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1 This paper presents the results of one phase of research carried out at the Jet Propulsion
Laboratory, California Institute of Technology, under Contract No. NAS7- 100, sponsored by the
National Aeronautics and Space Administration.

TIME RESPONSE SIMULATION OF THE 1975 VIKING ORBITER
DIGITAL TAPE RECORDER1

ASOK K. MUKHOPADHYAY
Jet Propulsion Laboratory (JPL)
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Pasadena, California.

Summary.    The objective of this study is to verify and understand in depth the
performance of the speed control (frequency loop) servo of the 1975 Viking Orbiter
(VO75) digital tape recorder (DTR). The linear frequency-domain methods, such as the
Bode Plot and the Root Locus, are inadequate in analyzing the VO75 DTR servo due to
such dominant non-linear effects as servo signal limiting and static/dynamic Coulomb
friction. The Time Response method employed in this study is written in the Continuous
System Simulation Language (CSSL) for the Univac 1108 computer system. In order to
demonstrate the power and flexibility of the graphic interactive simulation program, four
aspects of system dynamics are interactively adjusted to arrive at a number of stable
system configurations which has significantly different tape transport and/or summing
amplifier gain, larger static/dynamic Coulomb friction, system lag than envisioned in the
nominal design by linear methods.

Introduction.   NASA’ s Viking 1975 spacecraft to Mars carries four digital magnetic
tape recorders on board--two on a Mars orbiter and two on a Mars Lander. The Jet
Propulsion Laboratory is responsible for the Viking Orbiter System which is part of the
overall Viking Project managed for NASA by the Viking Project Office, Langley Research
Center, Hampton, Virginia. The VO75 DTR uses a peripheral belt data storage transport
(DST) whose top deck geometry is shown in Fig. 1. In order to store and reproduce digital
data accurately for transmission to earth in a non- real time mode, a formidable problem to
solve is the speed control of the DST for a number of record and playback data rates. The
complete feedback control system for the VO75 DTR is a two-loop frequency and phase
servo. Only the frequency loop servo parameters will be discussed in this paper for two
reasons: (1) At the present time, the buffer (phase) loop transfer function parameters are
not definitely determined; and hence, no simulation program exists which incorporates
both the frequency and the phase loops; whereas, the servo design of the frequency loop of
the VO75 DTR has proceeded to a stage where frequent design changes are not probable.



A number of frequency loop configurations have been narrowed down to the one shown in
Fig. 2. The transfer functions for the different servo elements of Fig. 2 have also been
derived; (2) For the overall design of the two-loop servo, it is necessary to verify the servo
performance of the frequency loop first, since it has a much wider bandwidth than the
phase loop and, is principally responsible for the initial tracking and acquisition of the tach
channel signals on tape. The buffer loop is used for “fine tuning” purposes only.

Although the Bode Plot (Frequency Response) and Root Locus methods are very helpful
for linear servo design (pole-zero compensation and loop gain selection), they lack the
power of the Time Response Simulation in the sense that the latter pictorially depicts the
system behavior with time and offers much more physical insight into such system
characteristics as damping, rise time, settling time, peak overshoot and the interaction of
dominant resonant frequencies. Furthermore, Time Response Simulation can easily
accommodate system non-linearities and sampled input which play significant roles in
determining VO75 DTR servo performance at low Play-Back Rates (PBR). In the next
section, we briefly describe the two analytical-models of the VO75 mechanical transport.

Model Description and Simplifying Assumptions.   The VO75 DTR consists of the
mechanical data storage transport (DST) and the data storage electronics (DSE) which
includes the control electronics. Although the complete frequency loop contains signal
preamplifiers, limiters, equalizers, etc. , for primary servo analysis, it has been simplified
to Fig. 2, wherein all transfer blocks nonessential from servo point of view have been
deleted and the remaining blocks rearranged to make signal flow more obvious. One of the
most important points to remember is that the speed control servo is unidirectional; i. e. ,
error signals are used to accelerate the DST motor when the reference input signal
frequency is larger than the output tach frequency of the DST. When the tach frequency
overshoots the reference input, slow-down is accomplished by frictional losses being
greater than the DST motor output torque. By the very nature of the control circuit,
negative voltage is never applied to the motor control winding. The gain factors of the
electrical motor, the frequency discriminator, the summing amplifier, as well as the tach
phase lock loop (PLL) constants vary significantly with the playback rate (PBR). For the
current simulation, all constants are assumed to be valid for 1 kilobit/sec PBR (0.15 in/sec
tape speed at the read/write heads). We now describe briefly the transfer functions of the
most important block in Fig. 2, viz. , the DST and its inherent dynamic Coulomb friction.

