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TDRS ANTENNA AUTOTRACK LOOP
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TRW Defense and Space Systems Group
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ABSTRACT

The Tracking Data and Relay Satellite (TDRS) has two large, gimballed antennas which
will relay information between earth-orbiting satellites and a ground terminal in New
Mexico at data rates up to 300 million bits per second. This relay service requires closed-
loop tracking of user satellites at K-band frequencies with a pointing accuracy of 0.06E.
An autotrack loop, closed through a ground-based computer, performs this RF beam
pointing function for each single-access (SA) antenna.

The autotrack system basically consists of two stepper motors to move the antenna, an on-
board RF monopulse system to sense the pointing error and command generation
equipment on the ground to close the loop. It is shown how system models and
observations are combined to stabilize and improve the pointing performance of this low-
bandwidth, closed-loop tracking system. Antenna pointing performance is demonstrated by
simulation.

INTRODUCTION

The Tracking Data and Relay Satellite System (TDRSS) consists of four identical satellites
in geosynchronous orbit: Two for NASA tracking and data relay, one for Western Union
commercial service and one shared spare. Each three-axis stabilized satellite has three
large, gimballed antennas as part of its communications payload. The space-to-ground link
(SGL) antenna will provide the link between the satellite and its ground terminal at White
Sands, New Mexico. Two single-access (SA) antennas will supply S- and K-band services
to NASA’s earth-orbiting satellites including the Shuttle. Figure I shows the TDRS
structural configuration.

SGL antenna beam pointing is controlled from the ground in an open-loop fashion. The
two SA antennas have both open-loop and closed-loop tracking capabilities. For K-band
service, it is required to point each 4.9-meter diameter SA antenna at a specified user
satellite with an overall beam pointing accuracy of 0.06E. This paper describes the design
and implementation of the KSA autotrack loop which performs this control function.



In response to a NASA request for K-band service, the SA antenna is slewed to the
estimated user position within its elliptical coverage area of ±22.5E east-west and ±31E
north-south. When the radial pointing error falls below 0.22E, the SA antenna is within its
angular acquisition range for K-band frequencies. The antenna beamwidth for K-band
transmission is 0.28E. Upon receipt of the first nonzero autotrack error signal or the signal
presence flag in the Tracking, Telemetry and Command (TT&C) computer, the autotrack
software processing begins.

As Figure 2 indicates, all major components of the autotrack system reside on the ground
except for the error sensors and the antenna drives. Since the TDRSS mission requires an
elaborate ground support system, it was decided to utilize this capability for control
functions as much as possible and thereby simplify the spacecraft design. Closing the
autotrack loop through a ground-based computer, however, introduces some unique
control problems.

Besides the apparent stability problem due to the long loop delays, the nonlinear error
sensing characteristics of the monopulse system and associated ground equipment posed
challenging design problems. The TDRS autotrack system has to accommodate a variety
of users. As a result, the error signal characteristics can fluctuate widely and the ground
processing further degrades the error signal. The autotrack control system thus has to cope
with long loop delays, wide error gain variations and a large, flexible spacecraft. It is
shown in this paper how the final autotrack loop design meets these design challenges in
order to achieve the specified antenna pointing performance. Some typical simulated
performance results are also presented.

AUTOTRACK LOOP DESIGN

After describing the basic design approach for the autotrack loop, three key areas are
discussed in more detail: Initial acquisition or pull-in, loop stability and the control
response to target and base motion. Each antenna has elevation and azimuth control loops
which are essentially identical. It suffices therefore to consider only one loop for most
purposes. This is done in discussing autotrack loop stability and performance. One
exception is pull-in where significant cross-axis coupling does occur in both the error
signals and the control logic.

Basic Design Approach

The function of the autotrack system is to closely track a user satellite along a segment of
its earth orbit in order to maintain a K-band link. It is not feasible to point the SA antenna
in an open-loop manner for K-band service due to two major error sources. First, the user
position is not known with sufficient accuracy. NASA provides user ephmeris data which



has a time uncertainty of ±9 seconds in the along-track direction. For the maximum
tracking rate of 0.017 deg/sec, this timing uncertainty produces an angular position error of
±0.15E.

