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ABSTRACT u

This report is written on the design, analysis, simulation and
final testing of the phaselocked servo system for the back-up optical film
recorder. The design procedure used is the Bode method and a position
resolution equivalent to 2m/(5000 x 16) radians is desired. The analysis is
carried out by both analog computer simulation and digital computer calculations.
Separate control circuits are used for the reel servos and the tension motors
are supplied with constant current sources. Finally the complete system was
built and tested, giving a performance which met specification.

RESUME

Ce rapport comprend la conception, 1'analyse, la simulation ainsi
que les tests finaux sur un systéme asservi par accrochage de phase utilisé
comme systéme secondaire d'enrégistrement optique. La procédure utilisée
est la méthode de Bode et une résolution de position équivalente a 27/ (5000
x 16) radians était desirée. L'analyse a été exécutée de deux fagons, une
simulation sur une calculatrice analogique ainsi qu'une solution d'équations
sur calculatrice numérique. Des circuits de contr8le séparés sont utilisés
pour les servo moteurs d'enroulement, et les servo moteurs de tension sont
alimentés par des sources de courant constant. Finalement le systéme
complet fut assemblé et vérifié, donnant une performance en-deca des normes.
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K. INTRODUCTION

The purpose of this report is to present the design, analysis,
simulation and final testing of the servo system for the back-up optical
recorder. The main emphasis is on the design of a precision, phaselocked
capstan servo system which can tolerate high external torque and electrical
disturbances. Once the capstan servo system is well designed, the requirement
on the rest of the servo system becomes much less stringent.

The framework of the design was originally set by W.G. Thistle of
DREO. It is a proportional plus integral control, phaselocked positional
servo system. The capstan motor used is the modified PMI type Ul2M4 with an
internal flywheel and an optical tachometer mounted on the frontface. The
added flywheel is used to damp out any high frequency torque disturbances
applied to the capstan motor. The capstan motor shaft is one inch in diameter
and runs at an angular velocity of half a revolution per second. There are
5000 lines on the axially mounted optical encoder disc and a position resolution
equivalent to one-sixteenth of a slot is desired.

The design procedure used is the Bode method. The analysis is
carried out by two approaches; one is by analog computer simulation using the
breadboarded digital phase detector, and the other one is to solve the
appropriate transfer function directly on a digital computer. The latter
approach is used mainly to provide a check on the analog computer simulation.
The system performance is evaluated for a step Lorque disturbance on the
capstan motor with different integrator gains, motor mechanical time constants,
gain and phase margins. The step-input response and the start-up transients
are also given. A rheoretical analysis on how other motors affect the
performance of the capstan motor in a symmetrical arrangement is also presented.
Finally the complete servo system was assembled and tested using four
additional PMI type Ul2M4 motors for the tension and reel servos.

p 1 i CAPSTAN SERVO CONTROL SYSTEM

The general block diagram of the servo system is shown in Figure 1.
It is a 'proportional plus integral control phaselock positional servo system'.
The maximum phase error signal from the phase detector can not exceed * 2.5
volts. This corresponds to * 8 slots on the optical tachometer of the capstan
motor. The phase error signal is used to control both the position of the

e .
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motor and the vertical deflection position of the CRT; the latter provides
almost instantaneous correction.

Phaselock motor systems, like all other positional servos, are
inherently unstable and must be compensated to operate in a stable mode. The
velocity control of DC motors by use of phaselock servo techniques is well
documented (GEIGER, 1973). This system is designed to give zero steady state
velocity error, very little 'sampled data lag' introduced, and a good noise
rejection capacity. It can handle an external step torque disturbance
equivalent to at least 4 Oz-In. The details of the design procedure and
criteria for the 'proportional plus integral control system' using the Bode
method are given in Appendix A and an excellent text on this method is given
as Reference 2.

A. GENERAL DESCRIPTION

The reference oscillator is a precision, stable VCO with an output
rectangular pulse frequency of 80 KHz and an accuracy of * 0.0057 over a
temperature range of 10°-30°C. 1t is divided down by 32 and phase compared
with the feedback pulse train generated by the optical tachometer. The
tachometer generates 2500 pulses per second with the capstan motor running at
steady state of half a revolution per second. The phase detector is essentially
an up-down counter and the difference accumulated is the phase error. The
digital error is then converted into analog voltage and used to control both
the vertical position of the CRT and the position of the motor. The carrier
filter attenuates the high frequency components of the error signal and
prevents them from reaching the motor. The error signal is then passed
through the lag-lead compensation and integrator network for stability purposes.
The integrator responds to the low frequency components of the error signal
and supplies the necessary power to drive the capstan motor at the desired
speed and thus eliminating the need for another power source. The
outputs from the lag-lead network and the integrator are summed and applied to
the capstan motor through the power amplifier.

@8] CAPSTAN MOTOR

The motor used is the modified PMI type Ul2M4 with an
optical tachometer attached to it. An internal flywheel is
added and the motor shaft is extended to a length of 6 inches
with a combined additional inertia of 0.807 Oz-In sec’. Some
of the motor constants are given below.

Total inertia = (0.831 0z-In sec?.
Torque constant (Kp) = 15.6 0z-In/A.
EMF constant (Kg) = 11.5 volts/1000 RPM

Damping constant (Kp) 3.1 0z-1n/1000 RPM

Mechanical time constant (Tm) = 0.509 sec.
Number of slots on the optical
tachometer = 5000.

