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Propped by a kickstand while its passengers embark on pedestrian explo-
rations, this imaginary rover is a rubber inflatable with a belt around its
middle that serves as a spare tire and a bumper. The solar array “para-
sol” suspended above the unicycle rover is fitted with solar batteries to
collect and store energy for all the rover’s systems. Artist: Frank Tinsley,
Aviation Week, 16 February 1959.

The Lummus Company ad depicts a test chamber on Earth for simulat-
ing the lunar environment. Missiles and Rockets, 3 September 1962.

The idea of space tourism would naturally imply a need for lodging, but
in Thompson’s ad the “space motel” mentioned refers to a space station
that would serve as a “motel” for rockets and as a long-term habitation
module for astronauts. Artist: Don Hinkley, Business Week, 12 July 1958

A von Braunian wheel-shaped space station hovers in orbit around the
Moon, a variation on the space station as stepping stone in the form of
an Earth-orbiting workshop for assembly of lunar and interplanetary
spacecraft.  Aviation Week, 13 July 1959.

All images courtesy of Blast Books and appear in the book, Another
Science Fiction: Advertising the Space Race 1957—1962. 
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F E AT U R E

by Edgar Durbin

Introduction

The vehicle that carried Americans to the Moon from
1969–1972 was proposed by the Wernher von Braun group at
Redstone Arsenal to the Department of Defense (DoD) in
December 1957.1 The scope of the proposal was broader than a
mission to the Moon: it was “an integrated missile and space
program” for the United States. Its objectives were scientific and
technological supremacy, space warfare capability, and space
exploration. 

The proposal came on the heels of the Soviet Union’s suc-
cessful orbit of Sputnik I on 4 October 1957, and America’s fail-
ure to launch Vanguard on 6 December. The DoD’s new
Advanced Research and Projects Agency (ARPA) replied to the
Redstone proposal in October 1958 with funding for develop-
ment of “a large space vehicle booster of approximately 1.5 mil-
lion pounds thrust based on a cluster of available rocket
engines.” The vehicle authorized by ARPA was intended for a
variety of missions, including space defense, large satellite
launch, a troop carrier for missions on Earth, an intercontinental
ballistic missile (ICBM), scientific research, space probes, and
humans in space missions.2 Eventually the vehicle was named
Saturn,3 and the missions were limited to humans in space mis-
sions (Apollo, Apollo-Soyuz Test Program, and Skylab).
Although the Moon landing program was proposed by President
John F. Kennedy on 25 May 1961 in a speech at a special joint
session of Congress, by that time, the Saturn had been in devel-
opment for two and a half years. The Saturn program lasted for
18 years, until 1975.4

There were three Saturns: Saturn I, Saturn IB, and Saturn
V. They are compared in Figure 1.

Saturn I was the research-and-development vehicle, and
Saturn IB and Saturn V were the operational vehicles, used to
launch human missions. Figure 1 compares the three vehicles for
a common task, insertion of a payload into low Earth orbit. In
practice, Saturn V performed this mission only once, for launch
of the orbital workshop during the Skylab program. Most of the
Saturn V launches were used for translunar injection during
Apollo missions.6

Saturn I had two configurations, called Block I and Block
II, which are compared in Table 1 and Figure 2. A vehicle con-
sisted of several stages, stacked one on the other. For example,
the first stage of Saturn I Block II was the S-I, a cluster of eight
70-inch propellant tanks surrounding a single 105-inch tank

feeding eight engines. The second stage was the S-IV, which had
a single liquid oxygen tank and a single liquid hydrogen tank
feeding six engines. The instrument unit was the third and last
stage in the Saturn I Block II stack. Above the instrument unit
was the Apollo spacecraft. The complete vehicle was a Saturn
rocket and an Apollo spacecraft. Ten Saturn I vehicles, SA-1
(Saturn–Apollo 1) to SA-10, were launched from Cape
Canaveral Launch  Complex 34 (LC-34) and Launch Complex
37B (LC-37B).

Scope
This article describes the guidance and control system

used in the Saturn I vehicles. The Saturn launch vehicle was
steered by swiveling its engines. Actuators could move four of
the eight H-1 engines in the S-I stage through ±7 degrees.8 A
similar system of actuators moved the six RL-10 engines of the
S-IV stage through ±4 degrees.9 The actuators received com-
mands from the flight control computer, an analog device that
converted data from the digital guidance computer and from
control sensors into actuator commands. The guidance comput-

Saturn I Guidance and Control Systems

Figure 1. Saturn I, IB, and V compared.5 Block I Saturn I carried
dummy stages in place of S-IV.  Saturn V for Skylab carried an
orbital workshop in place of S-IVB.
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er calculated necessary changes in vehicle
attitude from data received from inertial
sensors carried on the stabilized platform.
The trajectory was determined for early
vehicles by a mechanical cam device and
for later vehicles by a program loaded on
the guidance computer. 