A.   Data Storage Transport (DST) - The mechanical part of the VO75 DTR, viz. , the
DST, is the most difficult to model analytically as can be partially appreciated by
examining the top deck geometry of the DST in Fig. 1. The DST consists of thirteen
rotating masses (tape reels, idlers and drive capstans) distributed in different planes and
connected by three different elastic couplings (magnetic tape, peripheral belt and drive
belts). The major steps involved in the analytical derivation of the transfer function of the



DST are: formulation of the dynamical equations for each rotating mass, canonical
transformation of matrix-vector equation set, Laplace transformation and matrix inversion
by Cramer’ s Rule. , A more detailed exposition is outside the scope of this paper. The
normal size of the complete DST transfer function consists of fourteen zeros and twenty-
five poles. However, such a large order transfer function along with the control electronics
transfer functions is rather unwieldy to simulate on the computer with any reasonable
degree of accuracy. It is clear from the gain vs. frequency plot of the closed loop transfer
function block diagram of the speed control servo, that due to rapid attenuation in gain, the
servo design is critical only up to 100 Hz. It has thus been decided to “truncate” the
original DST transfer functions by discarding all poles and zeros located beyond 150 Hz
and adjusting the transfer function gain accordingly. Such truncated transfer functions have
approximated the empirical frequency response of the DST quite well up to 100 Hz.

Two separate five zero/nine pole DST transfer functions have been used in the simulation.
The first represents the original DST and the second, the DST as modified by the addition
of a left-reel damper to damp out a pronounced “46 Hz” oscillation associated with the
original DST. These are given below.

Original DST Transfer Function (TAPE SPEED IPS/TORQUE OZ-IN):

Modified DST Transfer Function (TAPE SPEED IPS/TORQUE OZ-IN):

Since the DST transfer function gain and pole/zero locations are dependent on PBR and
the tape inventory, the above transfer functions are valid for 1 kilobit/sec PBR and
midpack tape inventory.

B.   Static and Dynamic Coulomb Friction - Static and dynamic Coulomb friction at the
magnetic tape/head interface is difficult to model analytically for two reasons: the actual
nature of the friction force is hard to determine experimentally; the discontinuous change
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of magnitude (caused by a change of sign) of the dynamic Coulomb friction in the vicinity
of zero tape speed at the read/write heads, tends to cause terrible convergence problems
for the integrators of CSSL transfer function subroutines. The current study models the
Coulomb friction in the following way (see Fig. 3):

1. The static Coulomb friction torque is nominally assumed to be 2 vrms across motor
control winding (motor “deadspace” corresponding to breakaway torque).

2. The dynamic Coulomb friction torque is bidirectional, so that it is a retardation for
positive, as well as negative directions of tape motion.

3. In order to avoid the zero tape speed discontinuity in the classical Coulomb friction
representation, it is assumed that the system is at rest when * Tach Frequency *
< 0.5 Hz.

4. The velocity independent component of dynamic Coulomb friction is assumed to be
10% of the maximum value of the dynamic Coulomb friction.

5. In order to avoid the discontinuity caused by the velocity independent component of
the dynamic Coulomb friction, it is represented by a straight line of very high gradient
between the tach frequencies 0.50 and 0.51 Hz.

6. The dynamic Coulomb friction representation for tach frequencies between ±0.51 Hz
and ±500 Hz consists of a constant part of ±0.18 vrms and a velocity dependent part
that reaches its maximum value of ±1.8 vrms at ±500 Hz as shown in Fig. 3.

7. Beyond a tach frequency of ±500 Hz, the dynamic Coulomb friction is limited to
±1.8 vrms.

C.   Test Input Signals - The input test signals used in the CSSL simulation are an
instantaneous 500 Hz Step (corresponding to 1 kilobit/sec PBR). The simulation time has
also been limited to 0.5 secs, since it is the normal run-up time of the DST for 1 kilobit/sec
PBR.

Results for Nominal Frequency Loops.   Before discussing the different simulation runs
with accompanying plots, it is appropriate to point out that only Case 1 of this section uses
the original 5 zero/9 pole mechanical transfer function representing the DST before the
incorporation of the left-reel damper. All other cases including those of the next section
use the modified 5 zero/9 pole transfer function representing the addition of the left-reel
damper to the DST.