5.85 RPM/0z-In

Regulation @ Constant Voltage (Ry)
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(2)

(3)

criteria:

(i)
(ii)

(iii)
(iv)

Bt

PHASE DETECTOR

The phase detector performs essentially three functions
as follows:

(i) It ensures that the up-count signal from the reference
oscillator and the down-count signal from the optical
tachometer do not occur at the same time.

(1d) It performs the phase comparison using an up-down counter.

(65D It converts the digital phase error into analog signal

by a D/A converter.

1000 0000 corresponds to zero volt
1111 1111 corresponds to -2.48 volts and
0000 00GO corresponds to +2.5 volts

The circuit diagram of the phase detector is given in
Edig 20

LAG-LEAD NETWORK AND INTEGRATOR

The circuit diagram is shown in Fig. 3. The purpose of
the lag-lead network is to improve the phase margin of the
system to assure stability, thus permitting the use of high
gain, which is essential to minimize the effect of torque and
electrical disturbances on speed. The proportional component
provides direction and stability. The offset due to the
variations in the system parameters, such as the average
friction torque, is eliminated by the integrating action of
the integrator.

* B. SYSTEM PERFORMANCE ANALYSIS

Once the design is completed in the frequency domain, the time
domain response can be evaluated by either solving directly the appropriate
inverse Laplace transform or by analog computer simulation. The latter
method was employed extensively using the actual breadboarded digital phase
detector in the study while the former was used merely as a check.

Two slightly different lag-lead compensation networks were chosen
and, for each design, the capstan servo system was evaluated for the following

The stability of the system.

The phase error introduced as different step-disturbance
torques are applied.

The start-up performance.

The system response when subjected to a step input.

e ——— SN
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The following parameters were varied:

(i) Overall open-loop gain.
(ii) The gain of the integrator.
(iii) Motor mechanical time constant.

The magnitude and phase plots of the open locp transfer function for
each design with different integrator gains are shown in Appendix B. From the
plots, the phase and gain margins are illustrated clearly as the overall open-
loop gain is varied and thus give a gemneral picture of the relative stability
of the system.

(1) ANALOG COMPUTER SIMULATION

The simulaticn of the capstan servo system was carried
out on the AD Five hybrid computer at the Communications
Research Centre. The actual breadboarded phase detector was
incorporated with the analog computer. The details of the
modelling of the servo system and the simulation of external
torque disturbances on the capstan motor are given in Appendix
C. The analog computer diagram for the complete capstan servo
system is shown in Figure 4. The two designs are quite similar

. in system performance and thus only the results of design #1
will be presented in detail here. Some of the important para-
meters of interest given below were measured and plotted.

(i) The phase detector error signal (Vi/Vim).
(ii) The output signal from the integrator (—F/Fm).
(iii) The combined signal (Vo/Vom) applied to the motor.

(iv) The output angular velocity (5%).

(a) Start-Up Transients

Shown in Figures 5 and 6 are the start-up transients for
design #1 with two different integrator gains. Using a lower
integrator gain, the system takes longer to reach the steady-
state angular velocity and the phase error decays more slowly.
In this simulation, the average frictional torque is taken to
be zero. If it is taken into account, the time to reach the
steady-state velocity will be increased further. Two different
mechanical time constants were also simulated and shown in
Figs. 7 and 8 with T equals 1/3 s and 3 s respectively.

' (b) External Step Disturbances

The transient responses of the capstan servo system when
| the motor is subjected to an external step disturbance for two
different integrator gains are shown in Figs. 9 and 10. As
expected, it takes longer for the system to return to its
original steadv-state position with the smaller integrator

! —————————— 70t




43000N3
VL1914

OA
40L0N NYLSdVD

WYYOVIQ ¥3LNdWOJ 90TVNY h 914

mob<d4_omoq
JONI¥343Y

[ ey

431714 43144v0

h JONVEYNLS I
- d3LS TyN¥3LX3

40193130
3SVHd

&

wy

—— o3

wy
wa

wiA
‘A

=
¥100!
001\ |
w3 //l\&nMMWy_
o 001 WIAA
€10l
Oﬁ//h\\\\l/
wQg 4.0l
oA ol Ww!AD

YOLVY9ILNI

QNV NYOMLIN aV3T-9V1




(1 = w.Hv W3LSAS OA¥3S NV.LSAYD 3HL 40 SINIISNVYL dN-1¥VLS G9id

296 /WMSZ| 13TV0S H

(A) (wd/4~) LNGLNO HOLV¥OILKI

R B
S R Nt (A
H Bl BE D ey

i i § 1 )
IRt fee i LA e
3 0§53 L | S

i
SRRk S kT g S A

?_h.mmm.

:..:A.>.vrlv>\o>

385 SRRAY TR DT T I s 5223

A
!
!