The basic guidance system thus
consisted of a program defining the target
trajectory (specified either by the shape of
the cam or by a program stored in the
guidance computer), sensors to measure
vehicle orientation and velocity, and a
digital computer to solve the guidance
equation and calculate changes in attitude
needed to follow the target trajectory. 

The control system included angle-
of-attack sensors, attitude rate sensors,
control accelerometers, the analog flight
computer, and actuators to tilt the engines. 

System Development
Figure 3 through Figure 7 show the

evolution of the guidance and control sys-
tem from SA-1 through its final version in
SA-10. The major themes of development
were as follows:

· Passenger vs. active—Several compo-
nents first flew on Saturn I as passengers,
not influencing vehicle motions, but only
collecting data that were telemetered to
ground for analysis. In later missions,
some of these components became active;
that is, they provided data to the control
and guidance system.

· Tilt program—All Saturns flew a tra-
jectory that was a function only of time
during passage through the atmosphere,
when aerodynamic forces were greatest.
The pitch of early vehicles was controlled

by a cam device, whose shape constituted
the tilt program. Later vehicles carried a
tilt program in the digital guidance com-
puter as a set of coefficients of a power
series. During this first phase of flight,
guidance sensors only telemetered data to
the ground without influencing the trajec-
tory of the vehicle.

· Roll program—Block I missions did
not have a roll program, though there was
some uncontrolled roll due to thrust
imbalance. Block II missions, which left
from a different launch complex, had to
roll after liftoff to the proper azimuth.

· Digital computer—The digital guid-
ance computer, flown as a passenger on
SA-5 and -6, replaced the cam device (for
the tilt program) and the program device
(for sequence timing), and made active
guidance possible, starting with the sec-
ond stage of SA-6 and continuing on all
subsequent missions. It also made a com-
bined roll–tilt program possible, starting
with SA-7.

· Stabilized platform—The ST-90 stabi-
lized platform, used in Jupiter missiles
and flown on SA-1 to -6, was replaced on
SA-7 by the ST-124, designed for the
Moon mission. (A stabilized platform is a
gyroscopic device for measuring vehicle
velocity and attitude in a space-fixed
coordinate system.)

· Control sensors—Angle-of-attack data
used for control on the first three missions
was replaced by accelerometer data for
the fourth and subsequent missions.
(Angle of attack is the angle between the
vehicle’s longitudinal axis and the air
flow past the vehicle.)

· Instrument Unit—Block I vehicles car-
ried guidance and control sensors in four
pressurized containers housed in the for-
ward part of the S-I stage. These sensors
were carried by Block II vehicles in a new
stage, the Instrument Unit, which stacked
on top of the S-IV stage. SA-5, -6, and -7
carried the first version of the Instrument
Unit; and SA-8, -9, and -10 carried the
second version.

These developments are shown in
Figure 3, which summarizes information

Figure 2. Diagram of Block I and Block II of Saturn I 7
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from more than a dozen technical reports
written during the Saturn program.

Figure 4 to Figure 7 are original
system diagrams from fight evaluation
reports and other contemporary technical
documents edited for clarity.

Control System
The control system sensed devia-

tions from the attitude specified by the
guidance system (pitch, roll, and yaw)
and commanded changes in the direction
of thrust to counter them. The Saturn I
Block I vehicle was unstable during part
of its flight, because the center of pressure
of aerodynamic forces on the vehicle was
forward of its center of mass.15 A small
increase in the angle of attack (for exam-
ple, due to wind) would cause vehicle
rotation, which further increased the
angle of attack. If not corrected, the vehi-
cle would tumble. The addition of fins at
the bottom of the first stage in Block II
improved stability by moving the center
of pressure aft of the center of mass dur-
ing the first minute of flight.16 However,
active control was still necessary and was
employed throughout a mission.

