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Part 1V 

INERTIAL MEASUREMENT 

UNITS AND PULSE TORQUING 

CHAPTER IV-1 

THE APOLLO INERTIAL MEASUREMENT UNIT 

INTRODUCTION 

The Inertial Measurement Unit, IMU, provides three fundamental functions in 

a space guidance system. It established a non-rotating computing coordinate frame 

oriented to a desired inertial reference such that acceleration is measured in that 

frame. It provides information to a guidance computer of the orientation of that 

coordinate frame with respect to the control member, the spacecraft. It provides 

a measure of the specific force of the spacecraft (usually the integral of the spe- 

cific force) in suitable form to the guidance computer. 

The Apollo IMU is a three degree of freedom gimbal system utilizing inte- 

grating gyroscopes to detect angular deviations of the stable member with respect 

to inertial space, and to provide along with their servo electronics the establish- 

ment of a non-rotating member. On this stable member are three accelerometers 

in an orthogonal triad. The accelerometers are single degree of freedom pendu- 

lums with a digital pulse restraining system. Angle information as to the 

orientation of the computing coordinate frame, stable member, with respect to 

the navigation base is derived from a two speed resolver system mounted on each 

axis of the IMU. This resolver system provides knowledge of the stable member 

to both the astronaut and to the computer: to the astronaut by the means of a ball 

indicating system with resolvers servo controlled to follow the resolvers on the 

IMU. The ball has the same gimbal order as the IMU. The same resolver 

system by means of a Coupling Data Unit, CDU, provides to the computer quantized 

angle increments for changes in gimbal angles, The CDU couples angle informa- 

tion to and from the guidance computer, performing both analog to digital and 

digital to analog conversion. 

Thermal and Mechanical - The Apollo Inertial Measurement Unit (IMU) is a 
  

three degree of freedom gimbaled system. The reasons for using this inertial 

measurement configuration have been previously stated. The IMU is described 

from the stable member to the case using Figure IV-1. The inertial components 

are (3) three single-degree-of-freedom Inertial Reference Integrating Gyroscopes
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(IRIG) and (3) three single-degree-of-freedom Pulsed Integrating Pendulums (PIP). 

These components are mounted on the inner member which is referred to as the 

stable member. It is the member which will be non-rotating with respect to the 

fixed stars except by the drift of the gyroscopes. The stable member also contains 

necessary electronics. Three degrees of freedom are obtained by coupling the 

stable member to a middle gimbal by means of an intergimbal assembly to provide 

one axis of rotation. Likewise a degree of freedom is provided between the mid- 

dle and the outer gimbal and the outer gimbal and the case. Mounting pads are 

used as a means of precision alignment of the case onto the navigation base. 

The gyroscopes and accelerometers are temperature controlled. The case of 

the IMU provides a hermetically sealed environment containing air at atmospheric 

pressure with leak rates less than 10 °ce of He/sec equivalent. There is in the 

case an integral coolant passage for a heat sink. This integral coolant passage is 

formed by placing a pattern on a sheet of aluminum, This sheet of aluminum is 

roll bonded to another sheet except in the area of the pattern where no bonding 

takes place. The piece or case is formed and machined to the proper dimensions. 

The coolant passage is then inflated using air to form a coolant passage where the 

pattern has been placed. This provides a means of making a leak free integral 

coolant passage over a spherical surface. Water and glycol at 7°C from the 

spacecraft coolant system is circulated at a rate of 15 Kg/hour and the pressure 

drop in the IMU is less than 703 Kg/M?. The required operation of the IMU is for 

ambient pressure of zero for 14 days and environmental extremes from -18°C to 

+65°C, It may see these ambient structure temperatures depending upon orien- 

tation of the spacecraft with respect to the sun. The temperature of the gyroscopes 

and accelerometers is controlled by means of a thermostatic control system, 

Heat flow is from the stable member to the case and coolant. Around the stable 

member is a dead air space. The gyroscopes are controlled to 57°C and the 

accelerometers to 54°C, The major source of power is in the gyroscope wheels 

with smaller amounts in electromagnetic components such as torquers, A pair of 

blowers on the outer gimbal provide heat transfer by moving air over the middle 

gimbal and the case. There is insulation over the case that is shown in 

Figure IV-2 primarily because the case will be below the dew point. This is 

particularly true at the launch at Cape Kennedy. A mercury thermostat senses 

the stable member temperature by being mounted on the appropriate position of 

the stable member. A single thermostat is used to control the temperature of 

six inertial components. The thermostat energizes an end-mount heater on the 

pendulum, and end-mount heaters on each end of each gyro, and two stable member 

heaters. The inertial components have a vacuum shroud around the cylindrical 

wall to prevent circumferential gradients. All heat flow is thus axial which is
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done to reduce uncertainty torques. The thermostat dead zone is 0. 17°C. A 

thermostat heater is used to prevent long delays and to control the limit cycle 

amplitudes of the inertial components. This heater is the anticipatory heater. 