PR USRI T CRTUN LENET SR i i (SO AR iy R
g4t ;mw..“.m.“...ﬂ) §

1. 4

fis
e
S

i

130 3SVHd

RE—— S S



29

s /wu 67|

(01 = 91) WILSAS 0A¥3IS NVLSdVD IHL

40 SINIISNVYL dN-1¥VLiS 9°914

4-) LNdLNO ¥OLV¥9ILNI

s R B + e

(A) 1ndLNO ¥0193130 3SVHd
...... RERRAS W SR R PR
.... : i R sk BEET T =
4 1 [ { 1 i P Jues
,,,,,,,, i 5 PR
: i oy e ke
R R R e




-
—

*09s JWWGZ| = VIS 'H

(ou | & =wl ‘) = S1) WILSAS 0A¥3IS NVLISAVD JHL 40
[

SINIISNVYL dN-L¥VIS /L°9I4

(A) (wd/4=) LndLNO HOLV¥OILNI

Lk i | ,
(oas/ped) m
5 3| :
i S i
N G _1
W R R i
R )
- T et T
Tl S WE
"
Tk )i b
P
(A) wop/op
0 I B P T
| | | |
[ { B
{ T
g S [ ) SRR (RO O S R UL S PR TR S
- 4 Lrllliﬁ
! g% W H A
{(A) LNdLNO ¥019313Q ISVHd
TT )
' T
o 525 W¢ == sl wjy vvnlflnlw
, ] — 1 M/ e
r’liLr | N. uﬁuvl o ] / |




12

au
(Fre=u ) - %) paisis onES WISVD FHL 0 SINIISWAL d1-LavIS 8914

oas /wuSZ| :3WIS H (A) (w4/4-) L1NdLNO HOLV¥OILNI

tittatttttted ettt

p—

T B e M e e o



13

(1 = 91) 3ONVE¥NLS1Q 4315 v 40 ISNOJSIY W3ILSAS 6°914

(A) (wd/4-) LndLNO ¥OLV¥OILNI
as /ww GZ| FIVOS WLNOZiNOH e
3 T T el : it =
| |
, ﬂ i 50°-
I~ w\ Ht :T:rlT,L,T «M L| 2k -
- —— »n'*:.\u - o=
508 6 O 00l R O — 0
i o " N S0 S A R it L e DR R T
E.i, m §
i S e IR P =) B o =
| -1 # (SL70A) 3ONVENNLSIQ 4318
T T T NO.I
doe s IH 4.-v_qr w y
e EE
0 8 0 9 0 50
{ | | ~ | elndf Q
& 7 & ._fs,_ I ﬁul
SN 15 ek L ol +ltﬁ s
1 ﬁk\ e e g i A‘%u.n.\ 4 7
5 4 o 0 5 0 i 5 G
R S 2 1 5 N 5 BRI
_H 12 i , .r[_‘r T % =3 ~ 53 ; = .
1 | { \,ﬂ ki === LT & _
5 L 1 | — N
: 1 A A
: = i (A) wop/op
! T T 4_ o=
3 .— O
i ipo— IIA—
i B N = _ .
L = = A) LA4LN0 0173130 35VHa
T | ‘4_’ | z-
— _r Hﬂ _ % 2 i3 B
i | | M T 09 5T BRI : . S
_ ! e : R g —t- ) ng
T | t B % TL ’ R 4 Ll e _ﬁr\ FH’A
| e  CEEENEEEmmam :
o e T T e
5 0 e 0 5 s 1 0 9 5 B




16

(*Y1e =

oas juw §7

Y1 91 = 51) 30NVENNLSIQ 43LS V 40 ISNOJSIY W3LSAS 117914

S R

1

sEEEEs oot 1

b Sionm s e = 5

EiLL i e s il e ol = it =
£2 ..M 3 % L 23 &




g
= (0wl 7 =% 'y = S1) JONVEYNLSIQ 431S V 40 ISNOISIY WILSAS Z1°91d

238 [wwGZ| J1¥IS H (A) (wd/4-) LNLNO HOLVYOILNI

f S R T R e N asiET S 3 AESSE EESE DRSS B b R AT =
,s;i;;.%twﬁkigwéaiél. S L8 (R R ifii#%Jii!amQ-

it 5
e B = w.‘.,f —d-.1 §0*
| ]
,It,mf»in!:hl!x.tr 1 I W, S L Th ) (SRR (Tl SRR M t.m',‘.w ~
] M |

{ i i
F — T 2
| | i | i -
. Jein . - I i EEd® T el P i S R I 3 : t
r Tl _ e i I
e = et e e e S Rt S —1 -
,,,,,,,,, i AEEERS SRS NG G A it o S M M st _ =
i : ' I | 3% 5
S S | IS L ¥ \ G : : . !
! 25 ” i » 5 . = °
G I P T A MO L1 9P ELE P PR o s e e e Y e P
Eu 4 { i | o7e § e A e e 3

HEE I GRG0 IR

o —_
.
1
I s e A e

e .o SR
" H ‘ : ¥ { —.
R (A) LNdLNO ¥0LD313Q 3SVHJ _
TR L o TR R P O i ‘ -
e e e e : z-

| MRS UGS ST RIS SESTEE S I St (SR IR T VO SEMUE ST s N PR, SR, SE T
= B = 5 == e o T =

e —— B e e——p—ed 4

kkkkkk SR 1 SRR (R OISV A N O e IS T PRI S (ERIE T ) W o (o S R, 0 SR [k ] WY




ke

18

| =%, ‘2 # Nois3a ()

| =51 ‘) # NoIs3a  (e)
1NdNI d31S V 0L ISNO4SI¥ WILSAS €1°914

"09s fww GZ| :3T¥0S TVINOZI¥OH (4)

T 5 T T r
g R E | “ I |
! ! ! _ iI§ N
W i | L [
b ﬁ
TR R Lo
: i -] it
1 4] L. | L_F

o9s /uw GZ| :31VOS VINOZI¥OH (®)