The flight control computer
received outputs from several sensors,
which varied with mission. For the first
three missions, angle of attack measured
by sensors in the nose cone was combined
with data from sensors carried in the ST-
90 stabilized platform. Beginning with
SA-4, control accelerometers were used
instead of angle-of-attack sensors.17

For SA-1 to -3 the control comput-
er calculated the swivel angle of the

engines using the equation 

β = a0*φ+ a1*dφ/dt +b0*α where 
β is the swivel angle, 
φ is the error in the vehicle attitude

angle determined by the guidance sys-

tem, 
α is the angle of attack, and a0, a1, and
b0 are gains, which change during

flight.20

The heading error φ was supplied

Figure 3. Summary by author of Saturn I guidance and control components

Figure 4. SA-2 Guidance and Control System.10 This is essentially the same as the system used
on SA-1 and SA-3.11 Boxes with dashed lines and “Meas. Only!” indicate passenger components.
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by the ST-90 stabilized platform.
Networks of resistors and capacitors in the
control computer calculated the heading
error rate dφ/dt.21

Beginning with SA-4, instead of
angle of attack, the control computer used
lateral accelerations measured by body-
fixed control accelerometers. The control
equation was then 
β = a0*φ+ a1*dφ/dt +g2*d2γ/dt2

where d2γ/dt2 is the acceleration of the
vehicle normal to its long axis and g2 is a

gain.22

Control feedback stability analy-
ses23 and a mathematical condition called
the Drift Minimum Principle (DMP)24

were used to calculate the gains. The
DMP caused the vehicle to head into the
wind slightly, reducing the angle of attack
by about 50 percent, so that the lateral

component of the gimbaled engine thrust
just opposed the lateral aerodynamic
force. 

In addition to gain (change in
amplitude of the sensor signals), the con-
trol computer introduced a shift in phase
that was critical to achieving stability. The
appropriate phase had been investigated
theoretically by modeling the electrical
circuits in the control system, the mechan-
ical components (actuators, engine gim-
bals), and the vibrations of the vehicle
structure. This system was a closed loop,
and could either tend to the orientation
specified by the guidance computer or
diverge if gain and phase were wrong. In
the latter case, the control system would
over-correct for winds or other random
disturbances and provoke oscillations that
could lead to vehicle breakup. To keep the
system in the region of stability, the sig-
nals from the sensors were passed through
phase shaping networks in the control
computer.

Gains varied during a mission and
from mission to mission. Potentiometers
and resistors switched by relays within the
control computer determined the gains
(a0, a1, and either b0 or g2). A synchro-
nous motor rotated a cam that rotated the
potentiometers. The shape of the cam
grooves and the times when the motor was
turned on and off determined the way that
the gains varied.25 Figure 10  shows the
two methods of setting control gain. 

Figure 11 shows the gains used on
SA-2.

SA-2 was controlled only in
response to signals from the ST-90 stabi-
lized platform for the first 25 seconds of
flight. After that time, the gain for the
angle-of-attack signal increased to a max-
imum between 50 and 70 seconds, then
declined to zero again at 90 seconds.
Comparing Figure 11 and Figure 12
shows that the angle-of-attack sensor was

Figure 5. [top] SA-6 Guidance and Control
System12 The system on the left con-
trolled the first stage, and the system on
the right controlled the rest of the mission.

Figure 6. [bottom] SA-7 Guidance and
Control System13 Same as the second
stage guidance used on SA-6: no program
device, ST-90, or tilt cam.
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used during the period of high dynamic
pressure. The sensor was considered
unreliable after about 105 seconds, due to
low dynamic pressure.30 Other missions
showed similar gain profiles. See Figure
13 for the behavior of control gains with
time on the operational Saturn IB vehicle. 

Block I Guidance
The guidance systems for Block I

vehicles (SA-1 to -4) were simplified,
since these were suborbital missions, their
azimuths were fixed by the launch pad
configuration, and they had a single pow-
ered stage (S-I). As with all Saturn
launches, the early part of flight, when
aerodynamic forces were greatest, fol-
lowed a preset path, designed to minimize
lateral forces.32 This tilt program was
determined by the shape of a groove in a
cam device housed in the servo loop
amplifier box.33 This cam device is
shown in Figure 14.

Saturn had defined roll, yaw, and
pitch axes (X, Y, and Z, respectively) as
shown in Figure 15. Its preferred roll atti-
tude had Positions I and III in a vertical
plane, with Position I pointing down
toward Earth when the vehicle was hori-
zontal in orbit. The Z axis passed through

Position I (also known as Fin I in Block
II), and at LC-34 it pointed approximate-
ly 100 degrees 12 minutes east of north.
At LC-37B the Z axis pointed at approxi-
mately 90 degrees 12 minutes east of
north.35 The Y axis was perpendicular to
X and Z and was horizontal at launch,
pointing roughly south.