The second major error source is the TDRS yaw attitude uncertainty. During normal mode
operations, TDRS uses a pitch momentum bias system for attitude control. An earth sensor
supplies roll and pitch errors while two skewed reaction wheels provide the control
torques. Yaw attitude is controlled gyroscopically by virtue of the pitch momentum bias.
The yaw angle is allowed to drift to lE before angular momentum is unloaded from the
wheels. However, a yaw angle estimator on the ground determines the yaw angle at any
time with an uncertainty of ±0.25E. For the maximum antenna gimbal angle of 31E, about
half of this yaw error couples into the antenna pointing error. By combining these two
major error sources and several smaller contributions, including roll and pitch attitude
errors, it is estimated that the angular uncertainty of the user satellite is less than ±0.22E
with a 99% confidence level. This achievable open-loop pointing accuracy is clearly not
good enough for K-band users. The autotrack pointing requirement is 0.06E with a circular
error probability (CEP) of 0.99. Half of this error budget is allocated for a misalignment of
the RF monopulse system. Thus, the autotrack system has to control antenna pointing
within ±0.03E of the indicated error signal null.

The autotrack system, as illustrated in Figure 2, has bandwidth limitations due to various 
loop delays, the computer cycle time of 0.512 sec and the stepper motor drive mechanism.
It is apparent that basing the loop design solely on the sensed error is inadequate. Besides
encountering stability problems, the desired pointing performance could probably not be
obtained.

A more fruitful approach is to take full advantage of the predictable nature of the system.
In other words, by modeling target motion and, to some extent, the antenna base motion,
the closed-loop system only has to take care of the modeling errors. One important result
of this approach is that the required bandwidth for the closed-loop response is substantially
lowered. Another benefit of this type of system is that it can tolerate a temporary loss of
error information. Pointing performance will not be affected appreciably because the
system continues to operate on the basis of tracking rate information.

Before discussing the implementation of this approach, it is worthwhile to briefly describe
the nonlinear error signal characteristics. This information is essential in understanding the
pull-in logic design.



Error Signal Characteristics

Two error signals are passed on by the Autotrack Interface Processor (AIP) to the TT&C
computer every 512 msec, one for the inner gimbal (azimuth) and one for the outer gimbal
(elevation) of the SA antenna. Each error signal consists of a 16-bit digital word including
a sign bit. Only 10 bits are assigned to the error signal magnitude. The remaining 5 bits are
reserved for a gain factor which adjusts the sensed error signal magnitude. Thus, the 15-bit
magnitude is the product of the 10-bit error signal and the 5-bit gain factor.

The error signal voltage per gimbal axis after AIP processing can be expressed as

,V  =  ,S  +  n(t) (1)

where ,S is the uncorrupted error signal and n(t) denotes the autotrack system noise
process. Let 2 be the antenna pointing error per gimbal axis. The error signal can now be
written as

,S = gA  2 =  kS gG  2 (2)

where

gA  =  total error signal gain

kS  =  space segment autotrack scale factor

gG  =  ground station equipment gain

Ideally, the total error signal gain is constant. But this is not the case for the TDRS
autotrack system. Large variations can occur in both the space and ground segment gains.

The space segment scale factor variation has two main sources. On-board processing in
which the error signal is formed, amplitude modulated and time-division multiplexed onto
the main beam signal is the first source. For pointing errors up to 0.06E, the maximum gain
variation is 6 dB. The second source is user signal polarization. TDRSS has to
accommodate elliptically-polarized user signals with a maximum axial ratio of 4:1. As a
result, the space segment scale factor can vary another 6 dB.

Gain variations in the ground-based error detection equipment occur due to autotrack
detector differential gain drift, noise profile variations and non-ideal automatic gain
control. Test data of the Autotrack Demodulation Equipment (ADE) indicates that this
gain variation can be as large as +4.5 dB in the fine-pointing range of 0 to 0.06E.



Figure 3 illustrates the overall gain characteristics of the autotrack error detection system.
Besides the antenna pointing error, the AIP also provides a signal presence flag. The
received error signal is integrated digitally for as long as 8.192 sec in order to suppress the
noise fluctuations. Signal presence is declared when the detector output voltage exceeds a
preset threshold over half the 0.512 sec sampling period. Note that this signal presence
indication can occur over a pointing error range of 0.05 to 0.20E. Both the signal presence
flag and the AIP error output are used in the special pull-in logic which is described next.