B PR e Bl |
__ ,N._ »J\J
+ .» . o
R v\\ m
i i i
o 2
. et
m% , ST |
_____ Ll -
| . R 1 MH

. e e s




i et i i AU S e SR e s s A

19

TABLE II

External Step Disturbance Response

ANALOG DIGITAL ]
COMPUTER SIMULATTON COMPUTER CALCULATTION

Ts AT/A SLOT TIME (SEC) AT/A SLOT TIME (SEC)
(0z In/SLOT) PEAK (0z Tn/SLOT) PEAK
1 1.08 0.145 0.82 0.15
10 1.06 0.168 0.76 0.17

III. THE EFFECT OF OTHER COMPONENTS IN THE COMPLETE
SERVO SYSTEM ON THE CAPSTAN SERVO PERFORMANCE

With the capstan servo system analysis completed, the next step was
to analyse how other components affect its performance. To get an insight
into the problem, a simplified symmetrical servo system was analysed and given
in Appendix E. The net effect is taken care of through the modification of
the capstan motor constants. The capstan motor thus experiences a bigger load
with a different mechanical time constant given by the equations in the
appendix.

The other variations in the system parameters such as average

friction torque, film sticking and slippage etc. can be treated as external
torque disturbances on the capstan motor.

V. TENSION AND REEL SERVOS

Four similar PMI type Ul2M4 motors were used for the reel and
tension motors. The arrangement of the servo system is shown in Fig. 14 with
the appropriate tensions on the film shown. Tension motors (2) and (4) were
fed with constant current sources and are used to maintain the required
tensions on the film. Tension motor (4) was also used to drive the servo
system and to keep the difference in tension across the capstan small. The
variations in film tension due to the change in film radii as it moved from
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one reel to another were compensated by controlling the currenis to the reel
motors accordingly. This was done by measuring indirectly the film radius
(directly by measuring the angular velocity (1), r « j) and supplying drive
current proportional to the film radius to each motor. The circuit
implementation of this function was designed by M. McMillan of DREO and the
circuitry diagram is shown in Fig. 15 . An optical encoder was employed
and the number of pulses generated is proportional to the angular velocity
of the reel servo. The fifty percent duty cycle pulse train is then converted
to a pulse train of short fixed width pulses by the monostable multivibrator.
It is then applied to the RC integrating network and the output voltage is
proportional to the angular velocity (w). Finally, it is inverted by the
divider and used to control the output current of the power amplifier
supplying the reel motor.

V. TESTING AND EVALUATION OF COMPLETE SERVO SYSTEM

The complete servo system of design #1 was assembled and tested with
the 5 inch wide, 150 ft. long roll of photographic film. The output from
the bipolar power amplifier of the capstan control system was measured and
plotted in Fig. 16. The turn-on sequence was to have the capstan system
running before turning on the rest of the servo system. The steady-state
phase error was measured to have a peak wvalue equivalent to * 0.3 of a slot
with the capstan servo running alone. The main source of disturbance was
found to originate from the low-frequency variation in friction as the
capstan motor shaft rotated around its bearings. The small high frequency
errors due to the nonuniformities in the disc pattern were attenuated by the
loop filter and thus prevented from reaching the motor. When the complete
servo system was turned on, the steady-state peak phase error was increased
to * 1.2 slots which was well below the allowable maximum phase error of
+ 8 slots. The anticipated increase in the phase error was mainly due to the
increase in disturbances coming from other parts of the system such as
friction torque, film stickage, and disturbance coming from the reel control
circuits. The friction between the steel shaft of the capstan motor and the
film was so great that even with constant currents supplied to the reel
servos, no film slippage occurred.

VI. CONCLUSIONS

The design of the servo system and the analysis of the capstan servo
system using both the analog computer simulation combined with the breadboarded
digital phase detector as well as digital computer calculations have been
presented. A general theoretical analysis on how other parts in the servo

T ——— SRV
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system affect the capstan servo response is also given. Using the capstan
servo design #1 in the analog computer simulation, it was found that the

capstan servo motor could tolerate a step torque disturbance up to 8 0Oz-In

and the system would still remain in lock. Tt was also found to be stable }
with at least * 27 dB variation in the open-loop gain. It operated in a

reasonably stable condition with the mechanical time constant varying from

L3 Tho to 3 Tmo- Both methods of analysis agree well with each other and

thus proviile a check on each other.

The complete servo system was built and integrated with other systems
to form the optical recorder. The ultimate accuracy of the controlled output
(the position on the film where the information is stored) in this servo
system is limited only by the stability of the reference VCO, the precision
of the slots on the encoder disc and the eccentricity of the capstan motor
shaft. The capstan optical encoder disc has 5000 slots on it and a position
resolution equaling one-sixteenth of a slot was obtained. Both tension motors
were supplied with constant currents and the change in tension on the film
due to the change in film radius was corrected by the reel control circuitry.
The maximum steady-state phase error was found to be equivalent to about
+ 0.3 of a slot with no load acting on the capstan motor. It increased to * 1.2
slots with the complete servo system running and it was well below the designed
maximum allowable error of +* 8 slots.
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APPENDIX A

SYSTEM DESIGN USING THE BODE METHOD
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SYSTEM DESIGN USING THE BODE METHOD

