque is somewhat below  its  maximum. 

In Figs. 6(a) and 6(b) .  speed rigidity is plotted versus 
phase angle  and torque, respectively. The  step  freq- 
uency is held as a constant  parameter.  Figure 6 (b )  shows 
that with respect  to  torque  and  speed rigidity, there  can 
be a conflicting situation: Large  torque is associated 
with poor speed  stability under varying  load, and vice 
versa. 

Only a small amount of the  motor  torque,  however, 
need be sacrificed to obtain reasonable  speed  control. 
Speed stability and  speed  control  are  better with  lower 
velocities,  which is significant for  accurate stopping con- 
trol. 

When the  degree of overlap rn is increased,  the speed 
is more  stable. Figure 6(c) shows speed  stability  vs 
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torque  for a constant  step  frequency of 2000 step/ s and 
various values of m. Besides the  tendency of the  system 
to oscillate  with  large m, the  cost of the servomechanism 
increases.  This  must  be  traded with the required speed 
and position  control accuracy. 

Note  that in Figs. 6(a) through 6(c)  the positive 
speed stability curves  characterize  an  unstable situation. 

8 Dynamic analysis 
So far, stability and  speed control as functions of load 
and design parameters  have been  analyzed for  steady 
state  operation.  Now  the transition between  two load 
conditions is discussed. Using ( 17), a block  diagram of 
the  system  for  the Laplace-transformed  variables can  be 
drawn, Fig. 7. It is valid for small deviations  from a 
steady  state  condition;  the notations 6,, T , ,  etc., charac- 
terize  the small-signal responses  to  the load variation 
A T ,  and s is the  Laplace  operator.  The  outputs of blocks 
1 and 2 add  to  the  motor  torque according to ( 17).  The 
mechanical load is varied by A T ,  resulting in a net 
torque which accelerates  or  decelerates  the mechanical 
system.  The  output of integrator 3 is the angular  fre- 
quency w1 = (.rr/2) f,. The block operator  is K ,  = 

N / J ,  N being the  number of rotor  teeth  and J the in- 
ertia.  The  output of integrator 4 is the  displacement. 
According to ( 17),  the angular frequency is the  input  to 
block 1. 

In  the DCL mode  the  MA pulse is generated by the 
FB pulse  after a  delay  interval t,. The generation of FB 
pulses  corresponds  to  the displacement. Block 5 and  the 
summing  point represent  the relation ( 16). 

Figure 8 shows  the  speed  response&/ AT =f( t )  for a 
small load  step  with the various control  schemes ap- 
plied. The  steady  state of the  speed  response is the in- 
verse  speed stability. The  response function was ob- 
tained by modifying the block  diagram of Fig.  7 in the 
following ways: 

I .  Delayed closed-loop  control 
The block  diagram can  be translated  into 

{ 
0 K 

-AT + w l K l  + $ [exp (-st,) - 11 K 2 }  $ = wl. (19) 

With f,, = (2/7r) w1 explicitly: 

" =' {s2  - K , K , s  + K,K, [  1 - exp (-st,)] 

2. Closed-loop  control 
The  phase angle 6 is constant;  therefore  the input to 
block 2 is zero.  Equation (20) simplifies to 

2 -K,sAT }. (20) 

- K ,  + - 

Figure 7 Block  diagram for small-signal deviations. 

Ih  
-200 t \ U Delayed 

closed loop 
m = l  

I i/s 
Figure 8 Load step response for various  control schemes; 8 = 
30", f, = 2000 steps/ s. 

3 .  Open-loop control 
The  MA  pulses  are  generated by an independently oper- 
ating  clock. Block 5 has  no  input  and is omitted.  Equa- 
tion (20) simplifies to 

Figure 8 again demonstrates  the tradeoff property of 
DCL control. With increasing rn, speed stability under 
load  and speed  control  are  improved, with the  extreme 
case of open-loop  mode. On  the  other hand, the ten- 241 
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Figure 9 Measurements of the velocity-vs-time  line-printer 
carriage  driven by a stepping motor: curve 1, without paper; 
curve 2: with six-part  paper. 

dency  to oscillate is also  increased, starting  with m = 4. 
The design points m = 1 to 3 represent a  good compro- 
mise between  the  two conflicting parameters. 

implementation  and  experimental  results 
The  DCL-controlled stepping motor was  used  experi- 
mentally to  drive  the  paper carriage of a high-speed print- 
er.  The  control  was implemented by a  hard-wired  con- 
trol computer having the delay-interval  tables stored in a 
memory.  Depending  upon  carriage  conditions,  motion 
length as well as inertia and friction  varied over a wide 
range. 