Pull-In Logic

When the antenna pointing error is near 0.22E, the K-band signal can be detected but the
measured error signal is not very accurate. Special logic is required to reduce the pointing
error and thus bring the error signal within its linear range before the fine-pointing
autotrack logic can be employed. The pull-in process is initiated when the first non-zero
AIP error output becomes available or when signal presence is indicated. Both of these
outputs have to exceed preset thresholds before they are passed on to the TT&C computer.
The threshold logic assures the correct polarity of the initial AIP error output.

Using only the polarity of the error signal, the pull-in logic commands the antenna to
approach the error signal null at a closure rate of 0.02 deg/sec. This large tracking rate bias
is removed when the AIP error output falls below an outer threshold. Finally, when both
AIP error outputs, i.e., elevation and azimuth errors, come within an inner deadzone at the
same time the switch is made to the fine pointing logic.

The outer threshold test requires error magnitude information which can vary substantially
from one user to another. As a result, pull-in times also vary. An alternative design which
avoids this problem is currently being considered. Instead of the outer threshold test, the
error signal is tested for a polarity change. When the error changes polarity for the first
time since pull-in started, the large tracking rate bias is removed. There is virtually no
overshoot because stepper motors are used as antenna actuators. The inner deadzone test
remains the same as before. This revised pull-in logic has shown improved performance
over the earlier design.

Control Logic for Stabilizing Loop

Closed-loop stability deserves special attention because the autotrack loop has long loop
delays and large error gain variations. There are three major delays in the control loop:
Time-averaging of the error signal, computer processing time and the round-trip signal
transmission delay. The computer processing delay can vary from cycle to cycle but it is
deterministic. The sum of all delays lies in the range of 1-2 seconds. Besides these pure
delays, the system has filter and dynamic lags.



The basic problem of a loop delay is that it causes the control system to act on the basis of
old error information. Hence, the remedy is to supply the system with more current
information. Usually this is done by sensing or deriving information about how the error
signal is changing. For the TDRS autotrack system, error prediction models in the software
replace hardware sensors. The main short-term influences on the antenna pointing error are
known and can be modeled in the control logic. Using this idea of “error prediction”,
sufficient lead information can be obtained to stabilize the system.

Two effects are predicted over the time of the loop delay: the error change due to relative
TDRS-user motion and the error change due to issued step commands. These anticipated
error changes and the sensed pointing error are combined in order to approximate the
current true pointing error. By supplying this updated error information, the control system
is able to take the correct course of action.

Figure 4 shows where the predicted error changes (),) are introduced in the autotrack
loop. The input to the error deadzone is given by

,d  =  ,f  +  ),1  - ),2 (3)

where ,f is the filtered sensed error signal and ),1 and ),2 are error prediction terms. If
we denote the estimated tracking rate by 202, the average loop delay by Ja and the digital
filter time constant by Jn, the error change due to relative TDRS-user motion can be
approximated by

),1 =  20a (Ja +  Jn /2) (4)

Since the tracking rate varies slowly, it can be assumed to be constant during each control
cycle.

The second error increment is due to issued step commands which are awaiting execution.
For each step command the predicted error change has the shape illustrated by Figure 5.
The linear decay approximates the lag of the digital filter. In general, several such error
increments will overlap and therefore have to be summed each control cycle to form the
total error increment ),2 . This process is represented mathematically by

(5)

where tk is the control cycle time and u(tk - tj) denotes a unit step function. The summation
is over all step commands which have a non-zero feedback error bias.



Whenever a step command is issued, the parameters A and t3 are stored for use in the error
prediction algorithm during subsequent control cycles. The parameter A contains
magnitude and polarity information for the commanded step change while t3 is the time
when the error bias is removed. In computing t3, the actual command buffer delay is taken
into account. Thus, this method works with a variable but deterministic loop delay.

Error prediction provides phase lead and gain suppression. It effectively limits the number
of step commands per oscillation cycle by applying a growing bias term to the deadzone
input. Nevertheless, a self-sustained limit cycle is still possible when the error gain
increases beyond its specified upper bound. In order to protect the autotrack loop from this
high-gain condition, the AIP error output is limited to 0.06E. This error limit does not
eliminate the limit cycle but it does assure a minimum-step limit cycle which is acceptable.