CASE 1 - The time simulation print-out and associated plots (Figs. 4 and 5) reveal that as
the system is turned on by a step increase in reference input, the frequency error between
the reference and the tach with the tape at rest, increases to 500 Hz causing a voltage
buildup across the motor control winding until about 2 millisecs when the motor voltage is
large enough to overcome the break-away torque. As soon as the DST starts moving, the
static Coulomb friction is replaced by the velocity independent component of dynamic
Coulomb friction which is less than 10% of the static Coulomb friction. This results in a
very large net accelerative motor torque. Due to the extreme undamped condition of the
system, the DST speeds up quite rapidly and the tach frequency pulls much ahead of the
reference step frequency input. The overshoot in the tach frequency caused by the start-up
transients effectively turn off the motor as soon as it is turned on, due to the negative
feedback voltage of the frequency loop. With the motor power off, the system and hence,
the tach channel frequency oscillates freely, affected only by the dynamic Coulomb
friction. The free oscillation in turn causes the instantaneous tach frequency to undershoot
the 500 Hz reference step (see Fig. 4). When this happens, the motor control winding
voltage is driven momentarily to saturation, viz., 11.5 vrms at 0.075 sec (see Fig. 5). This
turn-on voltage creates a larger transient in the system and the motor stays shut off until
the end of the simulation (see Fig. 5). The decrease in the mean amplitude of free
oscillation of the tach frequency in Fig. 4 is caused by a constant decelerative force as the
dynamic Coulomb friction reaches a constant velocity-independent value above the tach
frequency of 500 Hz as shown in Fig. 3. Due to the finite computational steps of the
current simulation and the negligible system damping and high gain, the dynamic Coulomb
friction in Fig. 4, theoretically drives the system in the other direction (negative tach
frequency); and small free vibration about zero tach frequency ensues with the passive
dynamic Coulomb friction behaving as an active accelerative/decelerative torque
depending on the direction of the tape motion. In later simulation, this problem is
overcome by the added damping to the system and analytically “clamping” the tape motion
before it goes negative.

When a multi-dimensional system such as the VO75 DTR is undergoing free oscillations
(with no power applied to the motor) in its transient response to a ramp or a step input, at
most two strongest component frequencies can be identified in the composite time
response such as Fig. 4. Oftentimes the transient response appears as a modulated
waveform whose “carrier frequency” corresponds to the higher of the two strongest
frequencies and whose “modulator” is either the beat frequency or the lower small
amplitude frequency if they are far apart. Referring to Fig. 4, the strongest system
resonance can be calculated as 46 Hz (verified by modal analysis to originate in the left-
reel of the DTR). The modulator which seems to consist of two 6 Hz “sine waves” giving
rise to a “standing wave envelope” has not been identified with any specific system
eigenfrequency.



CASE 2 - The rest of the simulation runs including the present one uses a modified DST
mechanical transfer function incorporating the change due to the mechanical left-reel
rubber (visco-elastic) damper to damp out the 46 Hz resonance caused principally by the
left- reel oscillations as seen in Fig. 4. The time response for this case shows the following
pronounced difference from the preceding case: the turn-on motor transients in the present
case are much smaller in amplitudes than those of Case 1 for identical reference input
(500 Hz step); the transients build up slower and die out faster due to the added left-reel
damping. However, the basic time behavior of FTACH remains unchanged from Fig. 4
and, as verified by experimental data, data recovery at low PBR (such as 1 kilobit/sec) is
still not possible due to residual 46 Hz oscillation and inappropriate servo gain based on
linear models. This leads us to the interactive design studies described in the next section.

Interactive Design Results.   In view of Case 1 and 2 results, it is decided to conduct an
iterative design study using the graphic interactive version of the simulation program. From
past experience, four parameters are considered crucial in determining system stability:
system lag (lead), DST mechanical transfer function gain, open loop system gain as
determined by the summing amplifier gain and finally, the assumed model of the dynamic
Coulomb friction torque. Of the many simulations, where the preceding parameters are
varied singly or in conjunction with each other, only the four most interesting cases will be
described:

CASE 3 - Variation of DST Gain and System Lag: In reality, it is not easily feasible to
vary the gain of the DST; however, since a maximum possible 6 db divergence exists
between the experimental frequency response and the analytical Bode Plot, it is decided to
lower the nominal DST transfer function gain to see if stable operation results. It is also
observed from Case 1 and 2 that, the motor control voltage shows the effect of an
overshoot in the tach frequency a hundred millisec or later. This can be interpreted as too
much lag for a lightly damped system. For the present simulation run the system lag is
reduced by about 40E and the nominal DST gain is halved to obtain stable operation as
shown in Figs. 6, 7 and 8. All other parameters are left unchanged from Case 2.