The engines were canted to approx-
imately direct their thrust through the
vehicle’s center of gravity.   This dimin-
ishes the tendency to rotate caused by an
engine outage or thrust imbalance.

Because of the orientation of LC
34, Block I vehicles could be launched
with no roll maneuver. Figure 16 shows
that this meant that S-band, AZUSA, and
C-band antennas faced downward,
toward the ground tracking stations with
which they communicated. Positions I, II,
III, and IV in Figure 16 are the same as in
Figure 15.

Block II Guidance
The orientation of LC-37 made it

necessary for Block II vehicles to roll
before pitching over in the plane of the
orbit. The amount of roll depended on the
launch azimuth, which was a function of
launch time. The vehicle’s trajectory was
in a plane that contained the center of
Earth, the launch site, and the position of
the Moon at the time of insertion into
Earth orbit.39 Any other orbital inclina-

Figure 7. SA-8, -9, and -10 Guidance and Control System14

Figure 8. Q-Ball Angle-of-Attack Sensors (passenger
only)18 Comparing the dynamic pressures at six differ-
ent points on the nose cone allowed calculation of the
direction from which air flowed over the vehicle.
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Figure 9. Local Angle-of-Attack Sensors.  These controlled the
flights of SA-1, -2, and -3.19

Figure 11. Control Gains for SA-228

Figure 12. Dynamic Pressure vs Flight Time for SA-2.29

Figure 10. Saturn I Control System26 This figure comes from an arti-
cle that describes “Gain Programmer” as “a simple cam mechanism
driven by a synchronous motor. The cam positions a potentiometer to
set the gain in each channel.” In the Astrionics System Handbook
(1968) this device is called the Control Attenuation Timer (CAT).27

Figure 13. Saturn IB Control Gains.31

tion would require out-of-plane maneuvers, which would cost
precious fuel. During countdown, this plane moved, because the
Moon moved, so the roll maneuver and launch azimuth were
functions of the launch time. 

The external azimuth alignment system adjusted the orien-
tation of the stabilized platform continuously during countdown
to keep the ξ axis of the stabilized platform pointed at the launch
azimuth. The program device, a precision multitrack tape player
holding sequence data, started at liftoff, and after a delay to allow
the vehicle to clear the launch tower, it signaled the flight
sequencer to close the servo loop, and the roll maneuver began.40

It stopped when the signal from the stabilized platform ended as
the vehicle reached the flight azimuth. Shortly after, the program
device signaled the start of the tilt cam device. 

For SA-5 and for the first stage of SA-6, mechanical
devices as described above controlled roll and tilt. From SA-7, a
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digital guidance computer replaced the
program device and the cam tilt
device.41 Roll and tilt maneuvers were
then performed together, rather than
sequentially. Roll was completed within
the first 30 seconds of flight, but pitch
increased continuously almost until
insertion into orbit. Since tilt was calcu-
lated by evaluating a polynomial, the tilt
program was easily changed between
missions by loading the computer with
different coefficients. Reprogramming
the cam tilt device required a month,
because a new cam had to be
machined.42

The digital flight computer made
active guidance possible: guidance
depended on flight conditions, not just
time. The guidance equations were
solved once a second, and the optimum
vehicle attitude was sent to the flight
control computer to create commands
for the engine actuators. Roll, yaw, and
pitch required separate guidance solu-
tions. 

Once the correct roll attitude had
been achieved, the flight control system
maintained it fixed. No guidance calcu-
lations were necessary for roll, because
the correct value was determined at
launch and remained constant for the rest
of the mission. 

The vehicle yawed when it point-
Figure 15. [top] Body-fixed Coordinates for SA-2.36

Figure 16. [bottom] SA-2 Antennas.38

Figure 14. Tilt Program Cam Device34 At liftoff, the synchronous motor
begins to rotate the ST-90 pitch ring at a rate determined by the shape of
the cam groove. Gyros on the ST-90 stabilized platform sense the rotation
and send signals that cause the vehicle to pitch over in a sense that keeps
the stabilized platform stationary and reduces the gyro signals to zero.

The engines are canted to approx-
imately direct their thrust through
the vehicle’s center of gravity.37
This diminishes the tendency to
rotate caused by an engine outage
or thrust imbalance.
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ed out of the orbit plane. Yaw varied little
from zero, and used the simplest guidance
mode, called delta minimum guidance.
The steering equation for yaw was a lin-
ear function of displacement from the
orbit plane and the time derivative of this
displacement. 

