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1.0 INTRODUCTION AND SUMMARY

AC Electronics has defined and programmed a digital computer program, (Program .
117.1), which evaluates the performance of an inertial guidance system. The computer :
program provides the capability of conducting a performance analysis of an all-inertial

guidance system along the reference trajectory.

The basic output of the program consists of the covariance matrix of the velocity and
position errors due to independent error sources of the inertial guidance system. The
reference trajectory and the state transition matrix are recorded on magnetic tape for
use in repetitive runs of Block III for trade-off studies of inertial guidance systems.

The inertial guidance system error model is capable of simulating an inertial measure-
ment unit in a gimballed, strapped-down, or carousel mode of operation. A total of
three gyro error models and two accelerometer error models are currently program-
med with provision for additional instrument error models included in the program
structure. There are a total of 51 (maximum) independent error sources defined in

the inertial guidance system model.

The program is designed to interface with free-flight programs for interplanetary
guidance and navigation. The covariance matrix of velocity and position errors atthe
beginning of a boost trajectory is combined with the covariance matrix of position and
velocity errors due to the inertial guidance system to furnish as output the total
covariance of position and velocity errors at the end of the boost trajectory. Hence, a
complete study capability is provided for trajectories composed of both boost and free-
flight phases.

The description of the program given in the following paragraphs will furnish the

engineer and programmer with the necessary information required to use and modify

the program. A mathematical model and the detailed equations of the program are

given in Paragraphs 2.0 and 3.0. A user's guide (Paragraph 4.0) and the input forms

(Appendix B) give details of the actual operation of the program for the engineer. The

programmer will find a program listing and details of computer operation in Appendix A. |
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2.0 MATHEMATICAL MODEL FOR INERTIAL SYSTEM ERRORS

The error models representing inertial guidance systems are discussed briefly in
the foliowing paragraphs. Detailed digital computer programs incorporating these
models exist and are described in Paragraph 3.0 and Paragraph 4.0 of this document.

The error models are a mathematical representation of the factors that cause errors
in the guidance system outputs as a function of the mission profile being simulated.
The output errors are in the form of errors in the measured velocity and position and
the error model must thus provide a valid method of calculating the errors in position
and velocity for each mission profile for the guidance system being simulated. The
results are handled statistically in terms of the covariance of the output errors as a
function of the covariance of the guidance system errors in terms of the system error
parameters as defined by the system model.

Inertial guidance systems employ two types of basic inertial sensors, namely,
gyroscopes and accelerometers. Gyroscopes are sensitive to, and hence measure,
angular motion relative to an inertial or non-accelerating coordinate frame. Accelero-
meters respond to or measure the difference between total acceleration and acceleration
due to gravitational forces, again with respect to an inertial coordinate frame. The
system determines its position and velocity by calculating and "remembering" all
changes from its initial position and velocity using the angular and acceleration meas-
urements from the system sensors. The gravitational accelerations are calculated as
functions of position using the known gravitational fields of the appropriate celestial
bodies.

The inertial guidance system accuracy is thus dependent upon its accurate determina-
tion of position and velocity changes, or of acceleration. The system error model,
therefore, calculates the (vector) error in measured acceleration due to each of the
error parameters incorporated in the model. The resultant position and velocity
errors are obtained by integration of these acceleration errors along the mission
trajectory profile.

The specific models by which system errors are related to acceleration errors and
by which the acceleration errors are integrated into position and velocity errors are
discussed in the following subparagraphs.

2.1 INERTIAL MEASUREMENT UNIT CONFIGURATION

Inertial instruments are subject to errors from a variety of causes, some of which
are mission- and trajectory-independent and others that are functions of the mission-
dependent environment in acceleration and angular rate, the inputs to which the
instruments are sensitive. Thus, the errors will depend not only on the instrument
error parameters but also on the trajectory profile. Furthermore, the errors will
also be dependent upon the angular orientation of each instrument; that is, upon how it

2-1
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is oriented with respect to the impressed accelerations and angular rates.

The basic coordinate system in which all errors are calculated in the AC simulations

is a planet-centered, inertially fixed (PCI), coordinate frame with reference axes
denoted by X, Y, and Z. The trajectory data for the mission being simulated is input
with respect to this coordinate frame. The pertinent trajectory data for inertial system
error analyses consists of the components of acceleration, a_(t), a.,(t), and

aZ(t), and the components of angular rate, w_ (), w (t), and w,, (t), and/or the vehicle
orientation relative to the PCI coordinates 1n)1(:erms of Euler angles, a_(t), a,(t), and

a, (). The acceleration error from each error source and the resultant position and
velocity errors are calculated in PCI coordinates.

In the current AC Electronics inertial system error model, it is possible to evaluate
three different types of inertial measurement unit. These are the gimballed, strapped-
down, and carousel. From the point of view of inertial component errors, these are
different in the manner in which the instrument orientation varies. These are dis-
cussed briefly as follows.

2.1.1 Gimballed

In a conventional gimballed inertial measurement unit, the instrument package or
platform remains fixed with respect to inertial space. In the error model, the instru-
ment package orientation is thus fixed in PCI coordinates. In the notation used in
Paragraphs 3.0 and 4.0, the orientation of the platform with respect to X, Y, Z
coordinates is specified by means of an orthonormal 3 x 3 matrix [A ], the orientation
of each accelerometer with respect to the platform by an orthonorm % matrix [J ], and
the orientation of each gyro with respect to the platform by a matrix [Ml] Thus,

for a gimballed system the orientation of all instruments with respect to the trajectory-
dependent parameters (acceleration) is specified by the 3 x 3 matrices [J 1, [M ], and

[A,)

2.1.2 Strapped-Down

In a strapped-down inertial system, the instrument package remains fixed with respect
to the vehicle, and thus its orientation changes with angular motion of the vehicle. The
initial orientation of the instrument package is specified in the same manner as for the
gimballed system, but the orientation changes as a function of time are given by a
trajectory-dependent attitude time history in terms of Euler angles « (t), o, (t), and

o (t)

2.1.3 Carousel
A carousel inertial measurement unit is essentially a gimballed unit in which the

instrument package or platform is rotated with respect to an inertial reference accord-
ing to a prespecified time program, usually a constant angular rate. Inertial systems

2-2
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of this type are employed in some missions, usually missions involving extended time
periods,because the effect of many component errors, particularly bias errors, is
reduced by virtue of the "geometric averaging" effect. This system is analyzed

very much like the strapped-down sysiem except that the time-varying platform attitude
is specified by a non-trajectory-dependent,time-varying program of Euler angles

" t), Ny (t), and 3 (t).

2.2 INSTRUMENT ERROR MODELS

The determination of measured acceleration error attributable to the various error
parameters for each instrument type is discussed below: gyro errors in Paragraph
2.2.1 and accelerometer errors in Paragraph 2.2.2. In addition to instrument errors,
inertial systems are subject to errors due to initial misalignment. These are incorporated
in the model in a manner similar to the treatment of gyro errors.

2.2.1 Gyro Error Models

Gyroscopes serve to measure orientation or direction relative to an inertial frame,
and thus all gyro errors will result in attitude errors that cause the system to measure
the impressed acceleration along the wrong direction. For each gyro error model,

the instantaneous misalignment "(t) due to each error parameter is calculated along
the mission profile. The vector

M)
ORI e ) a
0, )
is computed in PCI coordinates and is based on a small angle representation, each
element representing the misalignment about one of the reference axes, X, Y, Z.
The resultant measured acceleration error, Aa,is then given by

As = aft) x of

where a (t) is the acceleration vector in PCI coordinates from the mission trajectory
profile.

There are currently error models for three single-degree-of-freedom gyros included
in AC Electronics simulation program. I shouldbe pointed out that there are a
number of types of gyros, some of unique or exotic design, for which none of the
included error models is exactly correct. However, the models described are
representative of the majority of gyroscope types likely to be employed in space
missions.

2-3
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2.2.1.1 Single-Axis Rate Gyro

A single-axis gyro has a mutually orthogonal axis system consisting of spin, (S), out-
put (O), and input (I), axes. The ideal single-axis rate gyro exactly measures rotation
about its input axis. The error terms that are accounted for in the model include a
random or non-trajectory-dependent drift, acceleration~-dependent drifts caused by
mass unbalances within the gyro, second-order acceleration-dependent drifts caused
by anisoelasticity of the gyro structure, errors due to the gyro's sensing axes being
mechanically misaligned, and first- and second-order scale factor errors. In parti-
cular, there are error parameters denoted in the notation of Paragraphs 3.0 and 4.0,
as Kl‘ .., K, that result in drift rates about the gyro's input axis propor%ional to the
magnitude of the parameters and to 1, aj, ag, ajag, Wos Wgr W and Wy, where a
represents acceleration, w represents angular rate, and subscripts I, S and O indicate
gyro input, spin, and output axes, respectively.

In addition, the error model incorporates a gyro parameter denoted by K_ that represents
the "stiffness" of the constraint torque about the gyro output axes. The gyro axes tilt
about the output axis an amount proportional to w_, and K_ is the proportionality factor.

. . . I 0
This effect is incorporated in the model.

The drift rate about the input axis due to each of the error parameters K_,...,K
is resolved into PCI coordinates and integrated to obtain the appropriate misalignment
vector, .

2.2.1.2 Single—AXis Torque-Rebalanced Gyro

This is a single-axis rate gyro with a torque feedback servo loop. It is represented
by an error model of the same type asthe single-axis rate gyro above except that
because of the feedback loop the "stiffness" of the constraint torque is essentially
infinite, that is, equivalent to having the parameter K0 =0.

2.2.1.3 Single-Axis Platform

This instrument consists of a single-degree-of-freedom gyro mounted in a single-

axis stabilized platform; that is, the gyro is stabilized or isolated from rotation about
its input axis. The output of this instrument is the measured angular displacement about
its input axis between the outer instrument case and the stabilized gyro element. This
angle, 9, is equal to the integral of the angular rate about the instrument's input axis;
that is,

t

6 =T wp dt
t
o

Instruments of this type are used primarily in strapped-down system applications.
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Since this instrument is based upon a single-axis gyro, its error model will include
some of the same type of error parameters as the previous gyros. In this instrument
the gyro element's spin (S) and output (O) axes do not remain fixed with respect to the
instrument package or platform, but, in fact, rotate about its input axis by the angle

6. Thus, the error model for this instrument must resolve the acceleration and angular
rate inputs into the platform fixed initial gyro axis system and then through the angle 6
into the instantaneous gyro instrument axis system to determine the drift rate

attributable to the various error parameters.

The error parameters incorporated in this model are the same as the parameters,

Kj, ..., Kg in the previous models, except for the omission of K7 and Kg. These were
the first- and second-order scale factor errors and this type of gyro is not subject to
these errors because the gyro element is isolated from the angular rate about its
input axis. That is, the Wy experienced by the gyro element is zero.

2.2.2 Accelerometer Error Models

There are mathematical error models for two different types of accelerometers
included in AC Electronics simulation programs. One of these is the pendulous inte-
grating gyro accelerometer, or PIGA, and the other model represents a torque feed-
back, pendulum type of accelerometer. The following paragraphs discuss the error
parameters for each of these error models and the resultant acceleration error for
each of them.,

2.2.2.1 PIGA-Type Accelerometer (See Reference in Paragraph 5.0)

This accelerometer is actually a single-axis stabilized platform, like the third type
of gyro instrument discussed above, in which the gyro instrument has a deliberate and
calibrated unbalance along its spin axis. That is, it is made to have a large "drift"
sensitivity to acceleration along its input axis. Therefore, the rate at which it drifts,
or rotates about its input axis relative to an inertial frame,is a measure of the
acceleration along its input axis. The measurement output of this instrument is the
rotation of the "stabilized" gyro element relative to the instrument case. K the
instrument is being used in a configuration other than a gimballed IMU, then the
angular output must be corrected for the rotation of the accelerometer case in inertial
space.

The error sources for this accelerometer are to a certain extent related to the error
sources in the single-axis platform gyro instrument. The residual torques that result

in a random or bias drift cause a bias or random acceleration error. In the notation
employed in Paragraphs 3.0 and 4.0, this error parameter is called Kg. Errors in

the "drift" sensitivity to acceleration, that is, in the ratio of the gyro angular momentum
to the mass unbalance, result in first-order scale factor errors, denoted by K3g9. There
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are second-order scale factor, or nonlinearity, errors and errors due to misalignment
of the accelerometer input axis. In addition, there will be an acceleration measurement
error proportional to the angular rate about the input axis due to errors in measuring
and/or compensating for this rotation.

In summary, there are in the model error pazrameters that result in acceleration
measurement errors proportional to 1, aj, aI’ ac + K! w,, a +K! wN, and w,,
where subscripts I, C, and N represent the instrument's input axis, cross axis, and
normal axis, respectively. The cross and normal axes are mutually orthogonal

reference axes that are normal to the input axis. The terms ac + K'1 We and ay + K'1 Wy
represent errors due to input axis misalignments about the N and C axes, respectively.

The Kjw terms reflect the fact that the instrument actually measures angular rotation.

2.2.2.2 Torque Restrained Pendulum Accelerometer

The torque restrained pendulum accelerometer is a simple pendulum with a mass un-
balance and a feedback torque device to balance the torque due to acceleration. The
instrument has an imput axis, I, an output or normal axis, N, and a "cross" axis, C.
There is an unbalanced mass along the cross axis such that an acceleration along the
input axis causes a torque about the output axis. A torque feedback loop employing an
electrical torque mechanism serves to null the rotation about the output axis by providing
a counter torque. The output of the instrument is an electrical signal proportional

to the feedback torque.

For this type of instrument, the error model provides error parameters that represent
bias acceleration errors and acceleration errors proportional to aj and a_, these errors
being due primarily to lack of linearity in the torque electronics. There is provision

for an error parameter yielding an acceleration error proportional to a; ac. This is

due to the fact that the torque feedback loop does not have infininte stiffness and therefore
the input axis will tilt about the normal axis an amount proportional to ar The model
also includes the effect of input axis misalignments about the C and N axes, these
resulting in acceleration measurement errors proportional to ay and ac, respectively.

2.3 VELOCITY AND POSITION ERROR DETERMINATION

The preceding paragraphs have described how the mathematical error model calculates the
acceleration error Aa(t) in PCI coordinates due to each error parameter as a function of
time along the reference trajectory. To describe how these errors result in position and
velocity errors, the equations of motion for the mission trajectory must be considered.
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Let X (t) represent the six-element position-velocity vector along the trajectory in PCI
coordinates; that is,

X (t)
Y¢t)
Z)
X®= | ke
Y(t)
Z(t)

e —

Then the differential equations of motion may be written as

X=gX+a

where

jo
N

and gy , gy, and gz are the PCI components of the gravitational acceleration.

Then, if there is an error, Aa in the measured acceleration, the guidance system
will calculate an erroneous position and velocity, X + AX, satisfying the equation

X + AX +g(X+AX) +a+Aa,

where

2-7




\)/]
AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION %ﬁgf

Thus, the position and velocity error AX satisfies the equation
AX = gX+AX) -g@) +ha

Making first-order approximations, this becomes

ak = | 22D | ax + aa
X X 29 a
where — T
- o0@Bx3 | I@Bx3
| 3
ig®=~— _ o (6x6)
L oX og
_XY7Z 1 0@x3)
L 0X,Y,Z2 |

The matrix [ 3g/3X] may be evaluated along the nominal mission trajectory so that the
differential error equations are linear with time-varying coefficients.

The error, AX(t), resulting from a particular acceleration error time history, Aa, may
then be obtained in terms of the integral expression

-1
1

t
AX(t) = 3, to) Vto@ (T, ty) Aa (T)dT

in which t; is the trajectory start time and $; (¢, ty) is the state transition matrix given
by

: _ | o°g T et
Ql(t,to) = X él(t, tO) , i?l(to,to) I (identity).

The simulation model provides an option whereby the state transition matrix Ql may
be approximated by

[ 13x3)

(t,~H I (3 x3)

| 1
; ol
& (t,t) = ‘j ;

1o L 0@Bx3) 1 1@xd |

This is quite accurate for relatively short mission times, or for situations where the
gravitational field is very small.
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For each error parameter simulated, there is a resultant acceleration error vector,

Aa t) = Aay

In the notation used in Paragraphs 3.0 and 4.0, the 6 x 51 matrix G () denotes the
matrix of Aa error vectors, each column being the error associated with a unit value
of a particular error parameter. It follow s then that the covariance matrix of errors
[ P] resulting from all simulated error sources is given by

_ T
[P] = Qz(t.to) [PI] @2 (t.to),

where [PI] represents the covariance matrix of all of the error parameters being simu-

lated and
t

-1
fltt) = &t ) .J;O 8 (T, t) G(M dr .

The simulation model also provides for the incorporation of initial position and velocity
errors at the start of the mission, in which case the resultant error covariance matrix

is given by
T ] T
[PO] = ()[R 15, 6L ) ¥ 801 ) [P & (t1),

where [P ] is the covariance matrix of initial errors.
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3.0 COMPUTER PROGRAM DESCRIPTION

3.1 INTRODUCTION

This document contains the definition of a digital computer program for the performance
assessment of all-inertial guidance systems during boost as they occur in inter-
planetary missions. The definition consists of flow charts and corresponding equations
in the details necessary to make the presentation self-contained and ready for coding.
No attempt is made to discuss the physical meaning of the mathematical model in de-

tail. However, necessary references for further studies are included.

Flow charts provide the basic framework around which the remainder of the discus-
sion is constructed. These diagrams serve to indicate the logical flow connecting dif-
ferent functional blocks. They do not describe literally the operation within the com-
puter program itself because many of the programming details are of little interest to
most engineers.

The flow charts have been arranged and drawn according to a hierarchical structure.
The "highest" level, designated as Level I, depicts the overall structure of the pro-
gram. Each block appearing in this chart is described by another flow chart. These
charts are designated as Level II. This policy is repeated for each block in every
level until no further logic remains to be described. In almost all cases, three levels
of flow charts suffice to accomplish this objective. The final set of flow cha.rts at the
lowest level are supplemented by the detailed equations which are used in the program

3.1.1 Schema for Flow Chart Presentation

As has already been stated, the flow charts are arranged according to *levels.® In

the resulting hierarchy, the Level I flow chart provides the most general description
since it depicts the overall program. Each functional block is further described by
lower level flow charts. These charts indicate the logical flow within the block and
describe the input and output requirements of the block. The equations used to obtain
the desired outputs are presented as a supplement to the lowest level flow chart. The
number of levels that are required depends upon the logical complexity of the functional
block.