Rate Command for Tightening Control Response

A tracking rate command is used to speed up the autotrack control response. The total
tracking rate for each antenna gimbal axis can be estimated by

20a  =  20u  +  20b  + Rb (6)

where 20u is the user rate, 20b is the TDRS attitude rate, and Rb is a rate bias. The rate bias is
used during the pull-in phase.

The user rate estimate is easily derived from user satellite ephemeris data. Since user look
angle information is supplied for acquisition and open-loop tracking, it can be utilized to
derive look angle rates. The accuracy of these computed look angle rates for each gimbal
axis is at least 0.0003 deg/sec. The maximum specified user rate is 0.017 deg/sec.

Spacecraft attitude rates are negligibly small most of the time. However, when an SA
antenna is slewing, maximum roll and pitch rates of 0.003 and 0.0010 deg/sec,
respectively, can be induced. If the other SA antenna is in the autotrack mode, it has to
counteract this antenna base motion. The closed-loop autotrack response is fast enough to
track the roll motion. On the other hand, the pitch disturbance produces unsatisfactory
KSA pointing performance.

There is a simple method for estimating the spacecraft pitch rate using reaction wheel
speed telemetry. In effect, an antenna slew acts like a disturbance torque impulse at the
beginning and end of the slew motion as illustrated in Figure 6. From the principle of
conservation of angular momentum, we obtain the basic relationship

)Ty  =  c1 ()Hd  -  )hw) (7)



where )Ty is the change in pitch rate, )Hd represents the disturbance momentum, )Hw is
the wheel momentum change about the pitch axis and c1 is a constant.

At the start of the slew, the disturbance momentum is given by

)Hd  = c2 Ry (8)

where Ry is the slew rate about the azimuth gimbal and c2 is a constant. The wheel
momentum change can be expressed as

)Hw  =  c3 (Nyo  -  Ny) (9)

where Nyo is the initial wheel speed telemetry at the start of the slew, Ny is the current
wheel speed telemetry and c3 is a constant.

When the slew stops, the net disturbance momentum is zero. Therefore, the pitch rate can
be estimated by using Equation (7) with )Hd = 0. This does not imply that the pitch rate
returns to its original value because some of the angular momentum has been absorbed by
the reaction wheels. The pitch wheel controller will eventually reduce the pitch rate and
error to nearly zero. But during this control settling period, the pitch rate still has to be
estimated.

It is important that wheel speed quantization does not introduce an unacceptable pitch rate
quantization. For TDRS, tachometer pulses are accumulated for 2 seconds in order to
reduce the quantization level to 1.875 rpm. Only the deviations about the bias speed are
telemetered to the ground station. The corresponding pitch rate quantization is about
0.0004 deg/sec.

The disadvantage of accumulating tachometer counts over 2 seconds is that it introduces a
considerable delay. Another delay occurs because the mainframe telemetry rate is not
synchronized with this wheel speed sampling rate. However, the rate error caused by these
delays can be reduced substantially by using linear extrapolation for computing the wheel
momentum change. With extrapolation the maximum pitch rate estimation error is about
0.002 deg/sec.

The total tracking rate command given by Equation (6) has to be executed by a sequence
of antenna gimbal steps. Proper spacing of these steps is important in order to avoid
structural resonance effects. The autotrack system employs a so-called n-step deadbeat
logic. The same principle underlying the familiar 2-step logic applies to the n-step logic.
By setting the constant step interval to T/n, where T is the oscillation period, the
oscillation amplitude goes to zero after n steps.



For a given tracking rate 20a , the required stepping period can be computed from

Ts  =  n )"/*20a* (10)

where )" is the step size. The best approximation to the desired tracking rate is obtained
with the smallest value of n. But if the stepping period approaches a known oscillation
period, it can be changed by using the next higher value of n. In essence, this logic assures
that the stepping period never comes within 20% of the estimated oscillation period for the
fundamental antenna vibration mode.

AUTOTRACK LOOP PERFORMANCE

Autotrack performance results are obtained by a detailed digital simulation of the entire
system. The spacecraft is represented by a three-body dynamic model with ten degrees-of-
freedom. The three bodies are the main body and the two SA antennas. Besides the four
autotrack loops, the simulation includes the two wheel control loops for spacecraft attitude
control.