The vehicle pitched when it rotated
in the orbit plane from vertical toward the
horizon. Pitch varied more than yaw or
roll, and determining optimum pitch was
a more difficult problem. The first scheme
for pitch guidance flown on Saturn I was
the polynomial guidance mode or PGM,

used on the second stage of SA-6
and the entire powered flight of SA-
7.43 An improved scheme, the iter-
ative guidance mode or IGM, was
used on the rest of Saturn I, IB, and
V missions. PGM and IGM are both
examples of adaptive guidance. 

The initial part of a Saturn mis-
sion flew open loop,44 without
active guidance, to reduce aerody-
namic forces during passage
through most of the atmosphere.
The guidance system determined
the desired attitude using only the

time from launch. It did not take account
of variations in thrust, wind, or other dis-
turbances. Active guidance began after
the second stage (S-IV) had ignited, about
165–168 seconds after liftoff.45 At this
point the vehicle altitude was about 90
kilometers, well above the point of maxi-
mum dynamic pressure at 11–12 kilome-
ters. While the position at the ignition of
the first stage was known, because of
variations in flight conditions during the
first-stage burn, the point where active
guidance began might be anywhere in a
considerable volume of space. A family of

minimum fuel trajectories was therefore
calculated in the months before launch
which started at different points in this
volume, with various values of velocity
and attitude. Table 2 shows the variations
used to generate the trajectories for SA-7.

An optimum trajectory, with given
starting and ending points, could be deter-
mined using the calculus of variations
with a large digital computer and substan-
tial time. Because it was beyond the capa-
bilities of the onboard digital computer to
use calculus of variations techniques, the
results of computations performed on the
ground were summarized by a polynomi-
al approximation to the optimum steering
angle. The coefficients of the polynomial
were derived by regression analysis of the
set of optimum trajectories.47 The vari-
ables of the polynomial were the quanti-
ties measured by onboard devices: posi-
tion, velocity, and acceleration. The poly-
nomial was of the third power, and had
about 35 terms. Such polynomials, one
for pitch and one for yaw steering angle,
were evaluated once a second, with updat-
ed values of position, velocity, and accel-
eration. This scheme for guidance was

46
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called PGM, and was used only on SA-6 and SA-7.
An improved scheme, IGM, was first tested on SA-9, refined

on SA-8 and SA-10, and used on all subsequent Saturn launches.
Derivation of IGM steering equations began with simplifying
assumptions of a flat Earth and constant gravity field. This allowed
an analytical solution to the guidance equations, which could be
evaluated onboard. By iterative use of this solution (once a sec-
ond), a highly accurate approximation to an optimum (minimum
fuel consumption) trajectory could be achieved.

The advantages of IGM over Polynomial Guidance48 were:

1. Reduced preflight computation. The number of trajectories con-
sidered was reduced by two orders of magnitude.49 This afforded
another advantage: 

2. Greater flexibility. Fewer preflight calculations could be per-
formed more quickly, allowing easier adjustment to changed mis-
sion conditions.

3. Greater accuracy and hence improved fuel economy.

Conclusion
Saturn I was followed by the Saturn IB and Saturn V pro-

grams, which used the knowledge gained by the Saturn I program
and some of the components. A new instrument unit, the third ver-
sion of that stage, was built by the IBM Federal Systems Division
in Huntsville for Saturn IB and V. Version 3 was considerably larg-

Figure 17. Guidance components were carried in four pressur-
ized canisters stowed in the forward part of the S-I first stage
for Saturn I Block I.52

Figure 19. [above]
Mockup of version 1 of the Instrument Unit, to be flown on SA-
5.A separate stage, the Instrument Unit, carried Block II guid-
ance components. The cylinder was 154 inches in diameter
and 58 inches high, and was both designed and built by NASA
Marshall Space Flight Center (MSFC).54

Figure 20. [left]
Exploded view of version 1 of the Instrument Unit, with com-
ponents in pressurized tubes.55

Figure 18. Canisters are installed on the S-I. 53



Q U E S T   17:4    2010
28

er in diameter than version 2 (260 inches
versus 154 inches) but only slightly taller
(36 inches versus 34 inches). While
Version 3 carried the ST-124 stabilized
platform that flew on Saturn I, the ASC-
15 guidance computer was replaced by
the new Launch Vehicle Digital
Computer (LVDC), also made by IBM.
The flight control computer, manufac-
tured by Electronic Communications,
Inc., of St. Petersburg, Florida, had been
a box50 on Saturn I, but for Saturn IB
and V it was a large cylinder.
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