LEVEL I: This flow chart is designed to provide a very general description of the en-
tire program. The titles assigned to the functional blocks are intended to be sugges-
tive of the nature of the role to be performed within the block. Those functions that
are to be performed in the basic computational cycle are designated by Roman numer-
als. Arabic symbols are used for functions that occur only once or play a passive
role.

LEVEL II: The Level II flow charts provide the first concrete description of the pro-

gram. Only the most important logical flow within each functional block is indicated
on these diagrams. The quantities that are required for all logical and computational

3-1
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operations within this block are stated on this chart. These quantities are differenti-
ated as being either INPUT (i. e., values provided initially by the engineer) or COM-
PUTED (i.e., values determined in other portions of the program). The quantities
that are required in other parts of the program, either for printout or for computa-
tions, are also indicated on this flow chart. The functional blocks that appear on these
diagrams are denoted by two symbols (e.g., II. 1 when discussing the "first" block in
the Level II flow chart of functional block II) and a name. The names have been selec-
ted to provide some insight into the nature of the block.

LEVEL III (and below): These diagrams provide additional details of the logical flow
within the functional blocks depicted at Level II. In this program definition, Level III
provide the description of the most intimate logical details in almost every case so no
purpose was served by proceeding to lower levels. These flow diagrams are augmen-
ted by the equations programmed into the computer. The input and output require-
ments of these blocks are stated on the diagrams. All of these quantities are summar-
ized on the Level I flow chart.

3.1.2 Definition of Flow Chart Symbols

The following symbols represent the only ones that are used in the flow charts pre-
sented below.

Set of operations that is to be described
further by additional flow charts or by
equations

Logical Decision

Operations that are predefined (i.e., in
some other document

Operations are completely defined by the
statements contained within the box

3-2
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Connector used on Level II flow charts to
indicate entry source and exit destimation

Connector used on Level III flow charts

Summary of all quantities required in com-
putations of flow charts on which this symbol
appears, or, alternatively, summary of all
quantities computed in this flow chart which
are required in other operations.

This broad arrow appears on Level I and

Level II flow charts. It is used to indicate

information flow from one block to another.
~_ The more important information is stated
> within the arrow. This symbol has been

introduced to emphasize that many quantities

are transmitted between the functional blocks
in the higher level charts.
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3.1.3 Definition of Mathematical Symbols

A %ciNi

411201 %si

aX(t) aY(t) a Z(’c)
(4,1 3,9
BUDG

[C] (3,3)

(C'] (3,3

[D,] (3,3)

(EP1i,EP2i, EP3i)

(EV1i, EV2i, EV3i)

Flag A

Flag B
Flag C

Flag D

accelerations in it“ accelerometer
coordinates

accelerations in the ithgyro coordinates

PCI components of specific force to
mass ratio

matrix relating PCI coordinates to
PIO YAO ROO coordinates

number of budgets with the same IMU
system and trajectory

matrix relating PCI coordinates to
IMU reference coordinates

matrix relating initial Pjo Yoo R00
coordinates to reference IMU
coordinates

matrix defining orientation of itn gyro
with respect to its initial orientation

on the platform (used in rate gyro and
single-axis platform gyro error models)

PCI direction cosines of the principal
axis magnitude YLPi (i=1,2,3)

PCI direction cosines, of the principal
axis magnitude, JLVi (i =1,2,3)

0 = gimbal system
1 = strapdown system
2 = Carousel

2 = two-degree-of-freedom gyros

1 = single-degree-of-freedom gyros

2 = (unspecified)

1 = (unspecified)

3 = single-degree-of-freedom platform

gyros
2 = rate gyro
1 =torque rebalanced gyro

GENERAL MOTORS CORPORATION %CZD

ft/sec?

ft/sec?

ft/sec2




Flag E

Flag F

Flag G

Flag 1

Flag 2

Flag 3

Flag 4

Flag 5

Flag 6

Flag 7

AC ELECTRONICS DIVISION

3 = PIGA
2 = proof mass accelerometer

1 = nnananifiad
A T uuuyvv;alvu

0 = state transition matrix, @11 (to, t),
set equal to that corresponding to
boost trajectory in a constant
gravitational field

1 = state transition matrix, @1 (tos t)
set equal to the =1 (t,, t) of the
trajectory tape which corresponds
to a boost trajectory in an inverse
square gravitational field

0 = print &5 (tf, t,)
1 = do not print @2 (tf, to)

1 = print a data dump following each
calculation of Block ITI-1
0 = do not print such a data dump

1 = print a data dump following each
calculation of Block III-2
0 = do not print such a data dump

1 = print a data dump following each
calculation of Block HI-3
0 = do not print such a data dump

1 = print a data dump following each
calculation of Block III-4
0 = do not print such a data dump

1 = print a data dump following each
calculation of Block III-5
0 = do not print such a data dump

1 = print a data dump following each
calculation of Block III-6
0 = do not print such a data dump

1 = print a data dump following each
calculation of Block III-7 att =t
0 = do not print such a data dump

N,
GENERAL MDTORS CORPORATION %>
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[G] (6, 51)

matrix of acceleration errors due to
independent unit error sources

[Gzl], [Gzz], [G23 1(@3, 8)Submatrices of [G] (6, 51) which

represent the acceleration errors due
to gyros No. 1,2,3, respectively

[G2 4],[G25],[G2 6] (3, 8) Submatrices of [G] (6, 51) which

G,,] ®,3)

@ C, N)

I O, 85)

3,703,705, 6,3)

represent the acceleration errors due
to accelerometers No. 1,2,3,
respectively

Submatrix of [G] (6, 51) which represents
the acceleration errors due to initial
misalignments

reference accelerometer axes system
refering to input, cross, and normal
axes of accelerometer

reference gyro coordinate system refer-
ing to input, output, and spin axes of
gyro

matrices defining orientation of accel-
erometers No. 1, 2,3 respectively, with
respect to the IMU reference coordinates
rate gyro parameter

PIGA error model parameter

conversion constant for gyro constant

drift term

conversion constant for gyro accelera-
tion dependent drift term

conversion constant for gyro accelera-
tion dependent drift term

Lo/
GENERAL MOTORS CORPORATION 35% >

ft/ sec2

ft/ sec2

ft/ sec2

ft/ sec2

sec
ft/sec

(rad/sec)/
[error budget 10
unit ]

(rad/sec)/
[ (ft/sec2)(error
budget 10 unit) ]

(rad/sec)/
[ (ft/sec?)(error
budget 10 unit) ]
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conversion constant for gyro accelera-
tion squared dependent drift term

conversion constant for gyro input axes
misalignment term

conversion constant for gyro input axis
misalignment term

conversion constant for gyro rate scale
factor term

conversion constant for gyro rate
nonlinearity term

conversion constant for accelerometer
bias term

conversion constant for accelerometer

scale factor term

conversion constant for accelerometer
acceleration squared dependent term

conversion constant for accelerometer
acceleration squared dependent term

conversion constant for acceleration
input axis misalignment term

conversion constant for accelerometer
input axis misalignment

GENERAL MOTORS CORPORATION %)

(rad/sec)/
[ (ft2 /sec4)(error
budget 10 unit) ]

(rad/sec)/
[ (rad/sec)(error
budget 10 unit) ]

(rad/sec)/
[ (rad/sec)(error
budget 10 unit) ]

(rad/sec)/
[(rad/sec)(error
budget 10 unit) ]

(rad/sec)/

[ (rad?/sec?)
(error budget 10
unit) ]

£t/ secz)/ [error
budget 10 unit ]

£t/ secz)/ [t/ secz)
(error budget 10
unit) ]

&t/ sec2)/
[ (ft2/sect)(error
budget 10 unit) ]

(tt/ secz)/
[ t2/sec?)(error
budget 10 unit) ]

£t/ secz)/
[ (ft/sec2)(error
budget 10 unit) ]

(ft/ seczg/

[ (ft/sec“)(error
budget 10 unit) ]

3-7



AC ELECTRONICS DIVISION

15

16

K
17

K18
K
19

LP1, LP2,LP3

LV1,LV2,LV3

[M,],[M,], [Mg1(3,3)

[P] (6,6)
[Pzz]:

P

Foo

(6,6)

10’ YAO’

[Pryp!

3-8

conversion constant for accelerometer
wheel speed error term

conversion constant for accelerometer
angular rate dependent term

conversion constant for initial misalign-
ment of instrument package

conversion constant for initial misalign-
ment of instrument package

conversion constant for initial misalign-
ment of instrument package

eigenvalues of [P;1] (3,3). The square
roots of these values are the principal
axis magnitudes of position error
ellipsoid

eigenvalues of [P22] (3,3). The square
root of these values are the principal axis
magnitudes of the velocity error ellipsoid

matrices defining orientation of gyros
No. 1, 2, 3 respectively, with respect
to IMU reference coordinates

number of trajectory records to be
skipped, every (N+1)th point is used as
a trajectory data point

covariance matrix of position and velocity
error at t = tf

(3, 3) submatrices of [P] (6,6)

initial body axes; pitch, yaw, and roll
unit vectors at t =t,

covariance matrix of position and velocity
error at t =ty in a downrange, crossrange,
and altitude coordinate system.

§
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(ft/sec2)/
[ (ft/sec?)(error
budge 10 unit)]

(ft/sec2)/
[ (rad/sec) (error
budget 10 unit)]

(rad)/[error
budget 10 unit]

(rad)/[error
budget 10 unit]

(rad)/[error
budget 10 unit]

ft2

(ft/sec)2

ft2 (P11
ft2/sec(P21’ P19)
(ft/sec)2 (P22)
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[P 16,6)

Po (ij)

PUNC

[Q] (6,51)

TAPE NO
TAPEP

[Vl 3,3

X,Y,2)
@ (0, @), ag)

%11 %12 %13

%91 %29 %o3
®31°%32' %33

311’312’313
v;] (1,8)

r.,rr.,r
1’23

initial covariance matrix of velocity
and position uncertainties

L™

(ij)th eiement of P

punch card option
1 = punch P matrix
2 = punch $9 matrix

matrix of velocity and position errors,
at time t due to independent unit error
sources /

number of prerecorded tape of trajectory

tape write option

0 =don'"t punch cards

1 =do error analysis only

2 = print tape only

3 = print tape and do error analysis

time
computation end time

Block III-6 state transistion matrix
parameter

matrix defining orientation of initial
misalignment coordinate system with
respect to PCI coordinates

reference PCI coordinate system
inner, middle, and outer gimbal angles

Euler angles defining [M3](3, 3) matrix
for orientation of gyro No. 1

Euler angles defining [Mg] (3, 3) matrix
for orientation of gyro No. 2

Euler angles defining [Mg] (3, 8) matrix
for orientation of gyro No. 3

Euler angles defining a factor of [V](3, 3)

accelerometer error model with unity
coefficients stated in matrix format

Euler angle defining [C'] (3, 3)

GENERAL MOTORS CORPORATION <(¢%\T}

{See Pii, Piz,
P21, P22)
3 punch both

sec
sec

sec

radians

radians
radians
radians

radians

radians

3-9
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At
n, ®), 1,0, M,()

input integration step size

Euler angles defining orientation of IMU
reference axes in Carousel mode:
imputted as tabular data

angular displacement of the ith single-axis
platform gyro about its input axis

angular displacement of the ith rate gyro
about its output axis

first gyro constant drift (10)2

first gyro unbalance along spin axis (10) 2
first gyro unbalance along input axis (10) 2
first gyro anisoelasticity (10)2

first gyro misalignment of gyro input axis
in plane of the input and output axis (10)2

first gyro misalignment of gyro input axis
in plane of the input and spin axis (10)2

first gyro scale factor uncertainty (10)2
first gyro nonlinearity (10)2

(error budget values for second gyro)
(error budget values for third gyro)
first accelerometer bias (1092

first accelerometer scale factor (10)2
first accelerometer nonlinearity (10)2

first accelerometer cross axis non-
linearity (10)2

first accelerometer sensitive axis
misalignment in the plane of sensitive
and normal axis (10)2

§

GENERAL MOTORS CORPORATION aécyz >

seconds

radians
radians

(meru)2*
(meru/g)2*
(meru/g)2*
(meru/g2)2*

(arc-sec)2*
(arc-sec)2*

(1 x 10-6)2%
(1 x 10-6)2*

(1 x 10-6g)2*
(1 x 10-6)2x
(1x 10-6/g)2«
(1 x 10-6/g)2*

(arc-sec)z*

*Note: The units given are representative units, any appropriate units of the error
sources may be employed, provided that the corresponding conversion constants

1

3-10
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[c,oi] @,8)

-1
(8, . t)]

-1
3 Gt

first accelerometer sensitive axis
misalignment in the plane of sensitive
and cross axis (1(;’)2

first accelerometer wheel speed change

(10)2

angular velocity uncertainty about the
input axes of the first accelerometer (10)

(error budget values for second
accelerometer)

(error budget values for third
accelerometer)

initial misalignment of instrument pack-
age about first axis of misalignment
coordinate system (1(7)2

initial misalignment of instrument pack-
age about second axis of misalignment
coordinate system (16)2

initial misalignment of instrument pack-
age about third axis of misalignment
coordinate system (10')2

matrix of drift angles about PCI axes due
to each independent unit error source of
the ith gyro model (i=1,2,3)

state transition matrix; linearily relating
position and velocity perturbations at t to

position and velocity perturbations at to

the (ij)th component of Q-l(t,to)

GENERAL MOTORS CORPORATION %)

(arc- sec)z*

(1x 1078
sec/rad) *

-6
(1x10
sec/rad) *

(arc—sec)z*

2
(arc-sec) *

(arc-sec)z*

sec, 1/sec, or
n.d. depending
upon (ij)

*Note: The units given are representative units, any appropriate units of the error
sources may be employed, provided that the corresponding conversion constants

K 1” K 19 are appropriately modified.

3-11




/7
AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION @?j

[@2 (tf, to)] (6, 51) matrix of velocity and position errors at

t = tf due to unit independent error sources

/N R Euler angles defining [J17 (3, 3) matrix radians
11°"12° 713 . .
for orientation of accelerometer No. 1
B S Euler angles defining [Jo ] (3,3) matrix radians
21’722’ 723 . .
for orientation of accelerometer No. 2
1/ /. Euler angles defining [J3] (3, 3) matrix radians
31’732’ "33 , .
for orientation of accelerometer No. 3
wl, Wy, Wo angular rates expressed in the IMU rad/sec
reference coordinate system
wl(t), W, (t), wgq (t) angular rates of the IMU in a Carousel rad/sec
mode; imputted as tabular data
. .th
W ., W ., W, angular rates in the i ~ accelerometer rad/sec
Ii" "Ci’ "Ni .
coordinates
W,., W, W.. angular rates of missile in the i rad/sec
Ii Oi Si .
gyro coordinates
wPI(t), wY A (t) Wp o(t) angular rate about the instantaneous rad/sec

3-12
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3.2 BASIC ORGANIZATION OF THE PROGRAM

The basic structure of the program is summarized in the flow chart below. It consti-
tutes, according to preceding definitions, the Level I fiow chart and consisis of two
different classes of blocks. Those which define the basic computational cycles of the
program (Roman numerals), and those necessary to start the program in a prescribed
way or define the required output (Arabic letters A, B, C).

Blocks A, B, and C are described in Section 3; Block III in Section 4.

The INPUT block represents a summary of the quantities that an engineer must input.
No computations are contained within this block. In the GENERAL INITIALIZATION
block, computations that must be performed once during a specific simulation run and/
or logical decisions that must be made for proper operation within the basic computa-
tional cycle are accomplished. The OUTPUT block defines the quantities that are to
be available for printout purposes (including storing on magnetic tape) and contains
computations that are not required in the basic computational cycle.

The mathematical techniques applied in this program are based on linear perturbation
theory.

A B General 3“1- inertial m > c
Input | Initialization Guidance Output
System

Level I Flow Chart - Performance Assessment of All-inertial
Guidance Systems for Boost

The guidance system employed is specified mathematically in Block III. This block
computes the integrals which determine the errors in position and velocity generated
by the errors in the all-inertial guidance system. These errors are statistically
combined in the covariance matrix [P] which constitutes the major output of the
program.

3-13
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3.2.1 COORDINATE SYSTEMS

The basic coordinate system in Program 117.1 is the Planet Centered Inertial (PCI)
coordinate system (X, Y, Z). The X and Y axes are in the Earth's equatorial plane
and Z is along the direction of the Earth's positive rotation. When starting in Phase
1, the vehicles initial position is in the X-Z plane, specified by inputs of launch
altitude, launch latitude, and planet radius. When starting in phases other than
Phase 1, direct input of PCI coordinates is employed and the vehicle is initialized
at an arbitrary point.

Another basic coordinate system in the program is the reference body axis coordinate
system (Py, Yy, Rg)- This Cartesian coordinate system is initially oriented by
inputs of latitude, longitude and azimuth when starting in Phase 1. These coordinates
rotate with respect to the PCI coordinates with the commanded body rates of the space
booster vehicle. If starting in a phase other than 1, the initial orientation is specified
by inputting three gimbal angles which define body axes orientation with respect to the
initial triad computed in initialization of Phase 1.

The coordinate systems employed in Block III, All Inertial Guidance System, are
referenced to the Planet Centered Inertial, (PCI), coordinate system. The rotational
transformations relating one coordinate system to another is, in general, defined in
terms of three Euler angle rotations. These Euler angle transformations have the
following general format.

— i - - -
X 1 cos e -sin 62 cos el sin el 0 U
Y = 0 cos e sin e 0 -sin el cos 61 0 A"
Z 0 -sin e cos e sin e cos 82 0 0 1 w
U
= [F(6,: 85 091 | V
w
The positive sense of the angles 64, 09) and 63 is specified by the usual right-
hand convention.
There are ten distinct Cartesian coordinate systems used in Block III. They are:
1. PCIaxes The reference planet centered inertial coordinates

2. Py Y, Ry axes The initial orientation of the space booster body
axes as specified by Block OO

3-14
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3. IMU axes The inertial measurement unit reference axes

4, Gyro No. 1 axes The reference input, output and spin axes of the
first gyro

5. Gyro No. 2 axes The reference input, output and spin axes of the

second gyro

6. Gyro No. 3 axes The reference input, output and spin axis of the
third gyro

7. Accelerometer No. 1 The reference input, cross and normal axes of
axes the first accelerometer

8. Accelerometer No. 2 The reference input, cross and normal axes of
axes the second accelerometer

9. Accelerometer No. 3 The reference input, cross and normal axes of

axes the third accelerometer
10. Initial misalignment The coordinate axes in which initial misalignments
axes are specified.

The transformation relating the PCI axes and the PIO’ Y o Rop axes is the matrix
[A 4] .