The servo system to be designed is a type 2, proportional plus
integral control, phase lock system. A block diagram representation is given

below:
Vv )
. .
(e) B F e Gl i) 6 (s)
H(s)
FIGURE A-1. SERVO SYSTEM BLOCK DIAGRAM
where
1 (1 + 12 8)°? 1
= + —
Gp(s) E+ T8 [(1 3, )L F T 8] TSS]
|
I—:l———- - carrier filter transfer function b
TIS {
(1 + 128)? ) ; - !
- lag-lead compensation transfer function
(2 * T.8)(1 ¥ T, 8)
£
;lg - integrator transfer function
5
| H=1
¢ (s) - Reference phase input in motor shaft !

radians

e (s) - Motor shaft angle
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GM - Motor transfer function

The open-loop transfer function
G =K Gp GM H

With the number of slots on the optical tachometer equal to 5000, the frequency
output with the system running at steady-state is equal to 2500 Hz or 15.71

K rad/sec. To avoid 'sampled data lag', the bandwidth of the system must be

at least five times less than the tachometer frequency. In other words, the
optical tachometer has to sample at least five times faster than the system
response time so that the phase lag introduced is negligible. If the phase

lag introduced is small, the sampled-data system can be approximated

accurately by a continuous-time solution.

Putting all the specifications in terms of the open-loop transfer
function, we have

(L) Low-frequency asymptote:

e e

The input reference phase is a ramp function and to have zero
steady-state velocity error, it must be a type two system;
with two poles at the origin.

(2) Middle-frequency specifications:

(a) Any external disturbance on the system is expected to be
of low-frequency nature. For a disturbing torque AT, v
the motor voltage required to counteract it is

£ ATra

A i
K

AV

and for a maximum phase error equivalent to four slots,
AB = 4 2T radians.
2 * 5600 <

The minimum gain of the open-loop (excluding the motor)

required
ATr
A8 2 _ 5000 a g
M, K E;;;iq?——— at w = 1 rad/sec

For this particular motor design (The modified PMI TYPE
Ul2 M4), choosing

AT = 2 0z.-In.
’ Ty = 1 Q
k = 0.11016 N.m/a

s

i
i
{
|
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the gain required
K = 25.5 = 28 db at w = 1 rad/sec.

The maximum phase error introduced by the disturbance is
expected to be much higher because the speed of response

of the system is not instantaneous. K is chosen to be
37 db and the overall open-loop gain must be greater than

37 db + 19.2 db = 56.2 db.

(b) To avoid 'sampled data lag', the bandwidth of the
closed~loop system must be much smaller than the frequency
generated from the cptical tachometer. The cross-over
frequency gives a very good approximation to the closed-
loop system bandwidth.

(c) The main purpose of the lag-~lead network is to compensate
for the phase of the system for stability. To ensure
a favorable phase margin, the slope should be -20 db/decade

at the cross-over frequency.

(3) High-frequency asymptote:

It is desirable to design a system which can reject the high-
frequency noise generated in the syvstem. One main source of
noise is caused by the non-uniformity of the slots on the
optical encoder and the block diagram is given below:

GM(s\—W——~*——T"—“ 8(s)

——

_ |
|
|

3

N(s) %

l

Gp(s)

FIGURE A-2. BLOCK DIAGRAM WITH NOISE AS INPUT
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By choosing the high-frequency noise rejection requirement
that the noise at the output is reduced to 17 at w = 1000
rad/sec, we have

G(jw) <0.01
1+ GcGw| w = 1000

or [G(jw)| < 0.01 < 40db at w = 1000 rad/sec.

If the low-frequency-asymptote, middle-frequency gain and the
high-frequency attenuation specifications are placed on the Bode plot as shown
in Figure A-3, the general shape of the compensated transfer function becomes
fairly well established. Two slightly different lag-lead networks are
synthesized and they are designated as #1 and #2 respectively.
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APPENDIX B ;

THE MAGNITUDE AND PHASE PLOTS OF THE OPEN LOOP TRANSFER FUNCTION
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THE MAGNITUDE AND PHASE PLOTS OF THE OPEN LOOP TRANSFER FUNCTION

Two sets of magnitude and phase plots are given in this appendix
for the two designs. TFor each set, two different plots are drawn with the
integrator gains equal to 1 and 0.1. The program was written by W.G. Thistle
in the APL language. There are basically five subroutines as follows:

G
! m
i Jo 1+ Jur)
m
DET = K= A [detector gain) |
SAMPLE = Phase-lag introduced by the phase detector ;
)
= —_——2 =
¢ 7 x FC FC number of slots on encoder
LLI = lag~lead - integrator = F (T2, T3, T2, Ty, Ts) 1
-FILT = Carrier filter = F (11 ). f

A set of motor constants and system parameters used in the program
are tabulated in Table B-1. The magnitude and phase plots of the uncompens-
ated open-loop transfer function with and without carrier filter are given
in Fig. B-2 and B-1 respectively. Figs. B-3 through B-6 show how the gain
and phase margins are improved and modified with the addition of a compensat-
ion and integrator network for the two different designs.