The direct effect of the reduction of the DST gain when other parameters are held
constant, is that for a given feedback voltage to the motor control winding, the output tach
frequency is reduced. Notice the near -50 Hz oscillation in the tach frequency (Fig. 6) and
hence, in the dynamic Coulomb friction (Fig. 7). The amplitude of these oscillations are
proportional to the DST transfer function gain and as the latter is gradually increased from
half its nominal value (present case) to about 60% of its nominal value, sustained
oscillation sets in and the system behavior looks very similar to Fig. 4. Figure 6 shows that
the system has almost reached the desired tach frequency of 500 Hz in about 0.5 secs
which is closely borne out by experimental data. Also, the steady-state motor input voltage
from Fig. 7, is very close to what is observed in the laboratory. In Fig. 7, the motor break-



away voltage spike is clearly visible. Since the values of the motor voltage and the
dynamic Coulomb friction are closely balanced with respect to each other (Fig. 7), the
instantaneous motor torque in Fig. 8 exhibits sharp peaks and valleys. These have been
conjectured to be one of the possible causes of tape velocity “stick-slip” in the DST at low
PBR’ s.

CASE 4 - Variation of Summing Amplifier Gain and System Lag: The gain of the summing
amplifier is the usual and the most practical parameter used for adjusting the forward gain
of the closed loop servo. For the present case, the gain of the summing amplifier is set at
60% of the nominal value and the system lag is reduced by 40E from nominal. All other
parameters are left unchanged from their nominal values.

The direct effect of the reduction of the summing amplifier (feed-forward) gain is that, for
a particular frequency error between the reference input frequency and the instantaneous
tach frequency, the value of the motor actuating voltage is reduced. The system behavior
for this case is very similar to the preceding case (Ref. to Figs. 6-8). As the summing
amplifier gain is increased from 60% nominal to 75% nominal, sustained oscillation sets in
and the systems behaves as in Case 2. As expected, the value of the summing amplifier (or
the DST) gain does not affect the time when the system starts moving (roughly 50 millisec
after switch-on), but the initial jump in the tach frequency after the DST overcomes the
break-away torque, is more dependent on the 76 change in the value of the summing
amplifier gain than the same % change in the value of the DST gain. Thus, the rise time
and the settling times are more sensitive to a change in the summing amplifier gain than the
DST gain.

CASE 5 - Variation of Dynamic Coulomb Friction Model: The principal source of
dynamic Coulomb friction in the DST is in the tape/head interface. It is clear from Fig. 8,
that the steady-state value of the motor input voltage depends primarily upon the value of
the voltage equivalent of dynamic Coulomb friction for the reference input (500 Hz step
for 1 kilobit/ sec PBR). In the current simulation, the dynamic Coulomb friction model was
slightly changed so that the steady-state value of the motor voltage resembles the
experimental data (2.5 vrms) more closely. The breakaway torque was raised to 3.0 vrms
and the maximum dynamic Coulomb friction was raised to 2.5 vrms at 500 Hz tach
frequency. All other aspects of the dynamic friction model was left unchanged.

Changing the friction model requires changing both the summing amplifier and the DST
gain to regain stable operation, since the dynamic friction torque determines the net motor
torque for a p rticular tach frequency and the latter is determined by DST gain and/or
motor voltage (hence, summing amplifier gain). A stable operating point is reached in the
current simulation when the nominal gain of the DST is halved and the nominal summing
amplifier gain is reduced by 40% leaving all other parameters of the frequency loop



unchanged. The comments regarding the DST starting time, the turn-on voltage spike,
system rise time, instantaneous torque dips, etc. , made in the preceding two simulations
are also applicable here.