[A,] is defined by input initial latitude, longitude and azimuth in Block B, General
Initialization, and is inputted into Block III on the reference trajectory tape. All
other transformations between coordinate systems are in the general Euler angle
format just defined.

The interrelationship of these coordinate systems is shown in the following diagram.
The symbol convention employed is defined by the example:

PCI Axes

Df b - v
Df X [A4] X

| =
4 o Y0 R00 (PCI)

10 Ya0 Roo Axes

3-15
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All the transformations except C' ('y, Ty F3) are constant. C'C’y, I, o5 I'g) is time

varying for a strapdown system and a carousel system, and constant for a gimballed
stabilized platform system. It is evident from the diagram that when C' Cq, L 2 I‘3)
is time varying, the IMU axes and all inertial instrument axes are rotating together,

maintaining a fixed orientation to each other, but a time varying orientation with
respect to the PCI axes.
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3.3 Input, General Initialization, Output

3.3.1 Definition of Flags

FLAG "A"

FLAG "B"

FLAG "C"

FLAG "D"

F I_AG "E "

FLAG “F"

FLAG "G"

PUNC

BUDG

TAPEP

3-18

0 = gimbal system
= strapdown system
2 = Carousel

2 = two-degree-of-freedom gyro
1 = single degree

2 = unspecified
1 = unspecified

3 = single-degree-of-freedom platform

2 =rate gyro
= torque rebalanced gyro
3 = PIGA

2 = proof mass accelerometer
1 = unspecified

0 = state transition matrix specified by Block III-6
1 = state transition matrix specified by Block II

=no print of &g (tf, tp) matrix
1 =print 39 (tf, t;) matrix

1 = punch [P](tf) on cards
2 = punch &5 (tf,t,) matrix on cards
3 = punch both on cards

specifies number of budgets used for one IMU
configuration and one trajectory

1 =do error analysis only
2 = print tape only
3 = print tape and do error analysis
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3.3.2 Definition of Input Quantities
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3.3.3 Input - Block A

“pr), Wyp ) Go®
@, (1), ay(t), oyt
a(®), ag(t), a, ()
%110 %120 %13
@310 %220 %23
@310 %320 %33
V110 Vg0 Y13
Y10 ¥a20 Y25
U310 Y390 ¥35

@ A1 Pigr Byg

t
o

b

FLAG "A"

FLAG "B"

FLAG "Cr

FLAG "D*

FLAG "E*, FLAG "F", FLAG *G"
w, (), wz(t), wy(t)

M0 Ny(t), M o(1)

)\i i=1,2,....51

[P,] (6x6)
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-1

3 Tt t )

K. through K
; through K

[A,]

1
Ko’ K1
At
N
Rank
Run number
Tape number
Tape option

Number of budgets

Punch card option

3-38
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3.3.4 General Initialization - Block B

Within this block the matrices that relate the instrument orientation to the instrument
package orientations are compuied. Also the matrix that relates the coordinate sys-~

tem, in which the initial alignment errors are given, to the Planet Centered Inertial coor-

dinate system is computed.

INPUT: y @

%110 %120 %13° %a1’ Yop0 %a30 %310 %320 %33

PPURIPURSTYL _4'21’ Vo2 Y23: Y310 V320 V33
Byyr Brgr Byg [A]

OUTPUT:  [M], [M,], [Mj], [J,], [J,], [J,], [V]

These matrices are computed according to the following equations.

1 0 0 cos aiz 0 =-sin aiz cos au sin azu 0
[Mi] =10 cos aia sin azi3 0 1 0 -sin @, cos @, 0
0 =-sin @, cos oz13 sin a, 0 cos @, 0 0 1
i=1,2,3
— mat 1
1 -
0 0 cos wiz 0 -sin \kiz cos \Vu sin \Vu 0
[3,1 =0 cos \yia sin '”13 0 1 0 -s8in wil cos Wu 0
0 -
sin ¢13 cos Wm sin Wiz 0 cos Wiz 0 0 1
i=1,2,3
- ar -
1 0 0 cos 312 0 -sin 312 cos ﬁll sin Bll 0
[V] =10 cos [313 sin 313 0 1 0 -sin Bll cos Bll 0
- 0
1 -sin [313 cos /5‘134 sin /312 cos BIZJ L_ 0 1

The My, My, M, matrices refer to the first, second, and third gyros respectively.
The J 1 J,, J, matrices refer to the first, second, and third accelerometers respec-
tively. Tﬁe [%] matrix refers to the initial misalignment coordinate system.

Set the following flags - Flag A through Flag G
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3.3.5

b

(2,15 9,1, [9,1(3,8)

[P] (6,6)

EP11
EP12
EP13

VLP1
EP21

EP22
EP23

\NLP2

EP31
EP32
EP33

N LP3

EV1l
EV12
EV13 )

\NLV1

Ev2al
EvV22
EV23

\NLV2

EV31
EV32
EV33

NLV3
2,(tt )(6,51)

[Prypl(6:6)

3-40

Output - Block C

final time

gyro drift of each potential error source for 1st, 2nd, and
3rd gyros

covariance matrix of erros

first eigenvector of position ellipsoid (P11)
principal axis of position ellipsoid (Py7)
second eigenvector of position ellipsoid (P1)
principal axis of position ellipsoid (P13)
third eigenvector of position ellipsoid (Pq;)
principal axis of position ellipsoid (P{;)
first eigenvector of velocity ellipsoid (Pg9)
principal axis of velocity ellipsoid (Pg2)
second eigenvector of velocity ellipsoid (P9o)
principal axis of velocity ellipsoid (Pgyo)

third eigenvalue of velocity ellipsoid (Pg9)

principal axis of velocity ellipsoid (Py9)

generalized error integrals

covariance matrix of errors in a downrange,
crossrange, altitude coordinate system.
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EPiNpl2

EPNpll }
EPinpl3

NLPiNpl

EPINP22

EPiNp21 }
EP;Np23

NIPnpZ

EPpNp32
EPINP33

NLPiNp3

E PINP3 1 }

EVinpl2
EVINP13

VLVinpl

EVINpll}

EVINP22

EVINP21 }
EVINP23

NLVINP2

EViNp3l
EVinp32
EViNp33

N LVINP3

first eigenvector of position ellipsoid (P INpu)

principal axis of position ellipsoid Prnp17

second eigenvector of position ellipsoid (PINP11)

principal axis of position ellipsoid (P\ 5. 1)

third eigenvector of position ellipsoid (PINPII)

principal axis of position ellipsoid (PINPII)

first eigenvector of velocity ellipsoid (P, 1,.)

principal axis of velocity ellipsoid (P po.,)

second eigenvector of velocity ellipsoid (PINP22)

principal axis of velocity ellipsoid (Pinp22)

third eigenvector of velocity ellipsoid (PINP22)

principal axis of velocity ellipsoid Pinp22)
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3.4 All-Inertial Guidance System Basic Computational Blocks - Block III
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3.4.1.1 Detailed Flow Charts and Equations
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III-1 COORDINATE TRANSFORMATION DEFINITION: TRANSFORMATION FROM
PCI INERTIAL COORDINATES TO IMU REFERENCE COORDINATES

[}

The [C ] matrix is computed to obtain the transformation from the PCI coordinat

system to the IMU reference coordinate system. The [C ] matrix is time varying
in the case of the strapdown and carousel systems, and constant for the inertially

stabilized gimballed system.

INPUT: rl, FZ’ rs "Block IH-.7, 08’ or o9
[A4] (3,3) - Block I
OUTPUT: [C] (3,3)
[ 1 0 o |leosT o wl || cosT T o]
cos 2 ~ 8in 9 cos 1 sin 1 0
[C'l = |0 cosI‘3 sin T, 0 1 0. -sinl,  cosT 0
- T T r r
_0 sin 3 cos 3__1 _sin 2 0 cos 2 0 0 1

[C] = [C'][A,]
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II1-2.3 GYRO ERRORS FOR SINGLE-AXIS PLATFORM

The inertial drift rates d the single axis platform gyro due to unit independent gyro
error sources are integrated to define a 3 x 8 matrix of drift angles, measured about
the reference PCI coordinate axes. The independent error sources are the accelera-
tion insensitive drift rate, acceleration sensitive drift rates due to mass unbalance
along the spin axis and along the input axis, anisoelasticity, and input axis misalign-
ments about the spin and output axes. This form of gyro rotates about the input axis
due to angular rates about its input axis. The matrix Dj accounts for such rotation.
The following sequence of computations is performed for each of the three gyros
i=1,2,3).

INPUT: [C] (3,3) - Block III-1
[M;] (3,3), [Mp] (3,3), [M;] (3,3) - Block B-3
[ag®), ay®), a,®] (3,1) - Block I
[wl, wz, w3] (3,1) - Block III-.7, .8, or .9
Kl’ K2"""K8 - Block A

OUTPUT:  [9,] (3,8), [®,] (3,8), [P,] (3,8)

The total angle measured by the gyro since launch is computed by integrating the rate
about the input axis.

0 '—'.[ wn dt 61(0) =0

The [D{'] matrix defines the changing relationship of the spin and output axis to the
instrument package coordinate system due to rotations about the input axis.

1 0 0 7
[Di] =] 0 cos ei -sin 6i
i 0 sin e1 cos eij

The angular velocities about the instantaneous gyro axes are computed.
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A R
“i wl—1

- ‘ 3,1

“oi [DIIMI] @, | 31
w
“si 3
L B - .

The acceleration along the instantaneous three axes of the gyro is computed.

- -

8 '1

2 x

aOi = [Di][Mi][C] aY .(3,1)
s |2 |

The angular error due to each unit independent error source is computed by inte-
grating the corresponding angular rate in the reference PCI coordinate system.

- - [~ -
- - 0
) 1 oay -ag ajag Wy Wy 0 0K
T. T.T .
(] 3,8 = [ ¢M D lo o0 0 0 0 0 0 0 .
t "
0 0 0 0 0 o o ofllo kK
L JL 8
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III-2.4 GYRO ERRORS FOR THE RATE GYRO

The inertial drift rates for the rate gyro due to unit independent gyro error sources
are integrated to define a 3 x 8 matrix of drift angles, measured about the reference
PCI coordinate axes. The independent error sources are acceleration insensitive
drift rate, acceleration sensitive drift rates due to mass unbalances along the spin
and input axes, anisoelasticity, input axes misalignment about the spin and output
axes, and angular rate scale factor and nonlinearity. This form of gyro has an
elastic restraint upon angular motion about the output axis. The input parameter

is employed to represent this effective spring stiffness. The following sequence
of computations is performed for each of the three gyros, (i =1, 2, 3).

INPUT: [C] (3,3) - Block III-1
[Ml], [M2], [M3] (3, 3) - Block B-3
[aX(t) aY(t) az(t)] (3,1) - Block I
[w1 w, w1 (3,1 - Block III-.7, .8, or .9

2 3]
K, K, ,6, K K_ - Block A

o* Ki» Kgoee e Ky
OUTPUT: [9,] 3,8), [¥,] (3,8), [P,](3,8)

The angular defection about the gyro output axis is defined by:

%1 =~ Koy b 801 ©@ =0
cos 901 0 -gin 901
[Di] = 0 1 0
sin 9 0 cos 0
N Oi OL

The angular velocities about the instantaneous input, output, and spin axis are
computed.

o N - —‘
w
“n 1
w
Wsi ) 3
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The accelerations along the instantaneous input, output, and spin axis are computed.

- T - 8
it 2%
ag; | = IDIIMICIag | @D
i Asi B LaZ |

The angular error due to each unit independent error source is computed by inte-
grating the corresponding angular rate in the reference PCI coordinate system.

- 2 - — ——y
1oay ag apdg ~Wo Wy @y @y | |Ky 0
["911(3,8) = ft CTM’_I‘DT 0 0 0 0 0 0 0 0 ¢ dt
“to ' .
0 0 0 0 0 0 0 0 0 K
i JL 8
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III-2,5 GYRO ERRORS FOR THE TORQUE REBALANCED GYRO

The inertial drift rates of the torque rebalanced gyro due to unit independent gyro
error sources are integrated to define a 3 x 8 matrix of drift angles, measured about
the reference PCI coordinate axes. The independent error sources are the accelera-
tion insensitive drift rate, acceleration sensitive drift rates due to mass unbalance
along the spin and input axis, anisoelasticity, input axes misalignments about the spin
and output axes, angular rate scale factor and nonlinearity. This form of gyro
maintains a fixed orientation with respect to IMU reference axes. The following
sequence of computations is performed for each of the three gyros, (i = 1,2, 3).

INPUT: [C] - Block III-1
M1, [M,], [M,] (3,3) - Block B-3
[a.x(t) a.Y(t) az(t)] (3,1) - Block I

w3] (3,1) - Block III-.7, .8, or .9

[w) @,

Kl’ K2""'°'K8 - Block A

OUTPUT: [v;] (3,8), [w,] (3,8), [9,] (3,8)

The angular velocities about the instantaneous input, output, and spin axis are
computed.

o
“n “1
Woy | = M | @, 3,1
“si “s

L i | ..

The accelerations along the instantaneous input, output, and spin axis are computed.

_ . - -
1 ax
an | = [Mi] [C] ay 3,1)
351 3z

L - L -

The angular error due to each unit independent error source is computed by inte-
- grating the corresponding angular rate in the reference PCI coordinate system.
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III-2.6 ACCELERATION ERRORS RESULTING FROM GYRO ERROR

INPUT:  [p,], [9,], [Pg] (3:8) - Block II-2.3, MI-2.4, or II-2.5
[ax) aY, aZ] (3: 1) - BlOCk I

OUTPUT: [G,,], [Gyyls [Gygl (3:)

The vector acceleration error due to a misalignment ¢ is calculated by applying the
vector relationship Aa = a x@. The calculation of the PCI acceleration error for
each unit independent gyro error source is done in matrix format for each gyro,
i=1,2,3).

0 -az aYW
[Gyl= | a, 0 -a | [9]@38
-a 0
L Y ax ¥y
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III-3.1 PIGA ACCELEROMETER ERRORS

The PIGA accelerometer independent error sources are bias, scale factor uncertainty,
nonlinearity, input axis misalignments about the cross and normal axes, which produce
errors by coupling acceleration and angular rate, wheel speed, and the uncertainty of
the angular rate about the input axis. K| is the accelerometer scale factor that relates
the angular rate about the input axis to the acceleration along that axis.

K12 should be set to zero when using the PIGA error model as there is no cross axis
nonlinearity error source in this instrument. The following computations are performed
for each accelerometer (i = 1,2, 3).

INPUT: [C] - Block III-1
Lg,4, 19,7, [3,) - Block B-3
[ax(t) aY(t) az(t)] 3,1) - BlockI
[wl w, w3] 3,1) - BlockIII-.7,-.8, or -.9
K'1 - Block A

OUTPUT: [71], [72 T, [73] (1, 8)

The accelerations along the instantaneous input, ecross and normal axes of the PIGA
accelerometer are computed.

% 2%
2 | =09;00CT | ay
aNi 2z

The angular rates about the instantaneous input, cross and normal axes of the PIGA
accelerometer are computed.

.. w

Ii 1
Woi | = Wid | w,
“Ni W

The matrix [y;] is a statement of the PIGA error model with unit coefficients. In
Block IMI-3. 4 [y;] is scaled by the constants Kg, Kqq, - .., K;6- This scaled product
is then the matrix of acceleration errors for each unit independent error source.

: : 2 : : : :
= + - - 1 *
vo= (e ey ey an an v K wq, TN T KON Ly @y )
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I11-3.2 PROOF MASS ACCELEROMETER

The proof mass accelerometer error model has as. independent error sources: bias,
scale factor, nonlinearity, cross axis nonlinearity, and input axis misalignment about
the cross and normal axes. The following computations are performed for each
accelerometer (i = 1, 2, 3).

INPUT: [C] - Block III-1
[Jll, (3,7, [J,1- Block B-3
[ag(t) a,t) a, t)] 3, 1) - Block I

OUTPUT: [71], [72], [73] (1,8)

The accelerations along the instantaneous input, cross and normal axes of the
accelerometer are computed.

A A%

ag; | =M9;20C | ay

Ni 2z
The 1x8 matrix ['yifl is a statement of the proof mass accelerometer error model with
unit coefficients. In Block III-3.4, [v;]is scaled by the constants Kg, K19, ..., Kie.
This scaled product is then the acceleration error for each unit independent error
source.
2

_ : : : : 1_':0:0
[v] =11 3y | 8y, 3538¢ ; 2 ; 25 . 0. 0!
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I-3.4 RESULTING ACCELERATION ERRORS IN THE REFERENCE
PCI COORDINATE SYSTEM

The 1x8 matrices [v;] are scaled by Kg, Kj¢, ..., Kjg to define the acceleration
errors for each unit error source. The resulting acceleration errors are in instru-
ment coordinates and are then transformed to the reference PCI coordinates. This
computation is performed for each accelerometer (i = 1, 2, 3).

INPUT: rcl - Block III-1
[Jl], [Jz], [Js] - Block B-3

[71.], [y, s [73]— Block III-3

K9, K10’ ..., K .- Block A

16
OUTPUT: [G,, ) [G,. T [G,1@,8)

K 0

1 -9

T T :

Gy = (€1 9] [g] [v,] .

0 'K
16

(Diagonal Matrix)
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I11-4. 0 ERROR DUE TO INITIAL MISALIGNMENT OF INSTRUMENT PACKAGE

The initial misalignments are measured in a coordinate system which is related to
the reference PCI coordinate system by the [V 1 matrix. The PCI acceleration errors
for unit misalignments are computed here.

INPUT: [V] 3, 3) - Block B.3
(aX ay aZ) 3,1) - Blockl

K . Ko K g - Block A
OUTPUT: [G27] (3,3)
0 -a, ag n K, 0 0
[G27] @,3)=]|a, 0 -a |V 0 18 O
2y % 0 o 0 19
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III-5.0 ARRANGEMENT OF ACCELEROMETER, GYRO, AND INITIAL

MISALIGNMENT ERROR MATRICES INTO THE FINAL G MATRIX

The acceleration error due to unit, independent error sources of the three gyros,
three accelerometers and the initial misalignments are assembled into a single 3, 51
matrix, [G]. These acceleration errors are expressed in the reference PCI

coordinate system.