R P
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- APPENDIX C

ANALOG COMPUTER MODELLING I t
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ANALOG COMPUTER MODELLING

(L SCALING

To prevent overloading any component in the analog computer, scaling
is necessary. The angular velocity of the capstan motor is related to the
output from the phase detector by the following triensfer function:

2
UJ(S) g 1 [(l + TZS) . —.]:—] Cm
v, (s) 1+ 1.8 (L ¥ 1,800 %18 T8 1% T8
V. (s) (1L +1s)?
Let — = L [ : + i)
Vi(s) 1%%,8 “(1L> Tas)(l + T“s) 1,8

Expanding by partial-fraction-expansion method we have

VvV _(s)
VO() 2 1+l [P+1+Q = +Y + 1]
T T,8 1,8 1+ T8 T8
where P = T22/T3Tu
Q = U T,
Ty = T, T, T4
20, = T,°0t, =%
= 2 2 Y4 —y
Rl -
[
Q V:(s) Y V., (s) V. (s)
¥V (8) = —'l——-[PV,(s)+ L e 1 + 1L
o Lt Te i EF T,8 I+ 1,5 TS
x
= +D-E +
T¥ 1.5 LF V4(8) +D - E + F]

: I—ilT]s [A] i

fach term is normalized so that the input and output have a maximum value of
unity. Take for example, the term D
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D = J__ V
1 1,8 i

,» : t
| TaD + D Q Vi

b ['R_] 5 Q__vﬂ [VL] =2
Dm T3Dm Vim L Dm
Vv
5 D
where ‘V__l and ]D~—l <L
im m

3 Carrying out the scaling for each stage, we get a computer block
diagram as shown in Figure 4.

(2) SIMULATION OF EXTERNAL STEP TORQUE DISTURBANCES ON THE CAPSTAN MOTOR

The motor transfer function is given by

aifg) s Gy
V(s) qF Tms
Vo
For a step voltage V(s) = =
w(t) = GV (1 - e—t/Tm) -—= (1)
m o

The motor equation when subjected to an external disturbance

N

G 56 i
TN 6

J

L

For a step torque T =

TO/B aa - e—t/Im)

wit) = -—= (2)

Comparing equations (1) and (2), the external step torque applied is related
to the input voltage to the motor by

To = B Gm Vo =<w (3

I g For this particular case, due to normalization the external torque (0z-In)
is related to the input voltage by




= 380.53 1V9*] ATy
om
1 _ 1 0z-In
Where B = 7~ = T785 RPM
m
Gm = 9,106 rad/volt

V /w = 160/6.25
om’ m

Another approximate approach in relating the voltage applied to the
external disturbance torque on the motor is to use the terminal resistance of :
the motor to calculate the amount of current applied to the motor and then
using the motor torque constant to calculate the corresponding external

torque.
Using eq. (4) above and referring to Figs. 9 and 10 on pages 13 and

14 respectively, the external step torque responses for the two cases are
piven as follows:

(i) For Ts =1

\Y
380.53 gflq 0z-In
om

= 380.53 x 0.019 0z-In

1}

AT (external step torque applied)

= 7:23 0z=In.

1}

A slots(maximum no. slipped at t = 0.145 sec) I3

_ 2.09V
2.5V

6.69 slots

x 8 slots

- k3 OZ=In
AT/A slots = g9 cTots

1.08 0z-In/slot

T —— . e e e




(ii) For Tg = 10

AT = 380.53 x 0.02 0z-In
= 7.61 0z-In
A slots(t = 0.168 sec.) = %%%%Y x 8 slots
= 7.2 slots
L AT/A slots = 201 0z-In/slot

12

1.06 0z-In/slot

The above results for the two cases are tabulated in Table II on
page 19.

(3) STEP-FUNCTION RESPONSE

The step function response for design #1 with Ts = 1 is plotted
in Fig. 13(a), page 18. The percent overshoot (at t = 0.068 sec) was measured
to be 257 and is tabulated in Table I on page 15.
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DIGITAL COMPUTER CALCULATIONS

1) STEP-FUNCTION RESPONSE OF THE SYSTEM

The transfer function relating the input to the output motor shaft
angle is given by

K [(1 + T28)2 RO o
o) . Gy, L'TF UERHONES T SAF STy
d(s) 1 + G(s) K (1 + 108)° 1 Cm
Kt [ + ]
1+ %8 (L + T38) (L + Tus) Tos sL STm)

ke [ + 7,8)° 1,8 # (1 + T 831 + 7,8)]
2(1*sT ) (1+7,5) (1+7,8) (1+T,8) + KG_[(1+1,8) “1,5+(1+1,8) (1*1,5) ]

3

@ |

*g

For a unit-step function response, ¢(s) = %-, the output 8(s) is given by

2
KG [(1+1,5) "1 s+ (1+1,5) (1+71,8) ] 1

Tos” (L+sT) (147 5) (1+7,8) (1+7,8)+KG [ (1+7,8) 1 s* (1+1,8) (1+7,8)] &

0(s) =

and B(t) = L_1[9(S)]

The unit-step function responses for the two different compensation
designs are shown in the following pages. Table D-1 gives a listing of the
computer program written in Fortran IV language. The unit step responses for
the two different designs are plotted in Figs. D-1 through D-4 and tabulated
in Tables D-2 through D-5. From Tables D-2 and D-3 for design #1, the percent
overshoots for the two cases using extvapolation are given below and tabulated
in Table I on page 15.

(i) For by @ 1
7 overshoot = 27.5 at tp = 0.065 sec.
i1y Fox 1, = 10
i 7 overshoot = 26 at tp = 0.065 sec.
!