Fixed heat is applied to the thermostat to set the absolute temperature of the 

inertial components. 

Mounted on the outer gimbal are a pair of blowers, one on each end of a 

diameter. These also are thermostatically controlled, their purpose is to increase 

the dynamic range of the temperature control loop in the presence of environmental 

disturbances, Each inertial component is held to a constant temperature + 1/3°C 

under all environmental temperature and pressure design conditions. The blower 

control loop is required only under conditions of high environmental conditions or 

high heat dissipation on the stable member. About 18 watts are dissipated under 

normal operating conditions on the stable member. The principal portion of this 
power is in the gyro wheels, about 14 watts. A complete temperature control 

diagram is shown in Figure IV-3. The principal problems of design have been the 

reliable control of six inertial instruments with a single thermostat and the design 

of a precision temperature control system both under accelerating and free fall 

conditions with wide variations in the environmental disturbances. The temperature 

difference between IRIGs and PIPs is adjusted by properly proportioning the amount 

of power in each heater. This balance is obtained by adjustment of Ry. (Refer to 

Figure IV-3 and IV-4). As the power required to maintain the thermostat in its 

limit cycle operation is varied (because of environmental or power changes) the 

temperature error of the IRIGs and PIPs can change proportional to the power 

required, This proportionality can be adjusted to be either plus or minus, and is 

adjusted to zero. This results in a zero temperature error, or very nearly so, 

over the full power range possible. There is a fixed bias heat applied to the PIPs 

to bring them to their operating temperature under normal conditions. As the PIP 

temperature deviations are subject to gyro power dissipation, this fixed heat is 

from the same power supply as the gyro wheels. 

The performance of the temperature control system may be seen in Figure 

IV-5. The thermostat cycle of operation at 50% duty cycle is 0. 17°C while at 

the same time the gyroscope limit cycle has been attenuated to 0. 36 millidegrees 

C° and that of the accelerometers to 5 millidegrees C°. The stable member 

temperature continues to drop as the control power is increased as one would 

expect. But the inertial component temperature remains constant throughout the 

power range. The blower extends the dynamic range of operation, is used 

infrequently and is limit cycled by a thermostat. There is a separate sensor to 

detect temperature out of limits to caution the astronaut should this occur. In 

addition, high limit mechanical thermostats are used in every heater power line 
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to prevent an over heated condition. These are set to open the heater power ata 

temperature of about 5°C over the normal control temperature. These have been 

rarely used but when necessary have prevented damage to valuable equipment. 

The GSE (Ground Support Equipment) heaters and sensors have been provided 

for ground handling. The IMU once assembled is maintained at temperature, This 

necessitates times and places of operation where normal power may not be avail- 

able. Separate heaters and sensors are provided isolated from airborne control. 

Thus it is possible with the system in the spacecraft to be maintained at temper- 

ature with a portable temperature controller with normal power off or on. 

Vibration - Before proceeding into the vibration environment it is well to 

discuss some of the mechanical construction features. The stable member itself 

is a sintered block of beryllium with drilled holes for each inertial component. 

These inertial components are pre-aligned in a test stand and assembled into the 

stable member in an aligned condition. This saves considerable adjustment of 

alignment at later stages of testing. A pre-wired harness with connectors is laid 

on to the stable member and interconnection is made. At each end of the stable 

member are intergimbal assemblies. These house the slip rings to electrically 

interconnect rotating members. The slip rings are 40 or 50 circuit elements 

depending upon axis location, the larger number required at the middle and outer 

axis. Much effort has gone into the design of reliable rotary slip rings which 

will give unlimited angular freedom of motion. There is a double pair of brushes 

for each circuit spaced 0.025 inches apart. Each circuit with two feet of #30 AWG 

has less than 1/3 of an ohm resistance. Electrical coupling does take place 

between adjacent circuits. Coupling is approximately inversely proportional to the 
spacing between circuits. With proper selection of circuit placement on the slip 

ving cross coupling effects can be reduced to negligible amounts. Each contact is 

vated for 2 amps of current. Only heater power utilizes this much current while 

everything else is less than 1 amp. High current carrying load slip rings are 

paralleled for reliability reasons. Early design considerations allow for about 10% 

spares. As the design progresses toward maturity these spares are usually 

reduced and finally all utilized for redundancy. 

The gimbal construction is spherical. Gimbals are interconnected by means 

of an intergimbal assembly which contains the resolvers, de gimbal torque motors, 

slip rings, stub shaft and a duplex pair of preloaded bearings. Surrounding the 

stable member is the middle gimbal, and surrounding the middle gimbal is the 

outer gimbal which is next to the case, The intergimbal assemblies contain 

either a resolver or a dc torque motor. Each axis utilizes one de torque motor 

and a single resolver which is both a single speed resolver and a sixteen speed 

resolver utilizing the same excitation winding. In addition, on the inner axis is a 

“this work done by Edward §. Hickey, MIT Instrumentation Laboratory 
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gyro error resolver to resolve X and Z gyro error voltages by the angle of the 

inner gimbal. Each axis has a duplex pair of preloaded bearings. These inter- 

gimbal assemblies are again made of beryllium for the housing and stub shaft in 

order to decrease weight. 