CASE 6 - Elimination of Dynamic Coulomb Friction from the DST: Cases 3, 4 and 5 have
demonstrated the importance of the dynamic Coulomb friction torque in the unidirectional
servo control of the tape recorder. In the present simulation, the dynamic Coulomb friction
parameters are set to zero, i. e. , we are modeling the VO75 DTR frequency loop with the
read/write heads removed. The behavior of the system as depicted in Figs. 9 and 10 shows
that it is unfeasible to control a very loosely coupled, under-damped high order system
with negligible natural friction using unidirectional speed control. As is evident from the
motor input voltage (Fig. 10), the DTR start-up transients effectively turn off the motor
soon after it is turned on and the motor stays shut-off for the duration of the simulation.
Figure 9 shows the quick damp-out of the 46 Hz free oscillation due to the addition of the
left-reel damper. The apparent steady-state of the tach frequency (viz., 1378 Hz) in Fig. 9,
is in actuality the system running at constant speed due to stored momentum and
insignificant frictional losses in the bearings or the left-reel rubber damper. It becomes
evident from the current simulation that the proper choice of phase lag for an underdamped
system is much more critical than the choice of the system gain.

Conclusion.   In conclusion, the following points deserve mention:

A.   The start up and settling times from Fig. 6 and the steady-state motor input voltage
from Fig. 7 are very representative of experimental data.

B.   For low-order linear systems, the time response method is more of an analysis tool
than a design tool in the sense that it is used to verify tentative designs arrived at by other
linear frequency-domain methods, such as, Bode, Root Locus. Nyquist and Nichol’ s plots.
Unfortunately, as we have seen from Case 6 above, the linear frequency-domain methods
are inadequate and misleading as to the final design of the VO75 servo, because of
dominant system non-linearities. The linear methods do provide a starting point for non-
linear simulation as reported in this paper.

C.   Most of the step responses of the VO75 DTR servo prominently display the
near-50 Hz resonance. It is clear that the DTR cannot be effectively controlled with a
unidirectional servo so long as the near-50 Hz resonance remains in the DST and the
transport has negligible damping. In such a situation, the proper choice of phase lag is
much more crucial for satisfactory servo performance than the choice of system gain.

D.   It should be noted that the damping action of the left- reel rubber or fluid damper
depends not only on sudden velocity changes of the DST leftreel, but also on the



differential velocity between the left-reel and the damper. In other words, the damper
behaves as a separate-but-coupled rotating mass and its effects can only be taken into
account by changing the order of the original DST transfer function.

Recently, the addition of an inertia mass on the shaft of the motor has improved the bit
error rate to within flight specifications. Work is currently underway to derive a new
higher order DST transfer function and simulate the servo using state-space variable
techniques. It would be then possible to shorten the execution time of the program by using
different convergence bounds for the different integrators in the simulation. The results of
such an undertaking will be reported at a later date.

Figure 1.  Top Deck Geometry of VO75 Digital Tape Recorder
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Figure 2.  VO75 DTR Freq Loop Figure 3.  Coulomb Friction
Simplified Block Diagram Simulation (Not to Scale)

Figure 4.  Case 1 Step Response Figure 5. Case 1 Motor Input Voltage
(Original DST) and Dynamic Coulomb Friction

(DCF) for Original DST

FTACHP 
TACH PLL 

FTACH 

FREF 
TACH PREAMP 
AMPL/ " I 
COMPARATOR 

- CONTROL 
PHASE 2 VRMS 
DRIVER 

VM 

REFERENCE 
PHASE 
DRIVER 

AC 

-Stlli\MING -, AMPLIFIER DC 
BITS 

,000 

IOOO 

V 
! 

v-TACH 

l 
11 2000 

11- ~ 

1000 
0 

' 

0,1 

,) 1•., 

V .)~ 
? 

- --~ --0-
""\ 

LREFERENCE 
INPUT 

I 

0.2 0.3 
SIMUIATION TIME T, sec 

i 

~ -
I\ lh~ 
' . 

0.4 0,5 

STA TIC CLMB FRIC 

·,:;:-
g 

2 

-500 -so 0 50 500 
TACH FREQUENCY, Hz 

12 

10 

I 
n 

8 
II 
II 
II 

w 6 
('.) 

~ 
0 

4 > 

-2~~~--'---:~--:--:-~~-:'."'".:'""~--:::-:~--::;--: 
0 0.1 0.2 0,3 0,5 

SIMUIA TION TIME T, sec 



Figure 6.  Case 3 Step Response Figure 7.  Case 3 Motor Input
Modified DST) Voltage and Dynamic Friction

(Modified DST)

Figure 8.  Case Net Motor Output Figure 9.  Case 6 Step Response
Torque in Excess of Dynamic with no Dynamic Coulomb Friction

Friction (Modified DST) (Modified DST)
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Figure 10.  Case 6 Motor Input
Voltage (Modified DST with no

Dynamic Coulomb Friction)
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