T e i e e =
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COMPUTER PROGRAM OF THE UNIT-STEP-FUNCTION RESPONSI

COMPLEX R,S,Ri,ANUR, A, TRES

DIMENSION Z(182), Y(182),XCOF(7),R00TR(6),RO0TI(6),R(7),A(7)
2(1)+161.6 ; Y(i)=101.9

A6

AK=59. 18

GR=D.196

Tie.001

Tae.1429

T3=.500

40,81

DO S8 UJ~1,2

YSo(J-1)8R. +J

™~ Se9

XCOF (1) -GN

XCOF (&) =AKXGRX (T3+T4+TS)

XCOF (3)=TS+AEGHAR (2 XTR2RTS¢TI4T4)

RCOF (A= TSH(T14TI+TA+TH+AKRCGMXT2RT2)

HCOF (5 ) e T3XTAXTS+TISTHMETSH(T34T4) )X (T14TM)XTS
XCOF (G i»TIRTSATAR(TI4T4) +TISTHRTSK(T1+4TH)
XCOF(T)eTIETIXTAXTSETH

CALL POLYROOT (XCOF,COF ,M,RO0TR,ROOTI, IER)
DO 3@ 1-1,6
R(141)=CHPLX(ROOTR(I),RO0TI(I))

CONTINUE

R(1)CHPLX(D.,0.)

DO 31 MN~1,7

R1=R(N)

RI{M)eR(1)

S=R1

ANURCAKEGRE( (1.+T2XS)EX2ETOSRS+ (1. +T3XS)X(1.+T4%5))
AN)=ANUMN/ ((S-R(2))X(S-R(3I)IX(S-R(4))
C(S-R(S))IR(S-R(B6))IX(S-R(7?)))/XCOF(7)
RiN)=RY

CONT INUE

DO 32 K~1,86:2

Te(K-1)7100,

TRES~Q( 1 JXCEXP(RI1)2T) +A(2)XCEXP(R(2)¥T) +A(IIRCEXP(R(IIET.

+AC4)XCEXP(R(4)XT) +A(S)IXCEXP(R(S)8T) +A(6)SCEXP(R(E )XT)
+R(7)IXCEXP(R(?7)xT)

Z(K#1)eT

Y(K+1)=CABS(TRES)

WRITE(2,11) 2(K+1), Y(K+1) ,TRES
FORMAT (4£26.4)

CONT INUE

CALL INITT(240)

CALL BIMITY

CALL CMECK(Z,Y)

CALL DSPLAV(Z,Y)

CONT INUE

CALL FINITT(@,700)> XY Pagy gy
STOP TRt = Lo oLBT Q%
END T idgry Blisnis '
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TABLE D-2 UNIT STEP FUNCTION RESPONSE (DESIGN #1, Ts= 1)

TIME (SEC)

- 0000E 00
- 1000E-Oli
- 2000E-0I
-3000E-0l
- 4000E-0l
-5000E-0!
- 6000E-0O!
- 7000E-OI
- 8000E-Ol
- 9000€E-OI
- l0O0OE 00
-1 100E 00
- 1200E 00
* 1300E 00
- 1400E 00
- 1500E 00
- 1600E 00
- I7TO0E 00
- I800E 00
* 1900E 00
- 2000E 00
-2100E 00
+2200E 00
-2300E 00
- 2400E 00
-2500E 00
-2600E 00
-2700E 00
- 2800E 00
- 2900E 00
- 3000E 00
-3100E 00
- 3200€E 00
- 3300E 00
-3400E 00
- 3500E 00
- 3600E 00
- 3700E 00
-3800E 00
- 3900E 00
-4000E 00
*4100E 00
-4200E 00
- 4300€E 00
- 4400E 00
-4500E 00
+4600E 00
-4700E 00
- 4800E 00
- 4900E 00
-5000E 00
-5100E 00
-5200E 00
-5300E 00
-5400E 00
-5500E 00
- 5600E 00
+5700E 00
- 5800E 00
- 5900E 00
+6000E 00

MAGNITUDE (AES)

*4475€E-07
- 1549E 00
-5014E 00
8407E 00
- 1085E Ol
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(2) SYSTEM RESPONSE WHEN SUBJECTED TO AN EXTERNAL DISTURBANCE ON THE MOTOR

Re-drawing the system block diagram with the disturbance as the
input and the phase error as the output, we have

d(s) ¢ | GM(s) H(s) K J4s)
Gp(S)
g%g% = QM{E%—E%E%—& where H(s) =1
For a step input d(s) = é
e GM(s) K . 1 . KGsts(l*Tls)(1+T38)(1+T“s)
H35 I+6(s) s  TgsZ(I*st ) (1FTs) (IFT,8) (1+1T,5) +

1§
£
KGm[(l+Tzs) T8 *+ (1+T3s)(1+1“57]

y&) = L iy(s)]

A listing of the computer program is given in Table D-6. Two sets
of graphs for y(t) are plotted in Figs. D-5 through D-8 and tabulated in
Tables D-7 through D-10 for the two different phase compensation networks
with different integrator gains. The input step applied is of magnitude —
volts. Using eq. (3) given in Appendix C, the equivalent external torque
applied to the capstan motor is given by

AT =BGV,
= BG_ é
= 0.22 0z-In

R —— e i A
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The actual digital phase detector has a higher gain than the one
used in the digital computer analysis and there are 5000 slots on the actual
tachometer used in the analog computer simulation. For the purpose of com-
parison, the phase error from the digital computer analysis must be converted

to the number of slots slipped as would be registered by the digital phase
detector.