The IMU, as a mechanical element, forms a system of masses, springs, and 

dampers, with non-linear behavior. As a complex mechanical system it will 

resonate at certain frequencies. The lowest frequency resonant vibration ratio of 

the amplitude of the stable member to that of the input to the case is the greatest. 

This ratio, called transmissibility, is non-linear in that the ratio decreases with 

increasing input amplitudes. The elements must be structurally sound enough to 

withstand the flight environment. Shown in Figures IV-6 and IV-7 is the trans- 

missibility of the IMU. The expected flight environment is less 0,044 g“/ops. 

Each IMU is given a workmanship vibration test from 20 to 2,000 cps at least 

1 g rms input along each axis. 

The resonant peaks may be reduced by adding vibration dampers along each 

axis which provide a Coulomb friction force for motion along the axis but which 

do not change the friction torque about the axis. 

Gyroscopes and Stabilization - The gyroscopes used are single-degree-of- 

freedom integrating gyroscopes of a type previously described. 2) The angular 

momentum is 108 gm em?/sec developed by a wheel support by a pair of preloaded 

ball bearings with a 3 lb preload. This wheel has a hysteresis ring on it witha 

motor stator surrounding it on the inside of a spherical float. The float isa 

beryllium member again designed to yield the highest ratio of wheel to float weight. 

Flexible power leads carry power from the case to float. These power leads 

create less than 1/2 dyne cm of torque on the float. The fluid used for buoyant 

support is a brominated fluorocarbon with a density of 2, 385 gms/CC at 58°C. The 

fluid is fractionally distilled to yield polymers of approximately the same length 

and nearly the same viscosity. This prevents fluid stratification under operating 

and storage conditions. The damping about the output axis is 4,6-10° dyne 
cm/radian/sec. In addition, to the fluid support there is an electromagnetic 

suspension system to provide both axial and radial suspension of the float with 

respect to the case. Such suspension systems have been previously described. (2) 

The axis definition for the instrument has previously been described. Shown 

in Figure IV-9 is the signal generator which develops a voltage modulated by the 

angle of the float with respect to the case, Ags: This is the rotation of the 

stable member about the gyro non-rotating input axis. There is with each gyro- 

scope a set of prealignment hardware. This provides integrally with each pre- 

aligned instrument the following items: 

Iv-14
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A. Suspension Capacitors for Microsyn Suspension 

B. Temperature Sensor Normalization 

C. End Mount Heater Pre-aligned to Gyro IA. 

D. Torque Generator Normalization 

E. Signal Generator Preamplifier with normalized gain 

The gyro is prealigned on a test stand with the input axis aligned about the output 

axis relative to a slot in the mounting ring. The alignment is carried over to the 

stable member where a pin is precisely located to pick up the slot. 

The use of prealigned components has made assembly techniques simpler and 

has brought about excellent correlation between component and system performance 

of the gyroscope. Deviations in performance between component and system are 

less than 10 meru (milliearth rate unit), 1 meru = 0.015 degrees per hour, 

Each gimbal axis contains a de torque motor used to mull the deviations of 

the gyro input axis with respect to the case. These direct drive motors have been 

designed with sensitivities of 1.12 ft lbs/amp. The gyro error signals are fed to 

the gimbal servo amplifier which with its proper dynamic compensation are used 

to stabilize the inner member. The performance of the gimbal servos is best 

described by their ability to attenuate angular deviations of the stable member in 

the presence of torque disturbances. Shown in Figure IV-10 is the performance of 

each axis of the IMU gimbal servo. Among the design problems are the mode 

switching from coarse align (resolver control) to fine align (gyro control), synchro- 

nization from turn-on or switch over conditions, performance under power supply 

changes, gain changes from geometrical variations, and torque disturbances, 

Gyro torquing is required for precision alignment of the stable member at 

prelaunch and for in-flight alignment. The fine alignment procedure and mecha- 

nization has previously been described. The gyroscope has a torque generator 

used ina digital torque command loop. This loop accepts commands from the 

computer by a pulse train with equal pulse width spacing. The torque commanded 

is a constant magnitude and modulated only by the time interval. The computer 

could thus command one equivalent pulse incremental angle (27 1271 radians/pulse). 

One precision current switch is used for all three gyroscopes and the commands 

are multiplexed in one selector network. The torque level control will be described 

later. (See Chapter IV-2) The torque generator is normalized in gain to command 

a fixed angular velocity for a fixed current. This digital angle command from the 

computer to the IMU permits the stable member to be oriented within the uncer- 

tainty of the angle read system (A@ = 40 arc sec). It furthermore, has the advan- 

tage of no current applied to the gyro during periods other than alignment. The 

gyroscopes are oriented on the stable member with Y and Z gyro output axis along 
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