INPUT:

OUTPUT:

[Gy, 1 [G,, 1 [Gyy] (3,8) - Block III-2. 6
[Gyy 1 [Gyp T, [Gyg(3,8) - Block INI-3. 4
[G27] (3,3) - Block II-4. 0

[(G] (s, 51)

-0 (3,51)
[G]=l:———-,---—-"-“““7 """" ] (6,51)

! [} I
] [}
Ggy1Ggg 1CGgg 1Gyy Gyg | Gyg Gy,
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[II-6.0 SELECTION OF STATE TRANSITION MATRIX AND
CALCULATION OF VELOCITY AND POSITION ERRORS

A simplified state transition matrix is defined in this block. The value of FLAG F is
used as a criteria for selecting either this simplified model or the more complex
state transition matrix computed in Block II and inputted to Block III on the reference
trajectory tape. The matrix [Q] (6,51) of position and velocity errors is obtained by
integrating the transformed [G] matrix.
INPUT: rG(t)1 (6,51) - Block IlI-5

"1 (6.t ) (6 6) - Block II

to, FLAG F - Block A

OUTPUT: [Q] (6,51)
-1
3Gt (6 46)

C 1 0 0 1 =(t-t) 0 0
o 1 0 , 0 -(tt) O

o 0o 1 0 0 -(¢t-t)

éil(t,to)(BlockIII)z ;";“B"T'“;“"‘;""';“
o o o 0 1 0

Lo o o 0 0 1

-1 -1
Select " (t,t) = &, (.t )(Block1l) FLAGF =1

"

@'11 (t,t ) (Block IIN) FLAG F = 0
t

£ -1
j 8t t) Gt

t
o

Q

L]
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III-7 COVARIANCE MATRIX OF VELOCITY AND POSITION ERRORS;
MAGNITUDES AND DIRECTION COSINES OF THE PRINCIPAL

GENERAL MOTORS CORPORATION %)

AXES OF POSITION AND VELOCITY ERROR ELLIPSOIDS

The calculation of the covariance matrix of position and velocity errors at the final
point of the reference powered trajectory is done in this block. The initial covariance
matrix of position and velocity errors, [Pg], is combined with the scaled position and
velocity errors resulting from inertial guidance system error budget. The eigenvalues
and eigen vectors of the submatrices Pj1 and Pgg are computed to define the magnitude
and direction of the principal axes of the position and velocity error ellipsoids. These
values and the [P] matrix are outputted in the reference PCI coordinate system.

INPUT: [Q] (6,51) - Block III-6 T - Block A
\i i=1,2,...,51-Block A V - Block A
[Pg] (6,6) - Block A
@II (tgs t) (6,6) - Block III-6
OUTPUT: [P] 6,6), [%2 (t,t,)] (6,51), [PiNp] (6,6)
EP11, EP12, EP13 ~\LP1 EPiypll, EPypl2, EPyypl3
EP21, EP22, EP23 \LP2 EPINP21, EPINP22, EPINP23
EP31, EP32, EP33 \LP3 EPINP31, EP[NpP32, EPINP33
EV11, EV12, EV13 \LV1 EViNpll, EViNpl2, EViNpl3
EV21, EV22, EV23 ~“LVZ EViNp21, EVINP22, EVINP23
EV31, EV32, EV33 \LV3 EViNp31, EViNP32, EVINP33
8 S
: ’ = ’ $ ’
COMPUTE 8, (tet ) L t) £ L (& to) Gt
(o]
P ) E) [P 8 (t,t)+8 (t,t M
= +
[P] (6,6) 1 G t) [P (bt ) + 2, (., t )
0
P (3,3 P (3,3
[Pl = oot
P, (3,3 P,,(3,3)

NLPINP1

~LPINP2
NVLPINP3

VLVINP1
NLVINP2
NLVINP3

0
T
@2 (test )

A
51
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b r \7 I_jv —1’
U = —*%- g = me) =
P Ir X V| _p : l
U K
r
g
|r|
INP | 0 T |
U, = U x0_ l:PINP‘I = (NP 0 gy NP0
P - 0 1 INP o | InpT
FIND: 1. eigenvectors of [P11] (3,3)

EP11, EP12, EP13
EP21, EP22, EP23
EP31, EP32, EP33

2. each of the eigenvalues associated with the eigenvectors

LP1, LP2, LP3

3. eigenvectors of [Pos] (3,3)

EV11, EV12, EV13
EV21, EV22, EV23
EV31l, EV32, EV33

4. each of the eigenvalues associated with the eigenvectors
of [P22] (3,3)

Lvl, LvZ, LV3

5. the principal axes of the position error ellipsoid

NLP1, NLP2

b

NLP3

6. the principal axes of the velocity error ellipsoid

NLV1, NLV2 , NLV3

Same (1 through 6.) for [PINP]
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III-8 BUDGET SET UP

IR

This biock reads in the new budget,[P,] matirix and heading and repeats block III-7.

3-63



AC ELECTRONICS OIVISION GENERAL MOTORS CORPORATION %)

4.0 USER'S GUIDE: BLOCK III

A guide to the use of simulation program 117. 1, Block III, is presented. Program
117. 1 provides the capability for the error analysis of an all-inertial guidance system
during a boost trajectory. The boost trajectory data is assumed to be previously
generated by program 118.0 or other programs. The guide gives a detailed explana-
tion of the input required to specify the type of guidance system, inertial instrument
error model, inertial instrument orientation, acceleration and angular rate environ-
ment and error budget.

The program outputs are the position and velocity errors at the end of the boost
trajectory, both in the form of a covariance matrix and as position and velocity errors
due to each of 51 independent error sources. The covariance matrix is presented in
both the PCI coordinate system and in a downrange, crossrange, altitude coordinate
system. An example case is included to illustrate the use of the program.

The function of Program 117.1 is to calculate a statistical estimate of the velocity and
position errors due to the use of an all-inertial guidance system during a reference
powered trajectory. The existence of a magnetic tape record of the reference powered
trajectory as generated by Program 118.0 will be assumed.

References will be made to the input sheets for Block III, as well as to the block
diagrams and equations of the program.

4.2 PROCEDURE
The program requires that the user select and define by input the following:

1. Type of inertial guidance system,
2. Type of gyros and accelerometers,

3. Geometrical orientation of the space booster, the platform, and the instru-
ments in a reference planet centered inertial coordinate system (PCI).

4. Covariance matrix of initial position and velocity errors,
5. Reference trajectory,
6. Program control parameters.

These quantities are defined by entering the appropriate input on the set of 17 input
sheets.
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It is the purpose of this guide to clarify and emphasize the program requirements in
terms of the actual input quantities in order to assist the program user to achieve the
desired and correct program operation. '

4.2.1 Input Sheets

All input data, except for the magnetic tape trajectory record, is entered on the set of
17 input sheets. A complete data deck, as defined by the input sheets, is required for
the first run of a set. Additional runs only require the input of the data that is different
from the input of the preceding run.

The integer in column 1 specifies the data array and the integer in columns 3,4 and 5
specifies the location of each input in the array. Data may be input in floating point
with or without exponential notation in columns 11 through 72 using the existing forms
provided. The data may also be entered in octal form by changing the "DEC" to
"OCT". Data words are separated but not terminated by commas (,) and an optional
asterisk (*) or column 73 will terminate data on a card. Data words are read into
consecutive locations in an array.

The input sheets contain tabular input for the Euler angles ni(t), Na(t), Ng(t) and the
angular rates wj(t), wa(t), and wg(t). For every system configuration, gimballed,
strapdown or carousel, a minimum input is required in these tables. The minimum
input consists of tmin, tmax; and four data points, tymin, X, tmax, Y; where X and Y
are arbitrary values for inertial or strapdown systems. For carousel systems, up to
27 time points can be entered, and they need not be at uniform time intervals. The
last table entry should be selected at the time t = t4x = tf.

4.2.2 System Specification

The selection of the type of inertial guidance system is made by the input Flag A (page
17 of input sheets). This flag defines the manner in which the inertial measurement
unit (IMU) is oriented and the angular velocity environment of the IMU. For a
gimballed system, Flag A = 0; for a strapdown system, Flag A = 1; for a carousel
system, Flag A = 2. Flag entries are a decimal integral value and if a value not
specified by the program is entered an error return results and the computer run is
terminated.

4,2.3 Inertial Instrument Selection

The selection of the instrument error model, corresponding to the type of inertial
instrument specified, is accomplished by setting Flags B through E (page 17 of input
sheets). The values of the flags for different instruments are shown in the Level II
and III flow charts and in the Input Data listing. The instrument error models consist
of drift rate error equations for the gyros and acceleration error equations for the
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accelerometers. Flag entries are a decimal integral value and if a value not specified
by the program is entered an error return results and the computer run is terminated.

In the present program formulation, there are no two-degree-of-freedom gyro error.
models, but the program control has provision for the inclusion of such models. Two
instrument-dependent parameters, Ko and K'3, are entered on page 1 of the input
sheets. K, is a rate gyro parameter related to the effective spring restraint on
angular motion about the output axis. K, = 0 corresponds to an infinitely stiff spring
constraint. K'j is a PIGA parameter relating acceleration error to that component of
cross and normal axis angular rates sensed by the input axis when an input axis mis-~
alignment is present. The value of K'; is the acceleration scale factor of the PIGA,
with nominal units of (ft/sec2)/(rad/sec).

The selection of instrument error models appropriate to various trajectories is left
to the engineer's judgment.

4.2.4 Geometrical Orientations

4.2.4.1 Reference Inertial Coordinates to Reference IMU Coordinates

The relationship between the planet-centered inertial coordinates (PCI) and the refer-
ence IMU axes is specified in three different manners, depending upon the value of
Flag A. The reference IMU axes are a right-handed orthogonal triad labeled [pitch,
yaw, roll].

If Flag A = 0, a gimballed system is specified and the transformation from PCI
coordinate to IMU reference coordinates is given by the matrix [A4]. [A4]is input to
the 117. 1program from the reference trajectory tape. [A4] relates the PCI coordin-
ates to the initial (t = 0) orientation of the pitch, yaw, and roll axes of the space
booster. These orientations are controlled by space booster input. The A4 matrix is
a constant matrix and hence simulates the function of a gyro-stabilized gimballed IMU.

If Flag A =1, a strapdown system is specified and the relationship between PCI
coordinates and the reference IMU coordinates is time varying. The time-varying
matrix is defined in Block III-1 and is a function of three Euler angles: Fl,FZ, 1"3,

and the matrix [A4]. The Euler angles are the gimbal angles of a three-gimbal plat-
form and are input to the program from the reference trajectory tape. The angular
rate environment of the IMU is also input to the program from the reference trajectory
tape as angular rates about the reference IMU coordinate axes.

If Flag A = 2, a carousel system is specified and the attitude of the IMU reference
coordinate is defined by the same time-varying matrix as for a strapdown system,
except that the Euler angles are not specified by the program user as time-varying
tabular input of the Euler angles, n; =I'1; Ny =I'g; and ng =T'3. In addition, the
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the inertial angular rates about the reference IMU coordinates are also inputted as
tabular functions of time. There is one constraint when using this mode, that the time
history of the Euler angles is consistent with the tabular inputted angular rate.

4.2.4.2 IMU Reference Coordinates and Inertial Instrument Coordinates

The rotational transformations relating individual inertial instrument reference axes
to the reference IMU coordinates are constant transformations. There are three trans-
formations for the three gyros [M;], and three transformations [J;] for the three
accelerometers. Each transformation is defined by three Euler angles; hence a total
of 18 Euler angles are needed to define the orientation of a set of three gyros and three
accelerometers. Each instrument has a right-handed orthogonal triad associated with
it: the gyro's triad is (input, output, spin); the accelerometer triad is (input, cross,
normal). These transformations are defined in the Initialization Block B. 3.

4.2.4.3 Initial Alignment Coordinate System

In specific system applications, initial alignment errors are specified in a coordinate
system of convenience; e.g., a prism mirror, theodolite system that is not aligned
with any of the preceding coordinate systems. The transformation [V], also defined
in Initial System Block B, relates the PCI system to the coordinate system in which
the misalignment angles are given. The [A4] matrix and three Euler angles are used
to define the [V] transformation.

4.2.5 Initial Covariance Matrix P, and Error Budgets

4.2.5.1 Initial Covariance Matrix [P,]

The covariance matrix [Pg,] of initial position and velocity errors can be inputted
directly on the input sheets. The units of P, elements are designated on the input
sheets and are specified in the PCI coordinate system.

4.2.5.2 Error Budget

The error budget input consists of two parts: the first is the set of 19 conversion
constants Ky..... K19 which are used to scale and properly dimension the drift rate
error matrices [p], [®g], and [¥3]; and the acceleration error matrices [Y1],[Y2a],
and [Y3]. These 19 conversion contants must be consistent with the units of the

error budget proper, Aj..... A51; e.g. (meru's)2, ug's2 [degrees/hr/g)]2, [arc-
seconds]2, etc. The use of conversion constants permits the error budget to be
entered directly in convenient units. This convenience puts an added responsibility

on the program user, but use of the program at AC Electronics has justified this pro-
cedure. For this reason, the units for K1,..... ,Kigand Aj..... A51 are not specified
on the input sheets. The error budget values are entered as variances (02) , not as
standard deviations (10). In general, Kj is of the form A/B where A provides the cor-
rect dimension, either rad/sec or ft/sec2 to an element of the error matrix; and B is
the scaling into units of the 10 error source.
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4.2.6 Reference Trajectory and State Transition Matrix Definition

A o N NDAE -
‘Toe Lo U, 1 IVWCITLCOIIVT 11

The interface with the reference trajectory is only concerned with the selection of the
proper reel of tape, which is a function of the computing facility procedure and the
selection of the desired trajectory on that reel of tape, since several reference tra-
jectories can be recorded on the same reel of tape. Such trajectory selection is made
by a run number identification and requires a coordination of information between the
user of the error analysis portion of 117. 1 and whoever has made the reference tra-
jectory tape. The run number must be a decimal integral value r, 1. < r < 100. and
is entered on the input sheet on page 1.

4.2.6.2 State Transition Matrix

Flag F is used to select the state transition matrix model used in the calculations:
Flag F =1, selects a state transition matrix that is input on the reference trajectory
tape. This state transition matrix is formulated for the reference trajectory in an
inverse square, spherically symmetric, planet-centered gravitational field. This
formulation supplies what is termed "gravity feedback"™ in the calculation of the co~-
variance matrix P.

Flag F =0 selects a simplified format for the state transition matrix, which is calcu-
lated in Block III-6 of 117.1. This state transition matrix is constant with respect to
position and does not provide a coupling of position errors into gravity errors, as does
the alternate formulation. The input tq (sheet 1) is used in this matrix and is set equal
to the time of the first trajectory record, which will, in general, be zero.

The use of Flag F = 1 is recommended as it will always provide the most accurate
result and its use does not increase computer run time.

4.2.7 Program Control

Input other than data specifying the physical system and its environment is classed as
program control data. Program control type data are the Rank, heading, At, tf, N,
Flag G, Flags 1 through 7, BUDGETS, PUNCH, and TAPE option.

The Rank input controls the amount of printed output and is discussed in Section 3.0
At is the input integration step size and is functionally related to the input N. Nis an
integral number input which prescribes the number of reference trajectory data points
which are skipped as input to the program. For example, N = 1 will control the read-
ing of the reference trajectory tape so as to input the first, third, fifth, seventh, etc.
data points on the tape to the program. N = 3 will input the first, fifth, ninth, etc. ,
reference trajectory data points. The integration routine in the program will select
the minimum (At, time between input data points) as the actual integration step size.
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Therefore, it is usually satisfactory to set At equal to the time interval between nom-
inal input data points of the reference trajectory. If a carousel system is employed,
it may be necessary to decrease At to accurately integrate over the inputted tabular
values of nl, 172, 113, wl, wz, and w3.
The computer time used by 117. 1 is proportional to the actual integration step size
defined by a Atand N. Values of At and N, resulting in integration step sizes of 2 to
8 seconds have been found satisfactorily accurate for various space booster trajectories
at AC Electronics. Larger At's are used when the trajectory has acceleration and
angular rates that have small variations in magnitude and direction. The large accel-
eration discontinuities at staging may be skipped if N # 0. It is recommended that N = 0
for any space booster trajectories that involve staging.

The final time t; is nominally set to the last time on the reference trajectory record.
In certain cases, it is extremely difficult to stop the reference trajectory run at the
terminal condition desired, hence a procedure of letting the run proceed beyond this
condition is used. An examination of the trajectory record determines the time at
which the desired terminal condition is met and this value is used as tf in Block III

input. tf need not be a reference trajectory record time; any time less than or equal
to the final record time is the only criterion for tf.

Flag G controls the output print of ¢ (t,, te). This print is not controlled by Rank
input.

Flags 1 to 7 control data dumps at various points in the program cycle. Flags 1 to 6
set equal to 1. will trigger a data dump after each calculation of Blocks ITI-ItoIII-6,
respectively. These dumps occur at each integration step. (See Level II Flow Chart
in Preliminary Program Description.) Flag 7 = 1 will trigger a data dump after
Block III-7 which occurs once only for each run. Flags 1 to 7 are used primarily for
a programmer's diagnostic purposes, although Flag 7 can also be used to obtain cal-
culated data that is not in the regular output.

BUDG specifies the number of budgets to be used on a single specified system and

a single trajectory. This input is only necessary on the first run of the set. (BUDG
2 1.) This option allows varying budgets witiout integrating through the entire tra-
jectory each time.

The punch option provides data output on cards of the final P-matrix or the &5 matrix
or both. An input of 0 means no punched cards desired, 1. provides the P-matrix
only, 2. provides the ¢9 matrix only and 3. provides both. The P-matrix (6x6) is out-
put row wise 3 toa card and the &, matrix (6x51) is output column wise 3 to a card.

The tape option provides a means for reading the tape only, performing the error
analysis only or both. An input of 1. provides the error analysis only, 2. provides

reading and printing of the tape only and 3. provides both.

4-6




AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION %é

The second type of input required are the computer control cards.

At the end of each data set is an "END" card and at the end of final data set a "FIN"
card is also used. The runs can be stacked withthe very first run consisting of a complete
input deck as specified by the input forms. Succeeding input need only be the data

which is different from the preceding run. When the budget option is used, succeeding
data can consist of a heading and changed budget inputs only.

The sequence of runs to be made by stacking input in this fashion must utilize refer-
ence trajectories that are all on one tape.

4.2.8 Program Output

The program printed output is controlled by the Rank input. The printed output carries
a Rank value with its descriptive title. For Rank = 0., the output consists of tg, [©1]
(3x8), [¥a] (3x8), [v3] (3x8), P(6x6), the magnitude and direction cosines of the
principle axes for both the position and velocity error ellipsoids, the PINP (6x6) and
its associated error ellipsoids.

For Rank = 1., the punched card input is printed in addition to the output for Rank = 0.
For Rank = 2., the [A4] matrix and the actual data points used from the reference
trajectory tape are printed in addition to the output for Rank = 1.