(i) For design #1, B = 1 (Table D-7), the number of slots slipped at
t = 0.15 sec.

0.0235 volts x 8 slots E diglFal phas? detecto?gggln
2.5 volts gain used in analysis

248.68

8
0.0235 x 75 X “69.18

slots

1}

0.27 slots

.22 0z-In

~ AT/A slots .27 slots

1]
ol

= 0.82 0z-In/slot

(ii) Similarly for design #1, T, = 10 (Table D-8), the number of slots
slipped at t = .17 sec.

= 0.025 x 5?3 x 3.6 slots

= 0.288 slots"

0,22 0z-In
0.288 slots

& AT/A slots 0.76 0z-In/slot

The above results are tabulated in Table II on page 19 along with
the results from the analog computer simulation.
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(Y-

COMPUTER

COMPLEX R,S,Ri,ANUM, A, TRES
Y(1@2),%COF(?7),ROOTR(6),RO0TI(6),R(7),A(7)

DIMENSION Z(102),

PROGRAM

Ol

201)=101.0 ; Y(1)-101.0

Med

AK=69.18
GN=9.106
Ti=.901
T2=.1489
T3-.509

T4s 0%

PO S0 Je-1,2
TSe(Jj-1)28. +J
TR= .509
XCOF (1 )=AKZGM

XCOF (2)=AKEGME(T3+T4+TS)

['HI

EXTERNAL STEP DISTURBANCE ﬁkSPUNS!

(DESIGN 81)

mosd
s

XCOF (3)=TS+AKXGNE (2. XT2RTS+TI2TH) g -
XCOF (4)=TSR(T1+T3+T4+TM+AKEGAIT2ETR2) 5
XCOF (5)»TIXTAXTS+TISTMETS+(T3+T4)X(T1+TM)ETS e
XCOF (E)=T1ZTSETAR(TI+T4) +TITT4LITSE(TI+TM) - g
XCOF (7)=T1XTIETARTSETN %
CALL POLYROOT (XCOF,COF,M,ROOTR,ROCTI, IER) ]
DO 3@ 1-1,6 -9
R(I+1)=CMPLX(ROOTR(I),ROOTI(I)) %
CONT INUE Boe
RI1)=CMPLX(®,,0.) o
DO 31 N-t,? - B
Ri«R(N)

RIN)=RI1) =
S5eR1 &
ANUMGMETSE (1. +T185)8(1.+T325)0(1.4T4%5)25 [
AIN)I=ANUM, ( (S-RIL2))BLS-R(3))3(S-R(4))
2IS-R(S))E(S-R(E)IK(S-RI7)1))/XCOF(7?) S
RIN)eR1 :
CONTINUE

00 32 K~-1,101

TeiK-1)/20.

TRES-AILIECEXPIRILIIET) +Ar2) ) SCEXP(R(2)XT) +A(3) )XCEXP(R(3)ET)

+A 4 )BCEXP R(4)2T) +A(5)3CEXP(R(S)IET) +A(B)ISCEXP(R(6)2T) pa
+A(7)8CEXF R(T)I8T)

ZiWay)eT

v K+1)=CABS TRES)

WRITE(2,11 2(K+i), Y(K+1) _ TRES

FORMAT (4E2@ . 4)

CONTINUE

CALL INITT(240)
CALL BINITTY

CALL CHECK(Z,v)
CALL DSPLAY(Z,v)
CONT INUE

CALL FINITT(0,700)
sT0P

END
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FABLE D- EXTERNAL STEP DISTURBANCE RESPONSE (DESIGN #1, t. = 1)
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APPENDIX E

THE EFFECT OF OTHER MOTORS ON THE CAPSTAN MOTOR SERVO SYSTEM
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THE EFFECT OF OTHER MOTORS ON THE CAPSTAN MOTOR SERVO SYSTEM

With the servo system connected as shown in the diagram below, the
effect of other motors on the capstan servo will be analysed as follows:
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The system dynamic equations are:

Fiv, =0, = £a % J 0 (1)
@, ~F e, ~ T, = 0, ¥ 3.0, (2)
T, + (B, - Br, = £y, + 1,0, (3)
(¥, ~ %) *T = £ 30 (4)
T. = B ¥, = £ + J0, (5)

The link equations are given as:

WE; ¥ oa,r, ® W, T @4F, = Wr, (6)

With the system running at steady-state, all the forces acting on
the system are balanced. Now a disturbance AT, is applied to the capstan
motor and the effect on the system is to be analysed. Using the same symbols
as above for the variations from the steady-state condition we have the
following set of equations:

AF r, = £ 0w, +J,A,
(AF,; - AR J¥, = £, + J,408,
ATy + (AF, - AF )r, = fA0, + J A0,

(OF, - OF )T, £,0w, + J,00,

“AF“AS = f5Aw5 + JSAd)'S

Awlrl = szrz = Awar3 = Awuru = Awsrs

AT3
Aw - — b
3 3 SC1 + C2
where
2 Z 2
Irj Ty r r
= * . 3
Gy S addy o —:7 s r,2 Al e Ty r
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For a step AT, = T /s k
ba(e) = At jc, (1 - e G20ty
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