Generation o j  the  delay  interval  table 
The delay  interval-vs-step number  table  represents ef- 
fectively the programmed motor  speed  curve.  The  actual 
speed curve  deviates from the programmed one  depend- 
ing on  the  degree of overlapping, motor  parameter toler- 
ances,  and load variations. The delay-interval  table for 
the  shortest possible  positioning  time was  calculated, 
with the  isotorque field and  the motion  simulation as 
inputs. The  isotorque field relates delay  times to  step- 
ping frequency,  or velocity, along a defined torque-step- 
ping frequency  curve.  The  curve ideally would be the 
maximum torque  curve  but with respect to stability and 
adequate  speed  control,  the  torque is somewhat smaller. 
With the  chosen function T ( A ,  &) the  motor run simula- 
tion is performed, bringing the mechanical  inertia into 
the calculation. The simulation outputs  are  the  speed- 
time and  speed-step  characteristics.  From  the  latter, in 
combination  with the  data in Fig. 5, the  associated delay 
interval is  derived  for  each  step. 

Note  that this procedure is based on a steady  state 
model, i.e., on  the  assumption  that  the  motor  torque is 
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is sufficiently accurate  for all but the first and  last few 
steps. With these few steps  the  proper delay intervals  for 
optimum torque were  obtained  experimentally. 

Implementation 
The delay  interval words  stored in the memory are ad- 
dressed by the  step number. With the specific applica- 
tion to  the carriage drive, a  variety of different  position- 
ing lengths  must  be  provided according  to  the different 
paper skips. To  conserve  storage  capacity,  the various 
runs  are  composed in modules by run elements: acceler- 
ation and  deceleration  phases  and a constant-speed 
phase. Small runs  consist of short acceleration and decel- 
eration  elements only. With larger runs, longer accelera- 
tion and  deceleration  phases  are required. These  are 
composed of the  short  deceleration and  acceleration 
elements. Very long runs  require  an additional constant- 
speed  phase.  Thus, in addition to  the delay  interval  ta- 
ble, the program for linking the different  run elements 
must  be  stored in memory. 

Delay-time control  is implemented by counters. Trig- 
gered by the  feedback pulse, the memory loads  the td 
value into the  counter which starts counting downward; 
at  zero,  an  MA pulse is generated.  The larger the over- 
lap degree m, the  more  counters  must  operate simulta- 
neously. 

Experimental  results 
The delay-interval table  consists of 170 steps  for ac- 
celeration  and 130 steps  for  deceleration.  The  speed-vs- 
time curves in Fig. 9 were  measured without paper 
(curve I ,  load friction 0.3 N-m) and with six-fold paper 
on  the carriage (curve 2 ,  load friction 0.45  N-m).  The 
deviations in velocity  and  positioning  time are small, 
thus  demonstrating  the control  behavior of the  system. 
Accurate  stop  control, i.e., full stop  after  the pro- 
grammed step  number, is provided in both  cases. 

The speed-time characteristic fully utilized the  motor 
torque  over  the  entire motion  interval. In  addition, be- 
cause of the excellent  velocity control with low speed, 
the  actual speed-time curve was  nearly  identical for both 
load conditions. This is significant with paper drive, 
since now the  paper tension is independent of load con- 
ditions. 

Figure 10 shows measured states of the  phase angle as 
a function of stepping frequency.  This plot also demon- 
strates  the speed control behavior. With acceleration, 
the time-interval  table is calculated for maximum load 
friction of 0.45 N-m. With zero load friction, the  system 
reduces the phase angle,  and therefore the motor  torque, 
automatically.  With deceleration,  the time  interval table 
is calculated for  zero friction load, i.e., maximum re- 
quired motor  torque. With full load  friction, less  motor 
torque is required and again the  phase angle is reduced. 
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Summary 
A simple but efficient method for  speed  and position 
control of stepping motors,  the delayed  closed-loop 
mode,  has been developed  as  described.  The DCL mode 
provides  high-speed slewing motion along a defined 
speed-displacement characteristic, including decelera- 
tion to a stop,  under a wide range of load conditions. 
The method  combines the  static  speed control character- 
istic of the open-loop  mode with the  stable dynamic 
behavior of the closed-loop  mode. It  also provides the 
flexibility of moving the design  point toward  the  operat- 
ing characteristics of either  the open-loop or  the closed- 
loop scheme. 

The DCL mode  runs  under  control of a  programmed 
delay  time-step number table stored in a  memory. The 
basis  for  generating  this  table is the calculation of motor 
torque vs  stepping frequency  and  phase angle  and of the 
motion  simulation. 

An experimental control system was implemented on 
a small computer, which provided the memory for  the 
logic and  the delay-interval  table. The  motor  was loaded 
with the  paper  carriage of a high-speed printer  under 
various load conditions.  Positioning control  and  inherent 
speed control  were  excellent. The performance  was 
higher  than  with the conventional  closed-loop control 
mode because of the efficient velocity-time characteris- 
tic, which eliminates the low-speed  phase. 
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