The arrangement of output and the titles are self-explanatory with the possible excep-
tion of the direction cosines of the principle axes. The direction cosines are listed
directly below the corresponding magnitude and are ordered in an X, Y, Z sense.
These cosines are defined with respect to the reference PCI coordinate system for the
[P] (6x6) and with respect to the downrange, crossrange, altitude system (defined by
the final position and velocity vectors) for the [P[NP] (6x6).

4.2.9 Example

As an example of the use of program 117.1, two runs, selected from tradeoff studies
of strapdown inertial guidance systems, will be described in detail. The reference
powered trajectory is a deboost maneuver prior to earth atmospheric re-entry. The
trade-off studies varied error budget magnitudes and type of gyros to determine the
relationship to re-entry accuracy. A copy of the program output for this example is
given in Paragraph 4.2.9.7.
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4.2.9.1 Guidance System Specification
A strapdown system is specified by setting Flag A = 0.

4.2.9.2 Inertial Instrument Specification

A proof mass accelerometer model was selected by setting Flag E = 2,
of-freedom gyros were selected by setting Flag B = 1.
pared in the tradeoff studies. One run for each type is included in the attached
example. The first run uses a single-degree-of-freedom platform gyro (Flag D = 3),
the second run uses a rate gyro (Flag D = 2). The rate gyro parameter K, was set
equal to zero. Flag C is set to 1. 0 to avoid an error return as 0 is an illegal entry
for Flag C.

Single-degree-
Two types of gyros were com-

4.2.9.3 Orientation Geometry

In the strapdown system, the orientation of the IMU reference coordinate system is
done automatically by the program as it selects the gimbal angles from the trajectory
tape as values for the Euler angles T';, T'g, and '3 which define [C'] (3,3). The engin-
eer must define the orientation of the six inertial instruments with respect to the IMU
reference coordinates by inputting six sets of Euler angles; a;y, @j2, @3 (i =1,2,3)
for the three gyros and ¥i1, ¥j2, ¥i3 (i = 1,2,3) for the three gyros. In these example
runs, instrument orientations along the reference body axes were defined by choosing
the values given in Table 1. The units of angle are radians. These values were

GYROS ACCELEROMETERS
: %1 %o %3 Yiy Yio Yis
1 0. -1. 5707963 0. 0 ~1. 5707963 0
2 0. 0. 1. 5707963 0 0 1. 5707963
3 || 1.5707963 0. 1.5707963 || 1.5707963 0 1. 5707963
Table 1

determined by aligning the I, O, S axes for gyros or the I, C, N axes for accelerom-
eters along the Pyg, Y5, R 2xes, respectively, and defining a set of Euler angle
rotations which result in the desired orientation with respect tothe P__, Y AO’ R 0

axes. The orientations defined in Table 1 puts the input axis of gyro {\%. 1 a(l)ong ?he

roll axis, gyro No. 2 input axis along the pitch axis, and gyro No. 3 input axis along
the yaw axis. The accelerometers have the same orientation.
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The initial misalignment axes were selected to be the Pyg, YaQ, RpQo axes by setting
B11 =812 = B13 = 0. A minimum input of 4 entries is required in the tables for nit),
nz(t), n,3(f.); (_gl(t), wz(t), and c,,)3(t) to avoid error return on table reading logic,

4.2.9.4 mitial Covariance

The initial errors in position and velocity were defined to be zero by setting each
element of [Po] equal to zero in the input sheets.

4.2.9.5 Error Budget and Conversion Constants

The specification of values for the error budget variances Aq,... »Ag51, and the
conversion constants is dependent upon the units selected for the error budget. The
basic unit of gyro drift error budget was selected to be the meru [1/1, 000 of earth
angular rate, equivalent to 0. 015 degrees/hour ]; the basic unit of accelerometer
error was selected to be the ug [(1/106) (32. 174 ft/sec2)]; and the arc-second is the
unit of angular misalignment. With these as basic units, the error budget units are:

GYRO
A 1~ (meru)2 bias drift rate
7\2 - (meru/ g)2 mass unbalance
Ag (meru/ g)2 mass unbalance
2.2 . s
Ay (meru/g") anisoelasticity
AS - (arc-sec)2 input axis misalignment
7\6 - (arc-sec)2 input axis misalignment
-6 2 .

7\7 - (10 ) rate gyro scale factor uncertainty
AB -[10 6/(rad/sec) 12 rate gyro nonlinearity
>‘9 - x16 second gyro
7\17 - )\24 third gyro
ACCELEROMETER

2 . .
7\2 5™ (ug) bias acceleration error
A 26 = (Ug/g)2 scale factor uncertainty
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2.2
Ao = (ug/g")

2.2
Aog ™ (ug/g )

2
A_ . — (arc-sec)

29

2
A, = (arc-sec)

30

A A

41~ "48

input axis nonlinearity

cross axis nonlinearity

input axis misalignment

input axis misalignment

for proof mass accelerometer
for proof mass accelerometer
second accelerometer

third accelerometer

INITIAL MISALIGNMENTS

2
A A_, A__ - (arc-sec)

49’ 50’ 51

With this choice of units, the values of K1 - K

 7.2921149 x 10"

19 are:

K

1 1000

 7.2921149 x 10 "

- 7.2921149 x 10 ° (rad/sec)/meru

2~ (1000)(32. 174)

= 2.2646320 x 10”7 (rad/sec)/ (meru/g)

K_ = 2.2646320 x 10 ° (rad/sec)/ (meru/g)

= 7.0330184 x 10" 11 (rad/sec)/(meru/gz)

K = 4.8481368 x 10™° (rad/sec)/arc-sec
-6 6
10 ~ (rad/sec)/ (10 rad/sec)

1078 (rad/sec)/(rald/sec)2 10 6/ (rad/sec)

=3.2174 x 10_5 (ft/secz)/ug

Ky = K g
K o 7:2921149 x 10
4 (1000)@32. 174)
K, =K,
K, =
Kg =
K, - 32. 124
10
-6 2 2
K, = 10 (ft/sec”)/ (ft/sec”) (ug/g)
1
K=K~

=3, 1080997 x 10’8 (ft/secz)/ (ftz/ secz)(ug/gz)

(32.174) 10
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-6 2
K13 = K14 = 4.8481368 x 10  (ft/sec )/(ft/secz)(arc-sec)
K 15° K 16 {not used in proof mass acecelerometer model)
-6
K17 = K18 = K19 = 4,8481368 x 10 = (rad)/(arc-sec)

The error budget magnitudes that are entered on the input sheet were selected by the
engineer, and are entered as variances (10)

4.2.9.6 Program Control

The reference trajectory is characterized by "smooth" behavior of acceleration and
angular rates. The data points on the reference trajectory tape are at 2-second
intervals. Therefore, a large effective At may be used to obtain accurate results.
Input values of At = 8. and N = 3. were selected to produce an actual machine At of 8
seconds as the time interval between input data points is also 8 seconds. to = 0. and
tf = 418. were values corresponding to data points on the reference trajectory tape.

A run number corresponding to the run number of the reference tape is input as 6.
The input data deck was assembled in the following sequence, since two successive

runs were desired.

Data for run 7D-SDF-10-30
END
Data for run 7TE-RATE-3- 10
END
FIN

4.2.9.7 Output

The actual output for the example just described is reproduced in this paragraph.

The amount of output is controlled by the Rank input which was set to 1. 0. This value
gave all the output except the print of the reference trajectory data which had previously
been recorded. All punched card input is printed and the computed output of [col] (3x8)
(i=1,2,3) and [P7 (6, 6) with the principal axes of position and velocity error ellipsoids
and their orientations is given; e. g., inthe first run the largest position semi-axes is
505. 23602 feet, and has direction cosines -0. 22361882, 0.83163428, and -0. 5083090991
in an XY Z ordering in the PCI coordinate system.

Flag G was set at 1. 0 to obtain an output of 32(tf, to) (6,51). This output is actually

printed in (51, 6) order to conform to the dimension of machine paper. This matrix
shows the position and velocity errors due to the 51 independent error sources.

4-11



GENERAL MOTORS CORPORATION <%7>

AC ELECTRONICS DIVISION

1400V1v0 aN3

0%00vivda “0*0*°0%-0*" 0%°0 230 1 6 319NIS
6€00V1VC D RS ERF AR AR RS R S ETUNN | 3  379NIS
8E00VIVQ *0%"81%*°0%°0 730 90€ L ITINIS
LEOOVIVQ “g81%*°0 230 10€ L 3ONIS
9€£00VIVQ _ *0*°gI¥4*0%°0 23Q 992 L 3ITINIS
SE00VLIVa °gI%**0 230 1%Z2 L 3ITINIS
»€00VIVQ *0'*g1v4°0%°0 230 981 2 IIINIS
£E€00VLVQ “gI%¢°0 930 181 L 3IWHNIS
2€00VivQ *0¢°81%%°0%*0 230 921 ¢ 319NIS
1£00V1V0 *gl%*°0 230 12U L 3JIINIS
0€£00V1va e *04°81%%°0%°0 230 99 L JFIINIS
6200V1VQ *gly*°0 230 19 L 3ITONIS
8200V1vQ o - *0¢°g1%%"0%°0 230 9 2 3IINIS
L200Vive *gl%**0 230 1 L 379NIS
9200V1vQ *0**0*°0*"0%°0%°0 230 1€ 9 3IIONIS
6Z00VIVU “0*°0°"0°°0°°0°"0 230 sZ 9 3IINIS
$200V4ivQ - *0*°0%*0%=0%°0*"0 230 61 9 3ITONIS
€200ViV0 *0f*0%"0%*0%*0%*0 230 €T 9 ITINIS
2200vV1ivd "0**p*-0* 0¢*0 930 L 9 3I9NIS
1zZooviva *0**0%**0**0*"0*"0 230 1 9 3I9INIS
0Z200V1VQ *0¢*0**0 230 61 S 3IINIS
6100V1iVQ €961016-1°°0°€96L0L5°T 230 91 6 3IINIS
sloovave o €9610165°1°°0°°0 230 €1 S IIINIS
L100vivda *0%€962025°1-**0 230 01 S 37INIS
9100ViVG .  £961025°1%*0%€961025°1 230 L S 3TINIS
S100Viva €9610.6°1¢°0%°0 230 % & 3JIONIS
$100ViVQ *0'€961026°1-%"0 23a 1 S 3T9NIS
€100ViVvQ *006°°006°°006 230 6% ¥ 319NIS
2100vivd *04°04"9€**9€**0*"00%*°006%* 00001 D30 1% & 3IIONIS
1100viva 08 0t 9gtce 0 004 *006%**00001 J30 €€ % ITONIS
otoovive __ *0*D**9E*°"9€£°°0*°00%*°006%*°CO00T _J3Q SZ % 3IINIS
6000V 1VQ S0000%9° "6z 9g s ogt 9gscigtegeeteor 271 LT % 3IINIS
8000V1ivd 0000494 *GZ4 9Et 9 9E4°184°622¢°9¢ = 6 »  319NIS
4000vVivQ “0000%9% gt ogt9g ¥ og i 1ef="622 "9 D30 1 A4 JIONIS
9000V 1IVQ o G-3B9ETEYEH 4 G-IR9F IRYBY " *S-389€TBYBY° 330 L1 € ITINIS
S000Viva 9L 1493 196-3¢9¢18%8% " TG -389€18b8Yy* 230 €T ¢ 31INIS
%000V LV0 1-31L66080T€°4 L~ u~ooovo~m..o I°1¢4-3212€° 230 6 € 3IIINIS
toooviva G-3°1%6-3°1%GC-499€187E% 16 -369¢€18%R¥* 330 ¢ € 3 ONIS
2000V1vQ o_-wom_omnoh..mumommo¢o-..m -302€94%922°41-316112622° 930 1 € 3I9NIS
T000VIVQ RS R L LR R A LT P RS KAl R AT I T ] FAEERELE
0000V 1VQ 01-£ 1390Nn9 W3ILSAS OY¥A9 31vy 32°* 179 1 T 379NIS

4-12




N

GENERAL. MOTORS CORPORATION %>

AC ELECTRONICS DIVISION

€0 3000060006°0
1S VCOgWYTT

€0 30060000670
0G2VAaHWYIT

€0 300000006°0
692VCAWYTIT

8€-300000000°0

8€£-3000C85000°0

20 30000009¢°0

20_30000009¢°0

8€-300000000°0

€0 30000000%°0

8yxVOAWV T

LyxVOBWYIL

9YxVAEWVTL

SHEVALWVYTT

Yy V0GRV TT

€7 2VOeWVYTL

40 30000006%°0
CYs¥QENYIL

S0 300000001°0
TYsvV08WVTL

8€-300000000°0
OY*VOBWYTIT

8£-~300000000°0
6ExVORWVIT

20 30000009¢°0
8E€aVABkVIL

20 30000009€°0
LEXVOBWVY T

8€£-300000000°0

€0 30000000%°0

%0 30000006%°0

S0 300000001°0

8€-300000000°0

8¢—-300000000°0

SE&VABHYIT

SEsVAEWY L

YExVOERVTT

EEAVARWYIT

ZExVOIWYIT

TE4VA8WYIT

20 30000009€°0
OE*VAIWVIL

20 30000009€°0
622V08WVIT

8€-300000000°0
_BZ#VAEWVIT

€0 30000000%°0
LZ¥VOARNVTT

%0 30000006%°0
9ZxVOEWYIT

60 300000C0T°0
S2ZxVOInvl

90 30000004%9°0

20 _3000000%2°0

20 30000009€°0

¢0 3000C009€°0

20 _30000009¢°0

20 300000018 °0

Y2*VOERVTT

€2*VOBKV L

22*VOENVIT

122VOAORVIT

0Z22VACWVIL

614VGIWV T

€0 300000522°0
BUsYA8WVII

20 30000009¢°0
L1 2VAGWV L

90 3000000%9°0
9T12V0EWYIT

20 300000062°0
STxVOBWVTT

¢0 30000009€°0
Y1aVOaaWY T

20 30000009¢€ *0
€ 12V08HY T

20 30000009€°0

20 300000018°0

€0 300000622°0

20 300C0009€°0

90 300000049°0

20 _300000062°0

ZlaVQEWVIL

TT&VAQWYIT

OT*VUBWVYIT

€ #VOeWVl

8 *VABWVIT

L V08wV

20 30000009€°0
9 *VOgKVYI

Z0 30000009€°0
S *VQRWV 1T

20 30000009€°0
% sVAEWVIL

20 300000018°0
£ *VOBRWVIT

€0 300000622°0
Z AVaanvl

20 20000009€°0
1 2v0EWVIT

S0-389€19%8%°0

S0-389¢18484°0
Tl

S0-389¢€18%8%°0
L1sNY

$0-300000001°0
TNl

61eN1

" 60-300000001°0
: STl

$0-389¢184%8%°0
kAL ]!

S0-389€18%8%°0
€TaNT

L0-31660801€°0

10-31660801€°0

»0-30000212€°0

$0-300000001°0

$0-300000001°0

FAT 1

TTed1

S0-300000001°0
: [REPD

$0-389€1898%°0
9«1

50-389¢18%8%°0
Sadl

01-36810€€0L°0
\i 22!

10 300000001 °0

8¢£-300000C00°0

6841

ES RS

L3NY

80-302€9%9Z¢°0
€Nl

80-302€9%922°0
4.2

"10-315112621°0
T#d1

10 300000001°0

10 300000009°0

8€-300000000°0

1d0 3dvil

140 HINNGIT

61-300000000°0—
Ol

10 300000007°0
ANVYEL

JOVd

" 10 300000060€°0°
M

B EEIGER
~ 7 78€-300000000°6
INTY TeNT

NA Y1

Oxll

€0 30000081%°0
TUNTS 1T

10 300000008 °0
1 v1l3at

01-€ 1390N8° WILSAS O¥AY 3LVE I

4-13



GENERAL MOTORS CORPORATION <55552>

AC ELECTRONICS DIVISION

8€-300°0 B£-300°0 8€-300°Q___ _ . ___9€-300"0 .. _ _  8€-300°0__._.____ _8€=300%0__ __ ___ _8€-300°0__
L ov1dT 9 ovi31 S 9v141 v 9v131 € 9v14l Z ovdt 1 9v3T

10 301°0 10 301°0 10 302°0 10 30Z°0 10 30170 10 301°0° “ 1o 301°0
9 9V 3 9v141 3 9vd1 a 9v131 3 9v131 g 9v1d1 v_OvVHT

8€-300000000°0

8£-300000000°0

f€-300000000°0

9¢90%d1

S490#d1

$490%d1

8£-30000000070

8¢£-300005000°0

8€~300000000°0

€490%d1

T ZY90%d1

1%90#d1

8€-300000000°0

8€-300000000°0

8€~300000000°0

8€-300000000°0

2€-300000000°0

8€-300000000°0

9460841 S460+d1 $4602d1 €460xd1 2460%d1 1460%d1
8€-300000000°0 8€-300000000°0 8€-300000000°0 8€-300000000°0 8€-300000000°0 8¢-300000000°0
9'404d1 S¢v01dl %4408d1 €44 0xd1 289 0%dl 1¢40%d1

8€-300000000°0
9°€02d1

8€-300000C00°0
S*€02dl

8€-300000000°0
Y4€0%d1

8€-300000000°0
€4€0%d1

8€-300000000°0
2'€0%dl

8¢€-300000000°0
T4€02d1

8€-300000000°0

8€-300000000°0

8€~-300000000°0

8€£-3000600C0 0

8€-300000000°0

8¢€—-300000000°0

9$20%d1

§4202d1

$420%d1

€420ad1

2%20%d1

1320%d1

8€-300000000°0
9°10%d1

8€-300000000°0
$410#d1

8£-300000000°0
Y¢104d1

8€-3C0000000°0
£4102d1

8€-300000000°0
Z2410%d1

8¢€—-300000000°0
1410%d1

(9X9IXIYIVHW Oxdl

8€~-300000000°0

8¢£-300000000°0

8€-300000000°0

€4 T1#V1301

2412v1341

T¥Tevi3al

(EXEIXTYLIVW V1381

10 3€9610151°0
€°€215d1

‘#€-300G00000°0
24ex1Sdl

10 3€96L0LS1°0
TeslSdl

10 3€9610251°0

8€-300000000°0

8€-300000000°0

€4Z21SdT

Z2%2%1Sd1

1%2+1Sd1

8€-300000000°0
€4121Sd1

10 3€96L02ST1°0~
241x1Sd1

8€-300009600°0
1411541

(EXECIXIYLIVW ISdIT

10 3£9610L51°0

6£-300000000°0

10 3€96101S1°0

€TCaVHA IV

ZTExVHA VT

T¥exVHd VT

10 3€96120261°0
€4Z22VHITIV]