Figure 7 illustrates autotrack pull-in and tracking performance when the user satellite is
moving away from the SA antenna beam at an angular rate of 0.01 deg/sec. The initial
pointing error is 0.22E. Error signal processing begins at t = 0 sec by time-averaging the
received signal over 8.192 sec. Since the elevation and azimuth error signals are time-
multiplexed, the effective averaging time per gimbal axis is only 4.096 sec. Autotrack
software processing does not begin until the first non-zero AIP output is produced. In
Figure 7, this happens at about t = 1 sec. The pull-in software responds by applying a 0.02
deg/sec rate bias which increases the total antenna tracking rate to 0.03 deg/sec.

After about 3 sec, signal presence is detected. At this time, the time-averaging interval is
shortened to 0.512 sec and the AIP scale factor is increased. Note the jump in the AIP
output. Pull-in, however, continues at the same closure rate of 0.02 deg/sec. After
approximately 13 sec, the SA antenna has caught up with the user satellite and normal
autotrack operation begins. The other autotrack error channel (i.e., the other gimbal axis)
started out with a zero pointing error and is therefore already within the inner pull-in
deadzone.

The case simulated in Figure 8 is identical to the previous case except that the user motion
is reversed. Now the user satellite approaches the SA antenna beam by itself. Note,
however, that the open-loop pointing software initially maintains a negative tracking rate
of about 0.01 deg/sec. When autotrack software processing begins at t = 1 sec, the
commanded tracking rate is reversed due to the 0.02 deg/sec rate bias. Signal presence
indication occurs at about t = 4 sec for this case.



When the angular positions of the user satellite and the SA antenna intersect, the antenna
motion again reverses. As Figure 8 indicates, there is only a small overshoot. Normal
autotrack service starts 15 sec after pull-in was commanded.

The pointing performance after pull-in is well within the ±0.03E error budget in Figures 7
and 8. In order to follow the 0.01 deg/sec user motion, the antenna takes a deadbeat pair of
steps every 1.5 sec on the average. A high error gain and noise tend to trigger step
commands at unscheduled times. No unnecessary steps are taken, however, because the
antenna simply waits for the user to catch up when it gets too far ahead.

CONCLUSIONS

The TDRS autotrack loop design demonstrates how system models and observations can
be combined to improve the beam pointing performance of a low bandwidth, closed-loop
tracking system. Models are used not only to tighten the control response but also to
assure system convergence and stability. The attractiveness of this approach lies in the fact
that it simplifies the control system hardware design. Any satellite system with a ground-
based computer or a large on-board microprocessor is especially well-suited for this
control technique.

Although the SA antenna autotrack system is custom-built for the TDRSS mission, there
are other possible applications. It could be used as a null-sensing, RF attitude sensor for a
communications satellite, for example. The TDRS autotrack loop achieves a pointing
accuracy of four times its antenna gimbal step size. Antenna pointing can be improved by
lowering the step size and by reducing the error signal noise. These changes will allow the
autotrack loop to operate with a smaller error deadzone.

Loop closure through a ground-based computer has some operational advantages. It
increases the versatility and reliability of the gimballed antenna. Since the ground
equipment hardware and software are readily accessible, it can be maintained and adapted
for special purposes after the spacecraft launch.
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FIGURE 1.  TRACKING DATA AND RELAY SATELLITE

FIGURE 2.  TDRS AUTOTRACK SYSTEM CONFIGURATION



FIGURE 3.   AUTOTRACK ERROR SIGNAL CHARACTERISTICS

FIGURE 4.  AUTOTRACK CONTROL LOGIC



FIGURE 5.  PREDICTED ERROR CHANGE DUE TO STEP COMMAND

FIGURE 6.  TYPICAL SPACECRAFT PITCH MOTION DURING SA ANTENNA
SLEW MANEUVER



FIGURE 7.  AUTOTRACK PULL-IN AND TRACKING OF USER. MOVING
AWAY FROM SA ANTENNA BEAM



FIGURE 8.  AUTOTRACK PULL-IN AND TRACKING OF USER MOVING
TOWARD SA ANTENNA BEAM