8€-100000000°
¢t 2VHAIVI

#£=300000000°0
1'2svHIWVI

8€-300000000°0

10 3€9610151°0-

8£-300000000°0

€S TxVHdIVI

T¥TVHAIVI

TTEXETXTUIVH VHAWI

4

B L

O0T=-¢ I30aN¥ WILSAS DYAT IIVYE 3JL

4-14




Zz
0
%
;
3
[1}]
o
o
g
a
2
<
<
x
w
4
w
o

AC ELECTRONICS OIVISION

8€~300000000°0 €0 30000081%°0

€0 30000081%°0 €0 30000081%°0

8€-300000000°0 §€-300000000°0

8€-300000000°0 €€-300000000°0

8€-300000000°0 8€~300000000%0 8€-300000000°0 8€~-300000000°0

2

Z 4

€0 30000081%°0 =XVW

€0 3000008T%°0 =XVW €0 30000081%°0 =XV

8€~300000000°0 =NIW 8€~300000000°0 =NIW

8€-300000000°0

3T8VIYVA °N3d3QT 3GVIYVA °*d3ONTT
378Vl €+V9INWOT

3T1QVI¥VA °N34301 3T8VIYVA °*d3IONT1
3I8VL TxVO3WOIL

3TGVIUYVA *N3Id301 JIGVIUVYA *d3ANTIT
378V. Z2#VO3IWOT

¥ 3I9Vd OT-¢ I390NT WIISAS OUAD 31vy 31
8€-300000000°0 €0 30000081%°0 8€~300000000°0 €0 30000081%°0 §€-300000000°0 €0 30000081%°0
8€-300000000°0 8€--300000000°0 8€-300000000°0 8¢€-300000000°0 8€-300000000°0 8€-300000000°0

F4 Z Z
€0 30000081%°0 =XVW €0 30000081%°0 =XVH €0 30000081%°0 =XVW
8€-300000000°0 =NIW 8€-300000000°0 =NiW 8€—300000000°0 =/
31eVIYVA “N3d301 JT8VIUVA *d3ANTT 3T9VINVA °N3d4301 FIGVIUVA *dIONTT FIGVIYVA °N3d3al FTEVIUVA *d3ONTT
316V €eVi31 379V Zavi3l _379VL Tavi3l
t IOVE - o T U OT-€ 7139009 W3LSAS OHAS TAVY IT

4~15



DY

GENERAL MOTORS CORPORATION

AC ELECTRONICS DIVISION

61-3208881°0
8¢ €x1HdO

¥1-3%6201L°0-
L€ €31HJO

21-3261226°0-

60-309265€°0

L0-3611968°C~
9%¢ £x1IHJO

T1-3%€165T1°0~
S'¢ €xIHdO

91-3%£9211°0~

%'e _£21HJO 2'¢ €x1Hd0

€€ €+1HAO

$0-32L€€S1°0
1€ £xIHdO

61-369601€°0—~

61-36%2902°0

90-3681161°0

T1-3020€2¢°0

91-31¢2%62°0 21-3160098°0 60-3€6%009° 0~

Y0-3¥Y164%2°0—

8%2 €21HdO

L2 €%1HJO

642 €x1HAO

#42 €$1IHAO €42 €x1HJO 2'¢ €xIHdO

1'2 €+IHdO

942 €21HJO

61-39%2901°0
8°1 €41HJO

Y1-3%L11%L°0
L*1 _€#IHdO

91-3720201°0-
$41_€21HAG £

11-3L%%001°0-
m.~ €x1HdO

10-3%6€€£86°0~
91 €#1H4O

21-3622¢62°0~

G0-318%%€8°0
1*1 €x1HdO

60-3826012°0

€+ 1HJ0 21 €x1HJO

(8XEIXIYIVW €x1HJO

01-3906215°0

L0-3%€£5622°0

]
$1-3956958° 0~ 11- mmcn~ON 0- L1-3186652°0~

60-32916%%°0~

H1-49696162°0~ $0-3222681°0

8%c Z21HJ0

L*€E 2xIHdO

94¢ 2#IH4O Gé¢ Z#1HJO hie 2&1HdO €he

¢*t Zx1HdO 1'¢ 2#IHdO

2% 1Hd0

01-3BISELY°0
842 Z#]Hd4O

10-3906112°0
L*Z 2%1HJ4O

L1-31200%2° 0~
%42 2¢1HAO €42

11-3880981°0-
S42 Z#1HJO

%1-360¢16L°0-
942 ZaIHdO

01-349441%°0

10-30€€212°0

%1-3182262°0~ 11-309%981°0- 11-3006042°0~

60-308601%°0—

60-310811%°0-

$0-3200T21°0
142 2%1Hd0

%1-30€22€2°0—-

N«—I&o 22 Z#1Hd0

¥1-37692€2° 0~ $0-34%€TL1°0

8°T 2#1HdO L1 Z«1HdJO 941 Z&IHd0 7 631 2#IMJ0 %41 Z#l1Hd0  €*1 2#1HJO Z°1 Z«IHdO 141 Z#1HdO
(8XEIXTHLVA ¢#1HAO
(RIS T
81-302L€0%°0-  Z1-3¢%2%€%°0- 90-3L1LL11°0- MA 3916291°0  21-367¢€%6°0-  Z21-36¢ cho 0 %0-3€€6912°0 %0-3¢0Z181°0-
8¢ I#1HJO L*E 1#IHJO 9¢€ 1#IHdO G4E T#1HdO #4¢ 1#1HdO £4¢ T1%1HJO Z*€ T21HdO 1% T21IHJO

61-3814289°0-

892 T+1HdO

€1-3959285°0-

CI-3ElSL91°0-

Z1-31¢01ITIT°0

10-3%€1921°0~

L%*2 1xIHdO

9¥Z 1#1HdG

81-39€6%05°0

21-3520826°0

90-3£066£1°0

€1-369%L1%°0-
G642 T1x1HCO

TTE1-28%60%2°0

542 121HdG TTTE4Z 1#1HAO 22 121HdD

60-365066€ *0—-

12 1#IHd4O

T %0-329%212°0-
21 1+1Hd0

21304130870

T1-3%0L911°0

%0-38081€2°0
141 _1s1HdO

81 1+1HdO 1*1 121Hd4O 941 1¢IHdO S*1 1%1HdO %41 1#IHJO €1 1&1IHdO
o i o o L ABXE)XIYLVW T#IHJO
. o o €0 30000081%°0
IN110
1 J9Vd T T T 01-€ 139008 WILSAS UYAD IAVYTIL T

4-16




>

GENERAL MOTORS CORPORATION

AC ELECTRONICS DIVISION

4-17

00 386£60€£29°0

00 310€66%6%°0~ 00 31128%509°0-

00 32T%19%£6°0
00 3¢6¢160L5°0

00 329£69%€8°0 00 3LTI061ZEY°0-
00 IHGBBETHZ°0— 00 _3€822L1%8L°0

S3XV IT4IINIY¥d 40 3INISOD NOI1I3¥1G0

10 38T0CLTITE"O

S3XV _31d4IINIYd 40

10 3EBYLECEEE "0 T0 3%098%€LT°0

I0NL INOVW O0T0SdITNT3 ¥OUHI ALID0T3A HTed0

00 329655€29°0 00 3%€L0€80S5°0~ 00 36T296€65°0—
00 3TBBLZGHES O 00 366%¢91€8°0 00 3196£G0ST1°0-

00 362%8%0(S°0 00_391229€22°0— 00 3€68L206L°0

S3XV 3VdIINIYd 40 3INISOD NOILI3¥IQ0

) - €0 322012%8%°0 €0 39¢61260S5°0 €0 3€299¢82¢°0

S3IXV_JIAIINIY¥d J0 3ONLINOVW O010SHITT3 ¥O¥Y3 NOILISOd 11#d0

10 3152%665L°0 I0 390014%1¥11°0— 10 3I8TEE95€€ "0 %0 32€98S811°0 €0 30%01ST%T1°0— €0 3I6ET1GS86EH*O
94940 $*940 %4940 £49d0 2%9d0 149d0
10 3L00T%T11°0~ 20 3%00tls0l°0 00 38%10e%1%°0 €0 3T1Z9048S1°0- %0 3Z%210LS1°0 20 3JETTT1%69L°0
$%sdo $%6d0 %4640 €°5d0 2%6do 14540
10 3IBTIEEYSEE O 00 38%10€%1%°0 _10_36890899¢°0 €0 36986195%°0 20 32951198S°0 €0 392€€sH16°0
94440 S44d0 %4440 € 44d0 2%%d0 1*%do
%0 32€98S811°0 €0 31290%8s1°0- €0 3998G519G6%°0 90 318626561°0 S0 3I8EGS8BL6T°0~ S0 31916%129°0
9€do S*€d0 : 44€d0 £'edo 24¢d0 1¢¢do
€0 3J0%01ST41°0— %0 3e92104S1°0 ¢0 _3%9511985°0 G0 36€698261°0— 90 3290%29%2°0 S0 382196%11°0
94240 S42d0 ¥424d0 €%2d0 2%2d0 1%240
€0 36£1586€%°0 20 3TIT1%69L°0 €0 392E€SHT16°0 S0 31926412970 S0 3BZ196%11°0 90 31662L951°0
94140 S*140 %4140 €4 1d0 2140 14140

XTH1VW JINVIUVADI-{9XFIXTYLIVYW dO

S3ILIVNIOGY00D [3d NI SyOuy30

O7-C I39any WIISXS 099 JIVY 3I1



GENERAL MOTORS CORPORATION

AC ELECTRONICS OIVISION

00 30P0FL566°0

20-38%912001°0

10-3516867226°0—

20~36821191°0-
10-3%%€£06226°0

00 35L116666°0
20-30L1%2659°0

20-3118€11%9°0~
00 382011566°0

SIXV IV4IONIY¥d 40 INISOD NOILDIIYIUO

10 A28%Lteec’0

10 38102211¢°0

10 4%0%6%€l1°0

$IXY ITdIONI¥d 40 JONLINIVK QIOSdITII ¥OudI ALI2073A ¥1#d0

00 3968%GLEHO

20-3I%15%0921°0

10-361€69669°0~

20-3816SLL9T1°0-
10-319616662°0

00 39T1186666°0
20-3651%9009°0

20-3¢€25€065°0-
00 3622€5166°0

€0 39€6712506°0

S3IXv AT1dIINIYd 40 INISOD NOILD3¥1A0

€0 31201258%°0

€0 3£299¢872¢°0

S3XV _IT1dIINI¥d 40 3ONLINSVH QIOSJHITI3 ¥O¥d3I NOI11SOd T1%d0

20 39€¢8%%011°0

20-320661%29°0~

94940

64940

00 3551614%%L7°0

¥49d0

%0 31LL9%€91°0

¢ 4940

00 395%26819°0-

20 3822%6%1L°0

24940

14940

20-310852%29°0~
9¢sdo

10 3%01991L6°0
S‘6do

10-222%110¢% "0
¥45d0

00 32516L%%L°0

10-324%%110¢%°0 _

944d0

S*%d0

10 35066810£°0 _
4440

00 169299%%L°0—

£46d0

€0 _396€95101°0

€45d0

%0 3865919%1°0
2¢5d0

10 3I6EYE0605°0
1%sd0

10 3%6%12%09°0

€0 J29181895°0

T Z2*%d0

1¢4%d0

40 3T1229%€91°0
9¢€d0

00 318859541 °0-
5*€d0

00 3£9€4%6819°0~-

9¥Z2d0

€0 196£96101°0
: 4%€d0

10_366€12%09°0
v4zdo

90 4860264%42°0
€4edo

20 161¢e4869°0—

€42d0

20 382¢19868°0-
¢*€do

60 381088201°0
1°'¢d0

90 3€9%245€2°0

€0 36LeET6%L°0

14240

20 39¢2%6%1L°0
94140

10 36L%£0605°0
$°1d0

€0 319281865°0
%41do

1

3OVd

€0 3%81c16%L°0

_2°1do

90 31£055801°0
1140

XI4LVW JONVIYVANI—(9X9)XTHIVH dO

SYOMYI JONLILIV *JINVYSSOYD “IINVINMOAO

O1-¢t 1390N9 WILSAS OYAY JIVvY 3L

4-18




GENERAL MOTORS CORPORATION %é

AC ELECTRONICS DIVISION

20-3219€6519°0 20-36%4%91229°0 Z0-3Z969%929°0 00 32€2£6556°0 00_30%962588°0 00 313915586°0 1$
10-36891LLEY"0 10-39826%90%°0 10-30922860%°0 10 362%194869°0 10 3601212%9°0 10 322%1€2%9°0 0%
10-32L1L186€°0~ 10-382020%%9°0 ___ 10-362622602°0~ 10 3160.6229°0~ _ . I0_3L1S€C686°0 _ _ 10 3€LSE60I€70= 6%
8€-300000000 *0 8€-300000000°0— . §€£~300000000°0~ £€-300000000°0 8€£-300000000°0~ 8€-300000000°0— 8y
8€~-300000000°C 8€£-300000000°0-______ 8£-30000000070~_ £¢-300000000°0 _ §€£-300000000°0- ____ 8€-300000000°0= L%
80-386816611°0 80-39R€61€61°0- 60-3L2066129°0 ° 90-366669961°0 90-32621611€°0- 10-3€52016L6°0 94
10-36€TBTIB6EO— 10-3%6810%%9°0 10-38241260220= _10_3%%086229°0~ 10_390€£06R6°0 10 _391€2601€°0~ Sy
90-3109%%162°0- 90-362588%6%°0 90-39L€518LT°0— $0-360625GL1°0— $¥0-3209969L2°0 GC-35150855R8°0— Yy
01-3184262%€°0 01-35065194%5°0~ 01-32299T121°0 __ __80-3172%1426°0 . _B0=16669£8Y8°0~ _ 80-360/62R1C70 €Y
90-385618991°0 90-3£66914L2°0— L6-391850€26°0 50-352966681°0 ¥0-3119006L2°0— 60-35%0026LL°0 kL
20-3B0Z€EYYL °0 10-326€€LL17°0— 706-37€96129€°0. . 10.329491061°0 10 _31€e68€9€c 0= €0 _352122R2L°0 1%
8¢€-300000000°0 8€-300000000°C— £€£-300C0C000°0~ 8£-300000000°0 8€-700000000°0~ 8£-300C00000°0— oY
8€£-300000000°0 8€-350000000° 0~ §€-300000000°0~ _ 8£-100000000°0 ££-300000000°0— 2£-300000000°0— 6€
90-3%0%90F€5°5 90-3895€1598°0 90-304199%98°0 +0-311862096°0 $0-356289068°0 »0-1%9L%%0568°0 8¢
_ 15-3016%0€%% "0~ 10-3829¢%114%°0~-  10-310€9L01%°0— .10 m~AQOMmOFHou\;sllﬂo:uxbwwmmmo.ou‘rzziab-MmNmewmwucu:<\;:NMs\|1l
01-3€19108€1°0~ 01-398109921°0~ 01-38€69€L21° 0~ 80-301666281°0 80-198209691°0 RO-34€8Y5691°0 9€
81-322611£95°0 81-3212€9126°0 81-300€%5125°0 _ _ _91-3066918%9°0 91-390€89666°0 91-301%%1009°0 SE
Z1-369€90915°0— Z1-3922€12€9°0— 21-3106060156°0— 80-32£5€€£262°0— 50-36G118£€2°0~ 20-35166L€€2°0— [T
20-36562228L°0 20-381690621°0 20-36911692L°0 10_£840%291°0 10_3€€991661°0 10 398161551 °0 133
8£~300000000°0- 8£-300000000°0 8€-400000000°0 8£-300000000°0— 9£-300000000°0 8€-400060000°0 2¢
. 8€-300000000°0— 8€-300000000°0 __ __ ££-300000000°0 _ RE-Z00000000°0— ££-300000000°0 RE-300000000°0 1€
80-3T61SELE1°0- 60-300816002°0~ 20-36%062891°0 90-3Z€€%1 202" 0~ 10-3190%£09¢ "0— 90-3G€E% %552 "0 o€
90-382816226°0- 90-30/28SL€1°0~ . 60-3622L6311°0_  %C-3102¢8196°0= +0-36£E€L112°0~ £0-365982521°0 62
90-38L611%LE°0 10-30T09€E64% 0 90-36698E€5%*0— $0-329€2£102°0 60-3€L221%8¢ "0 %0-3G19€1662°0~ 82
10-316%L%9€1°0— Z20-385666€61°0— 10-35L$58491°0 10 36866255 1°0~ 00 306006552°0— 10 3%1502281°0 1z
20-38609€256°0 Z0-3066690%1°0 10-3%6061L11°0~ 10 3L¢0166%1°0 00 36L%G%992°0 10 3L76G2281°0- 9¢
) 20-3€8221618°0- 20-3Z1€€%021°0— _ 10-3C28%860T1°0 10 3IECICCILI®O- PO 319¢4630€°C— 10 2€£616912°0 (T4
61-312890281°0 G1-39515%891°0 61-390255891°0 €1-3€6£20€91°0 €1-9€82G2061°0 €1-1¢6606061°0 (7
80-3%1115801°0— 90-310STRO0T*0—___ _HO-3900€9001°0- _ 90-316%15612°0= 90-3£ 1692661°0— 90-30%L%%661°0- €2
€0-31L692%2%9°0 €0-38%16€109°0 €0-309L6%265°0 00 382€6lL6212°C 00 3ges8eL61°0 00 A%912€L51°0 r44
80-316€£10%%1°0— 80-39210262%°0— £0-38849%0€E1 0~ 50-3%0%€1%12°0 C0-35%162861°0 S0-JEI6SERGTL O 12
€1-3182649%L°0- €1-3198285069 *0- €1-4086€2169° 0~ 11-320%9089%"0— T1-302%€0€EY 0~ 11-12€10%€€%°0— 0¢
. 80-36T€80016°0-  _ 80-3G0%0021%°0= _ __60-3216€ZZL¥%0~ 90-3L129RG0Y°0- 90-322L6GELY 0= 90-~100%£0%€% 0~ 61
$0-38684%2612°0 50-318000€0Z°0 $0-3669€0€0Z°0 €0~39€LEYE02°0 f0—-38LG1¢PB1"0 £0-35512%881°0 8l
. 00 3026LI9L1°O 00 3%LI1T€91°0 00 3%6BET€9170 20 Jergozeslto 720 320126691°0___ _ 20 32£019691°0 LV __
i 90-3€886525% *0— 90-32%0868€L°0 90-3499125%2°0~ 40-34291€829°0~ £0-3€6222001°0 $0-JEG1SHBTE O~ 91
€0-38800€6ET1°0 €0-391286012°0- $0-3%2150%15°0 10-30LRS1%6E°0 10-390628619°0~ 10-3£6009061°0 St
80-31€£99908%°0 80-36014129L°0- 90-39%06€2€2°0 90-19L€62268°0 60-302820€%1°0— 90-3%0%0209%°0 Y1
N 60-3€22961%9°0- oauwmommwb@whcw\\aa.wbHMwamwowquIIJ\&mowa~cm%obuuon\zllwmouummmmwoow.o:v;1\‘w0|mvcogmowv.on €1
¥1-318%8€1€2°0 v1-31%12601%°0- H1-30€RE109T1°0 €1-369%6GFET1°0~ €1-362912181°0 %1-3216%220€ 0~ FA 1
... S0-369€£66%81°0__ S0-3214Z2160£°0- G0-399€18201°0___ __€0-3%€0LL9LI°0 __ €0-36969%%82°0-  %0-3689LBIZ6°0 1
60-312926112°0 60-3%€09084€°0~ €0-39%TRELIT*0 10-3%€28€062°0 10-361%12L90%°0- 10-38%6G1%€1°0 o1
00 3S15516%1°0~- 00 2321£882L%2°0 10-1€CH096%8°0= 20 319689951°0— 20 3096£€£52°0 10 _3%1G%€0€£8°0— 6
91-36108%60L°0 91-3300€€559°0 91-3Y8%0%969°0 ¥1-366£66962°0 H1-36G862%L2°0 »1-386122%L2°0 8
01-38£2169%8°0~ 01-32506058L°0~_  01-3S629€%8L°0~ _ LU-ILEGSSLEV*0- 10-3199€2l21°0= L0-72906€L21°0~ L
60-36181218€°0— 60-36216826¢ "0~ 60-32L2Le96€° 0~ £0-3280Z21€69°0 €0-365208%%9°0  €0-3€696%€%9°0 9
60-310118L%€°0 60-3816€612€°0 _ _60-3P69E022E°0_ L0-3986222GE"0 L0-3BE6H1GZE"O L0-3688909Z€ °0 [
60-324612621°0 60-356€£99611°0 60-3€6068411°0 §0-399062126°0 0-380€2619%°0  80-30961€£28Y°0 Y
60-382611921°0~- 60-38€€1S911°0— £0-266169911°0~ R0-31042L986"0~ £0-32£299£56°0— RO-3RZ0£LY5S °0— €
20-3%061615%°0— Z0-32962121%° 0~ Z0-32%€9LL1%°0— 00 36696L212°0- 00 3¢€816961°0— 00 316268961 °0~ F3
20-316920016°0 20-10829612%°0 00 39172£662°0 00 3GL0296€£2°C 00 _137%666£2°0 1

10a 70

20-3€92L211%°0

100

AO

110G _X0

70

AO X0

SIVHOIINT HOMYWI G37ZT1TIVYIN3D (1G*Q)IXIHIVW (OxL¢dx1)2+IHdC

[] A9vd

01=¢ 1390NG WILISAS 0YA9 31Vd 3L




)

GENERAL MOTORS CORPORATION

Z

0

o

2

0

1)1]

8] - R e _

4

(w) e . I X . S _—

14

= . e e Lo e

0

_l_._ 0500V LVC R o an3

il 6%00ViVQ ¢t 7930 ¥ 8 319NIS

) i __syoovivd e o _ t00%€*°00%€4°00%€ 230 6% 4 IIINIS
m 1500viva SO0V H2e i H2E 0 009€ 7 0019%F 00006 D20 ¥ % 31INIS
9500viIvVQ o ;:1;.c..o...&m...&m..c..ooﬁ..oo?f.acooa 230 €€ % 3ITINIS _

S$00V1IVO 0P 05 H2e 4 °42e 04 *009€°00I%%* 00006 230 SZ % IJTONIS
%500V1V0 _ *0%*0'"00%**00%**00%*°006°°00524"00% 30 L1 ¥ 319NIS
€%00vViva “0ée0d T00H! TO0Y P F00% ¥ 006%°00624700% 230 6 v  ITINIS
Zy00vivda ) c04e0t 00y TCOHE U0y 0054 °00624°00% 231 1T 4 JIINIS

4-20




GENERAL MOTORS CORPORATION

AC ELECTRONICS DOIVISION

4-21

%0 3000000%€°0
194VagHVIL

%0 3000000%€°0
052V08WYIT

%0 1000000%€ -0
6H+YCAKY T

8€-300000000°0

8€¢-300000000°0

€0 _300000%2¢°0

€0 _300000%2€°0

8€£—-300000000°0

%0 30000009€°0

BY&VAAWVT

2Y%VQA8WVTT

9y xVAERVI1

SYAVOEWVTT

Yy av08arviIl

€YsVAIKV Il

S0 3000001%%°0
ZH*VABWY 1T

S0 300000006°0

8€~300000000°0
__OhVAENVIT

8€-300000000°0
6EsVASHYT

€0 300000%2€°0
BE2VATWYIT

€0 300000%2€°0
LexVUARNY T

8€-300000000°0

THxVAEWVIT

¥0_30000009€°0

S0 _3000001%%°0

S0 30000000670

8¢ —-300000000°0

8€—-100000000°0

9EXVAEWYTT

SEAVEEWV T

EVALRY T

€£exVOTWYIL

CEFVAHHYT

€0 300000%2€°0
0tsVAGWY T

€0 300000%2€°0
622VOERY T

8€~300000000°0
82#VQEWY I

8€-300000000°0

8€-300000000°0

€0_30000000%°0

%0 30000009€°0
1723VOBWVIT

S0 300000T%%°0
92 $VaaWV 1T

TE€xvOUHVIT

G0 300000006°0
 G2Z¥YUUNYIL

€0 10000000%°0

€0 _30000000%°0

€0 300000006°0

Z*xVABWV T

€2xVABNVY T

2Z+VaBWYIT

40 300000052°0
8T»VOGWVIT

£0 30000000%°0
L1xVOEWY T

8€-300000000°0
QUVOUWVYTT

€0 30000000%°0

€0 300000006°0

%0 300000062°0

1Z22VOERVIT

CZ3Vaukv 1l

[AEIEENAL

8€£-300000000°0
STxVAYWYIT

€0 30000000%°0
HTxVOEWYIL

€0 30000000%°0
€T3V0anWvl

€0_30000000%°0

8£—-300000000°0

2€-300000000°0

Z1aVGEWVIT

TTxvaeNv 1l

0TxVALWVIl

6 2vdekV1l

8 aVGSHVIT

L 2VOEWV T

€0 30000000%°0C
9 *VA8RVIL

€0 30006000+ -0
S _$VAEWY T

€0 30000000%°0

+0 3000000060
€ &VAervlt

%0 300000062°0
A A4 A MY

€0 30000000%°0

1 xvOewvil

$0-383€13%84%°0

S0-389€18%8%°0
8Ied1

0-389¢18%8%°0
LTeT

40-31660801€°0

10-31660801€°0

60-300000C01°Q
9TaX1

6T a1

$0-300000001°0
SN

G0-389€18YRY°0
S LeIT

S0-389¢I8%RY "0
€ TNT

$0-300000001°0

¥0-30000412£°0

$0-300000001°0

<0-300000001°0

FAE

~—nxm

0121

6%

83ANT

LT

60-389€18%8%°0
9Nl

S0-389¢€184%8% °0
sl

01-3S8TOEEOL 0
HANT

T80-302€9%92¢°0
€aNl

§0-302£9%922°0
ZeA1

L0-]1611262L°0
T#d1

10_300000001°0

8€£-300000000°0

10 _100000001°0

8¢€-400000000°0

1d0 23dVil

1d0 HINNAT

$13990n81

10 360000009°0
: NOYT

O%11

61-300000000°0~

ol

10 3000000G1°0
ANV

10 30000000¢€ *0
N1

8€-3000000C0°0
3WI¥d T#N1

€0 30000081%°0
TYNTS LT

10 300000008°0
1 vil3iax

T

Jovd

0T1-¢ 1390108 WILSAS

MAA9 J1VY I



GENERAL MOTORS CORPORATION

AC ELECTRONICS DIVISION

_ 8¢-300°0 8€-300°0 8€-~300°0 8€-300°0 8€£~-300°0 8€-300°0 2€-300°Q
L 9vIdl 9 9VTdl S 9vIdl 4 OVidl € 9vidt 2 9vidl T 9vIdT
10 301°0 10 30170 10 302°0 10 30€°0 10 301°0 10 301°0 10 301°0
9 9vidt 4 9Vt 3 9vidl g 9vidt J 9vidl g 9v1dl v _9vidt
8€~300000000°0 8€-300000000°0 8€-300000000°0 8€-30000000G°0 8€-300000000°0 8€-300000000°0
9490%d1 S490%d1 %490%d1 €490%d1 24902d1 14902d1
8€-300000000°0 8€-300000000°0 8€-300000000°0 8€~300000000°0 8€-300000000°0 8€-300000000°0
9¢S0=dl S¢G0=dl $4602d1 €4G0%d1 2450%dl 14S0+dt
8€~-300000000°0 8€-300000000°0 8£-300000000°0 8€-300000000°0 8€-300000000°0 8€-300000000°0
9% %02d1 S¢%0xdl ¥¢90%d1 €4v0dT 2% 0%d1 14402d1
8€~-300000000°0 8€-300000000°0 8€-300000000°0 8€-300000000°0 8€-300000000°0 8€-300000000°0
94€0adT G€0%dl Y4€0%dl €4€0%dl 24€02dl 14€0%xdY

8€-300000000°0

8€-300000000°0

8€~300000000°0

8€-300000000°0

8€-300000000°0

8€-300000000°0
9420ed1 G4204d1 - H420%d1 €4202d1 Z2%20=d1 14202d1
8€-300000000°0 8€-300000000°0 8€~300000000°0 8€-300000000°0 8€-300000000°0 8€-300000000°0
9410241 S410%d1 4410edl €410%dT Z410%d1 1410%d1

(9XIIXTYIVA O2dl

8€-300000000°0

8€-300000000°0

8€-300000000°0

€4Tavidial

Z241sv1381

T41%v1391

(EXEIXTYLIVH V1381

10 3€9640LS1°0
€'Ex1Sdl

8€-300000000°0
2'exISdl

10 3€96L0L51°0
1°€*1SdT

10 3€96L.0151°0

8€-300000000°0

8€-300000000°0

€4Z21Sd1

22#1Sdl

142#+1Sd1

8€-300000000°0
€41215d1

10 3€96L0151°0—
Z241*1Sd1

8€-300000000°0
T1#1SdT

(EXEIXTYIVW ISdT

10 3€9610L51°0

8€-300000000°0

10 3€96L0L451°0

€tEaVHITIVI

ZEsVHd VI

T¢EsVHA VI

10 3€96L0LS1°0
€4ZaVHIIVI

€€-300000000°0
Z2428VHIIVE

8€-300000000°0
142eVHI W1

8€~300000000°0

10 3€9610L51°0~

8€-300000000°0

€S TaVHATIVT

2 TaVHdIVL

TTaVHdIVL

(EXEIXTYLVW VHITIVT

o T TTTTTTTON-€ 199008 W3I1SAS 0¥A9 31VY I

4-22




GENERAL MOTORS CORPORATION

AC ELECTRONICS DIVISION

)

8€-300000000°0 €0 30000081%-0 8€-300000000°0 €0 30000081%°0 8€-300000000°0 €0 3000008T%°0
8€-300000000°0 8€~300000000°0 8€-300000000°0 8€-300000000°0 8€-300000000°0 8€-300000000°0
. 2 k3 i z
€0 3000008T%°0 =XVW €0 3000008T%°0 =XVW €0 30000081%°0 =XVW
. 8€-300000000°0 =NINW . 8€-300000000°0 =NIW §€-300000000°0 =NTh
376VIYVA °N34301 378VIUVA “d3ONIT IT1BVI¥VA *N3d3al 3T8YIUVA “d3IONIT 378VIUVA "N3d430T 379VI¥VA *dIONIT
378V1_€+V93INOT 378vL 2evIINOT 318Y1 T+v93WOT
kL. 7 ] o T 0T1-€ 13908 WILSAS 0uA9 IIVy 3L .
8€-300000000°0 €0 30000081%°0 8€-300000000°0 €0 3000008T¥°0 8€-300000000°0 €0 30000081%°0
8€~300000000°0 §€-300000000°0 8€-300000000°0 8€-300000000°0 §€-300000000°0 8€-300000000°0
F2 Z 4
€0 30000081%°0 =XVHW €0 30000081%°0 =XVW €0 J000008T%°0 =XVW
8€~300000000°0 =NIW 8€-300000000°0 =NIW 8€-300000000°0 =NIW
FTGVIUVA °N34301 3TGVIUVA *d30NTT JTVIUVA "N3d301 JIGVIUVA “d30NIT JTGVIUVA °N343aT JTGVIWVA ~d30NTIT
318V1 €+v13T 318V4e Zavi3l 378vL Tev13T
ER) L OT=t 1390y WIISAS UdXT JIva JI

4-23



2>

GENERAL MOTORS CORPORATION

AC ELECTRONICS OIVISION

%0-32L€€S1°0

8€~3000000°0 8£-3000000°0 L0-3611968°0- 11-3611291°0 91-3ET1ZHel°0- 11-38066S1°0~ 60-309265€°0
g4€ €x1HJO L't €x1HJO "9%€ €xIHdO Se €x1HO y'e_exIHdO0 £'€_€21HdO Z2'€ €xIHJO 1'¢ €xIHdO
8€-3000000°0 8€-3000000°0 90-36811s1°0 11-3808212°0~ 91-38L€€2%°0 I1-3811662°0 . 60-3€£6%009°0~ %0-3%%16%2° 0~
82 tx1HdO L*2 €*1HdJO 942 £»IHdO 642 €x1HdO %42 £xIHdO €42 €xIHdO - 2%Z €21HdO 182 €#1HdO
T 8€-3000000°0 8€-3000000°0 L0-3%6€££85°0~ 11-3%00201°0 91-IH%€691°0~ Z1~-36%9L18°0~ 60-3826012°0 S0-318%%€8°0
8*1 €xIHJO L' €»IHdO 9T _€#1HdO S*1 €*1HdJO Y*1 €%x1HdO €41 _€%1HdO Z'T £%1HdO 11 _€#+1HJO

(8XE)XIYLVW E#IHAO

8€-3000000°0-

8€-3000000°0~

€1-3L%%L10€°0~

11-32%€502°0

$1-360L161°0-

90~30€502€°0~

»1-36%6162° 0~

¢OIWhNNmQ~no

g4¢ Z#IHJO

L*¢ 2%IHdO

9¢¢ Z=IHJO

G'E Z#IHdO

bte Z=xIHdO

€c 22xI1HJO

Z2%€ Z+1HdO

1% Z«1HdO

8€£-3000000°0
82 Zx1HdO

8€-3000000°0
L%2 Z2#1HdO

€1-3458€82°0~
942 Zx1HJO

11-32L9681°0
S4Z Zx1HHO

$1-3926281°0~
»4Z ZxIHd4O

90-361656Z°0—
€42 2%1HdO

»1-30€22€2° 0~
22 Z*x1HdO

¥0-3200121°0
142 Z=1HdO

8€-3000000°0~

8€-3000000°0~

£1-3609%82°0~

IT1-3166681°0

$1-3068281°0—

90-3905962°0~

»1-32692€£2°0~

Y0-359€1L1°0

8¢1 2#IHJO

L*T1 ZxIHJO

941 2&lHO

G641 2xIHdO

41 Zx1HE0

€41 Z#IH4O

21 Z#IHCO

14T 2#IHdO

(8XE)IXIYLYW Z¢IHdO

"8€-3000000°0—
8'€ (#1HdO

8€-3000000°0~
L*€E 1#IHJO

90-3L1L211°0~
9'¢t 1x1HJO

€1-3665€8€L° 0~
G'e IslHdO

C1-3L1L12%6°0~
#4€ T%IHdO

Z1-3608%%9°0—
€'c T#IHdO

%0-3€€6912°0
2'€ TxIHdO

$0-360ZL8T1°0~

1€ T#]IHdO"

8€~-3000000°0~

8€-3000000°0~

10-39€1921°0~

€1-321418€°0

21-300524%1°0~

Z1-3000111°0~

60~32€€08€°0

60-36506$€° 0~

8%Z T2IHdO

L7 T=IHdO

9%Z T%xIHdO

G¥Z 1#IHdO

12 TxIHJO

€82 T#1KJO

2% T#IHdO

T1%Z T#IHdO

8€-~3000000°0~

8€-3000000°0~

90-3£066£1°0

€1-36%211%°0

TT1-3T7¢9911°0

Z1-3¢£€8L08°0

%0-329%2L2°0~-

%0-3808L€Z2°0

8T T#1HdO L*T 1#IHdO 941 1#1HJO 61 1#1HJO 21 1#I1HJO €41 I=xIHdO Z'T 1#x1HdO 1¢T TsINHdO
(BXEIXIYLVAW TxIHJO
€0 30000081%°0
INIL0
1 39vd 0T-% 1390n8 WIISAS 08D JIVY 31

4-24




>

A

GENERAL MOTORS CORPORATION

AC ELECTRONICS DIVISION

00 36%L90€£29°0

00 3%8%6096%°0- 00_3TL2¢1%09°0—

00 39289S%€S9°0 00 384%99%%£8°0 00 3IHL66L€ET1°0~
00 _316$9001L6°0 00 36€2066€£2°0~ 00 3%8801581°0

S3IXV 374IDNIY¥d 40 3INISOD NOILD3YIQO
10 3211e%628°0 10 3510€6288°0 10 38008%025$°0

S3IXY 3IV4IINIY¥d 40

30N1INOVW QIOSHITII3 ¥OYY3 ALIJOI3A %1+d0

00 318£9%€29°0

00 30€82811S°0- 00 32118L£685°0~

00 3T109LS%ES°0. 00 31%690628°0 00 391126€91°0~

: 00 3%94%%G0L5°0 00 3€l%%6012°0- 00 ILYETLE6L°0
SIXV IVJIINIYd 40 3INISOD NOILDINUIGO

0 3IYL€€E9%2T°0 %0 36SBEL621°0 €0 36€506%86°0

S3XV_3ITJIINI¥d 4O IANLINIVYW OI10SHIT13 ¥O¥Y3 NOILISOd T1T#dO

4-25

20_300%86256°0 10 38Z€6991L°0- 20_385€16802°0 %0_36222%9%8°0 €0 _3%%0525%8°0— %0 IYEHG6E€Z°0
94%940 $%9d0 ¥49d0 €£49d0 24940 14940
10 39Z€69917°0- 20 3910829%L°0 10 3€5801%52°0 €0 32%651216°0~ S0 301559501°0 €0 J€¥22€¥2%°0
94540 S45do %4640 B €46d0 Z4sdo 145do
20 38S€16802°0 10 3€S801452°0 20 _3859519€4°0 Y0 3952129%2°0 €0 310€%6582°0 %0 3%¥%616269°0
9%%40 $%d0 Y9940 ©%vd0 Z%%do 1%vdo
¥0 30£22¥998°0 €0 3€%6S1216°0~ %0 3%5L119%2°0 20 IGE108BEL-0 90 3E619LTT1°0- 90 3%%96€£582°0
9*€do S4€d0 v*€do £%€d0 24€do 14€£40
€0 IEY0SZY48°0- S0 301559501°0 €0 J00£%6582°0 90 3%6192111°0- L0 3SL€£69291°0 SO _3I%€9981€5°0
9%240 $4240 ¥4240 €42d0 Z%zd0 19240
%0 35€956€€2°0 €0 3%922E%29°0 ¥0 3€%616269°0 90 3%%96€682°0 S0 39£9981£5°0 L0 325591611°0
94140 S*1d0 ¥*1do €41d0 2*1do 14140

_XI¥LIVH JINVIUVAOI-(9IX9)XIYIVH 40O

S3ILVYNICQY003 13d NI SY0¥¥3IO0

I ) S & L E D EY 0

0YAY JIve 3L



>

GENERAL MOTORS CORPORATION

AC ELECTRONICS DIVISION

00 389006566°0

20-3£5%6%€01°0

10-3902L%%06°0~

20-316S69€91°0—
10-3%1£8€%06°0

00 3669L6666°0
20-3%%21€0L9°0

20-38L%028$9°0~
00 31%618%66°0

S3XV I14IINI¥d 40 INISOD NOILI3IYIA0

10 3610€6288°0

SIXV_31dIINI¥d 40 3AN1INSVW GI10SdI713

10 3211¢%628°0

10 31008%02S°0

¥0Y¥3 ALII03IA Y1%d0

00 366€£%5866°0

20-3592%6L211°0

10-3%6€0€6€S°0—

20-31€%59061°0~
10-3L%2226€5°0

00 30L086666°0
20-3€9621609°0

20-310825209°0~
00 316926866°0

SIXV 3TV4dIONIYd

40 INIS0D NCILI3Y¥IA0

%0 36458€2621°0

%0 3IHLEEIYZT0

$3IXV_31dIONIY¥d 30 3IGNIINIVW GI0SdIT13

€0 3LES06%86°0

HO¥Y3 NOILISOd 11%d0

20 31€%0%SLL°0

T10-315%€926€°0—

10 _30€£2L185%°0

G0 306216601°0

10 360€%S€GE°0—

€0 3€118%91€°0

9¢9d0

54940 %4940
I}

€49d0

2940

14940

10-390629L6€°0~
945d0

20 3618€6189°0

00 3¢€5120212°0
Ss%sdo %4640

10 362€¢291L0%°0-
£%6d0

%0 3%5685886°0
24sdo

Z0 3216589270
14540

10 3622L185%°0

00 362120212°0

20 301810622°0

€0 32¢8L6£95°0

20 31888TL€€°0

%0 311821805°0

9¢4d0

S¢%do %'%do

€£4%d0

Z2'%d0

1¢%d0

S0 306L16601°0
94€d0

10 3€080910%°0-

€0 3228L6E%5°0
Stedo v4€do

L0 39SE€TT1891°0
€4€d0

€0 32¢9068%8€£°0—
2*edo

S0 316150%8€°0
14€d0

10 IY6EESESE 00—

¥0 366685886°0

20 3TI88ILEE"O

£0 362906%8€°0~

L0 I29€E€ESST°0

%0 1162696%€°0

9%¥240

6*2d0 %¥2d0

€¥2d0

¢%2do

1%240

€0 369L8%91¢°0
9°1d0

20 36€£16H892°0

0 311821806°0
S ¢1d0 %4140

G0 318150%8E°0
€140

$0 3IL62686%€°0
Z2*1d0

90 380%€1216°0
14140

XIYLIVW FINVIUVAODI-(9X9)IXIYIVW 4O

SYOYYI 30NLTLTV_*IONVYSSOYI *IINVUNMOQO

JIVd

07—t I390NY WIISAS 0dXD JIVY 3L

4-26




AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION %D

Z0-3219€65249°0 20-36%%91129°0 20-324%69%929°0 00 38£2£6556°0 00 30%962588°0 00 318921558%°0 1S
10-36891LLE%°0 10-39826%90%°0 10-30922850%°0 10 362%19869°0 10 3601212%9°0 10 312%T1€L%9°0 0s
10-3Z21L2186€°0~ 10-382020%%9°0 10-362622602°0= 10 316016229°0— 10 3215£0686°0 10 3€26€601€°0— 6%
8€£-300000000 °C 8€-300000000°0~— 2€-300000000°0- 8€£-300000000°0 8€-300000000°0— 3€-300000000°0~— 84
8£-300000000°0 8€-300000000°0— 8€-300000000°0— 8£-300000000°0 8€£-300000000°0~ 8€-300000000°0~ 1y
80-386816611°0 80-398€61€61°0- 60-311056129°0 90-365559961°0 $0-32621611€°0- 1L0-3€%8016L6°0 9%
10-3SET81B6E°0~ 10-3%6810%%9°0 10-382212602° 0~ 10_3%%086229°0— 10_320££0686°0 10 _391€2601€°0~ Sy
90-3709%%162°0— 90-362588%6%°0 90-391€51€L1°0— $0-36062652T°0~ »0-328%%6922°0 60-361508658°0— by
01-3184262%€°0 01-3506519%5°0~ 01-322951121°0 80-3122%1215°0 80-36669€8%8°0— 80-350262812°0 €Y
90-385S618991°0 90-3€6691%12°0- 10-391850€26°0 $0-362965581°0 40-311911612°0- 50-364002521°0 Y
20-3802€EY%L°0 10-326€€LLTIT 0~ 20-32£96129€°0 10 329£91051°0 10 31€68€£9£2°0~_ 00 236222282L°0 1y
8¢-300000000 "0 8€-300000000° 0~ 8€-300000000°0— 8€-300000000°0 8€~300000000°0~ 8€-300000000°0~ oY
9£-300000000°0 8€-300000000°0— 8€-300000000° 0~ 8€-300000000°0 8€-300000000°0~ 8€~300000000°0— 6€
90-3%0%90€€6°0 90-389G€1598°0 90-30%2.99%98°0 %0-311862096°0 %0-356289068°0 %0-3%9L%%068°0 8€
10-3016%0€9Y *0~ 10-3829€%11%°0~ 10-310€92014°0~ 10 31190€60L°0~ 10 322T1€€69°0— 10 3EHLGHES9°0— LE
01-3€19108€T1°0- 01-398109921°0— 01-38€S9€L21°0~ 80-301666281°0 80-398209691°0 80-3%€8Y5691°0 9¢
81-322611€£95°0 81-3212€9125°0 81-300€45125°0 91-3066918%9°0 91-390£89665°0 91-301%%1009°0 (13
Z1-369€9092.6°0- 21-3922€12€9°0~ Z21-3L0605026°0~ 80-316G€€252°0~ 80-36G118€€2°0- 80-36166L€€2°0~ YE
20-35562L28L°0 20-38159062L°0 20-369L1592L°0 10 3EYH0YL91°0 10 _3€€991551°0 10 3981S1551°0 €€
8€-300000000°0- 8€-300000000°0 2€-300000000°0 8€-300000000°0—- 8€£-300000000°0 8€-300000000°0 [13
8€-300000000 *0~ 8€-300000000°0 £€-300000000°0 8£-300000000°0~ 8€-300000000°0 8€-300000000°0 1€
®0-3161GELET "0 60-300816002°0— 80-36%062891°0 90-32€€%1202°0- 10-3190%809¢°0— 90-3G€EY¥552°0 13
90-382815216°0- 90-3012862€1°0— 50-352226811°0 $0-3102€8196°0- $0-36EEELTT12°0~ €0-365982521°0 62
90-38L611%1€°0 10-30109€E6%°0 90-366988€SY° 0~ %0-329€28192°0 60-3€1221%8€°0 »0-3G19€29GZ *0- 8z
10-3169L9%€1°0— 20-385666£61°0— 10-36L658491°0 10 3586626%1°0- 00 305805652°0~— 10 3%1802281°0 L2
Z0-38609€256°0 20-3056690%1°0 10-3%60G1L11°0~ 10 3220168%1°0 00 361%5%992°0 10 3196SL181°0— 92
20-3€8211618 *0- 20-3Z1€€9021°0— 10-3028%8001°0 10 3€0TSSTLT1"0- 00 319£5580€°0— 10 J€EST1591Z°0 sz
8€-300000000°0 8€-300000000°0— 8€-300000000° 0~ 8€~300000000°0 8€-300000000°0— 8€-300000000°0- (T4
8£-300000000°0 8€-300000000°0— 8€-300000000°0~ 8€-300000000°0 8€-300000000°0— 8€-300000000°0— €2
€0-39692%2%9°0 €0-38%1G€109°0 €0-36G15%165°0 . 00 3826162120 00 3J€8SBELO6L"O 00 3%91LEL61"0 ze
80-382189981°0 80-3Z1BIL591°0 80-3656L6691°0 §0-3652€%602°0~— G0-311268€61°0— S0-338056£61°0— 12
€1-3€4918269°0 €1-366661L0%9°0 €1-382252149°0 T1-31%2215924°0 11-36L161301°0 11-391L%06L10L°0 (174
L0-3%€126202°0- 1L0-3%0296281°0- 10-309LLLLBT "0~ 50-3€0¥T1551°0~ S0-32019Z€E%1°0- $0-30686%€Y1 “0- 61
S0-3668%2612°0 S0-318000€02°0 60-3669€0£0Z°0 €0-39€LEYEDZ°O €0-38161€¢881°0 €0-39G612Z%881°0 81
00 302611911°0 00 3%L1TT1E91°0 00 3%68€TE91°0 20 3%1€92€81°0 20 320125691°0 20 31€019691°0 i1
¥€-300000000°0— 8€-300000000°0 8€£-300000000°0 8€-300000000°0— 8€~300000000°0 8€-300000000°0 91
8€£-300000000°0- 8€-300000000°0 8£-300000000°0 8€-300000000°0- -9€-300000000°0 8£-300000000°0 (41
80-341502695°0 80-39€8€0506°0- 80-361669€82°0 G0-366€%2€01°0 60-31828€591°0- 90-3192%61£6°0 [3]
01-395%21128°0 80-3%SZLEIYI"0 80-3%5199651°0— $0-3699SZ€81°0 60-3€921€482°0— 90-326621088°0 €1
I1-359159618°0 01-30865%9%1°0— 11-3%9969205°0 60-32108€958°0 80-365%216€1°0- 60-396%%609%°0 z1
20-31228298€°0 Z0-3€€0%26€9°0- Z0-381800212°0 00 31616€81%°0 00 39Z%L1129°0— 00 3%986%222°0 14
60-312926112°0 60-3v€0908%€ 00— 60-39%18€211°0 10-3€€288062°0 10-381%1190% "0~ L0-38%6S1I%E1°0 ot
00 3515S1641°0- 00 38888214%2°0 10-39€6096%8°0~ 20 389689951°0- 20 3656£€££62°0 10 3%1S%€0€8°0— 6

8€-300000000°0— 8€-300000000°0 8€-300000000°0 $£-300000000°0— 8€—-300000000°0 8€-3060000000°0 8

8€~-300000000°0— 8€-300000000°0 8€-300000000°0  8€-300000000°0- 8€-300000000°0 8£-300000000°0 L

$0-32181218€°0~ G0-381€682GE°0— G0-36%2L€95€°0— €0-394121€69°0 €0-385008%%9°0 €0-392L6%€%9°0 9

60-3€10S6E9€ 0- 60-3910589€€°0— 60-3686969€€°0-  10-3IFELIYTI9E"0~ 10-38GYBZYEE* 0~ L0-381819%€€°0- S

60-38€802521°0 60-3€€LG9STT1°0 60-310%%8GT1°0 80-31820€126°0 80-3G9ECSI8%°0 80-32892€28%°0 [

60-318611921°0 60-389€15911°0 60-380269911°0 80-311254885°0 80-328588€%5°0 80-3%GESLYHS°0 €

Z0-39051S169°0- Z20-3%962111%°0- Z0-3€Y€E9LLIY 0~ 00 36696121Z2°0- 00 36¢81$961°0~ 00 326268961°0- Z

20-3£5920015°0 20-39%2021L0%°0 Z20-35829611%°0 00 3612L£652°0 00 38%0296£2°0 00 3ILY%666£2°0 1

100 20 100 A0 100 X0 70 AO X0
STIVY9IINT ¥OYYI QIZTIVYINID (1G*9IXIYIVW (O#L*d+1)221HdO
¥ TING ) ) T T TT0T-€ 1390N8 W3ILSAS 0¥A9 31V 3L

4-27



AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION CB\D/Z)

2.0 REFERENCES

1. BSD TR 64-347; "Effect of Rotation on Velocity Error in a Pulse Inte-
grating Gyro Accelerometer [PIGA]. Mobile Mid Range Ballistic
Missile Guidance and Control Subsystem", Systems Division, General
Precision Aerospace. GPI Document 823.077-015, Contract AF 04(694)-558
30 June 1964

5-1



APPENDIX A

COMPUTER PROGRAM 117.1

A.1 INTRODUCTION

The material in this appendix is designed to furnish the data required by a program-
mer for a detailed understanding of Program 117.1. A complete program listing is
given, supplemented by descriptions of utility subroutines, tape format, and opera-
tional guide/or an IBM 7094 Mod II. This data will facilitate the operational applica-
tion of Program 117.1 and aid the programmer in possible future modifications or
additions.



A.2 PROGRAMMER'S OPERATIONAL INFORMATION

A.2.1 SYSTEM CONFIGURATION (IBSYS VERSION 13)

LOGICAL

FUNCTION SYMBOL PHYSICAL FORTRANII FORTRAN IV
Library 1 SYSLB1 Al 1
Library 2 SYSLB2 Unassigned
Library 3 SYSLB3 Unassigned
Library 4 SYSLB4 Unassigned
Card Reader SYSCRD RDA
On-Line Printer SYSPRT PRA
Card Punch SYSPCH Ao
Output SYSOU1 A3 6 6
Alternate Output SYSOU2 A3
Input SYSIN1 B3 5 5
Alternate Input SYSIN2 B3
Peripheral Punch SYSPP1 B4 7 7
Alt. Peripheral Punch SYSPP2 B2
Check Point SYSCK1 B5
Alternate Check Point SYSCK2 B5
Utility 1 SYSUT1 A4 4 1
Utility 2 SYSUT2 B1 8 2
Utility 3 SYSUT3 A2 2 3
Utility 4 SYSUT4 B2 3 4
Utility 5 SYSUTS5 Unassigned
Utility 6 SYSUT6 Unassigned
Utility 7 SYSUT7T Unassigned
Utility 8 SYSUTS8 Unassigned
Utility 9 SYSUT9 Unassigned
ATTACHED UNITS NOT ASSIGNED OR RESERVED

A5 B6

A6 B7

AT B8

A8 B9

A9 BO

INTER SYSTEM RESERVE UNITS
NONE




Error Conditions

A.

Error conditions result in program dump in floating point form with
XR4 being key to location where error occurred.

Hints on Error Conditions

1)
2)
3)

4)
5)

Make very sure input data is correct
XR4 should tell where error occurred

Make sure end cards END and FIN are present and used
correctly

Double check deck makeup

Table input data is frequent error on engineer's part.



A.2.3 OPERATOR'S GUIDE FOR 117.1 ON IBM 7094 MOD II

1 Machine Configuration (System Requirements)

A. Channel A

1) Al = IBSYS VERSION 13

2) A2 = Utility tape

3) A3 = List tape (output print tape)
4) A4 = Utility tape

B. Channel B
1) B1, B2, and B5 = Utility tape
2) B4

Punch tape (Card output)

3) B3 Card-to-tape (Input)

C. Core Storage
1) 32K
II Deck Setup

A. Control Cards at Beginning of Deck

1) $DATE

2) $IBSYS

3) $RESTORE
4) $JOB

5) gID

6) SEXECUTE
7)  $IBJOB




II Deck Setup (con't)

B.

Program Deck

1)
2)
3)
4)
5)
6)
7)
8)
9)
10)
11)
12)
13)
14)
15)
16)
17)
18)
19)
20)

. 21)

22)
23)
24)
25)
26)
27)

NINPUT
NL@GIC
193Z
MTAPEW
CPUNCH
NEVAL
NINTL
NPRC@N
T9NSUB
31NSUB
32NSUB
33NSUB
34NSUB
36NSUB
37NSUB
38NSUB
NTAPER
N@UTPT
ONQ@UT
INGUT
EIGEN
INVERT
ADMAT
SBMAT
TRMAT
YMATMY
AMATMY



II Deck Setup (con't)

B.

Program Deck (con't)

28)
29)

INTP
NINTG

Control Cards at End of Program Deck

1)
2)
3)
4)
o)
6)
7)
8)

S8ENTRY

7/8

Data Cards (Not Control Cards)
7/8

gIBSYS

gENDFILE SYS@U1
ZENDFILE SYSPP1
gSTQP

Devices Used by Program

1)

Fortran Logical 2 tape unit = Bl

Built-in Pauses

1)

2)

Pause 77777 with 77777 right justified in AC means to make
sure either a special tape or a blank tape is to be mounted on B1, then
hit start.

Pause 66666 with 66666 right-justified in AC means the problem is
completed and save tape from Bl before going to next job; then
hit start.




3)
4-13)
14-54)
55-58)

Record No. 2

1)
2)
3)
4)

5)
6)
7)
8)
9)
10)
11)
12)

13-54)
55-58)

-3.0

Run No.

Phase No.

Heading

0

4 BCI Blank Words

-2.0
Run No.
Phase No.

Prx, )
Pry,
Prz
0
Y AX, f A 4 matrix in row form
Y
AY,
Yaz,
Roy

R
OZ0 .

o

0
4 BCI Blank Words



Record No. 3 and All Others Except Special End Records

1) TIME
2) Run No.,
3) Phase No.
4-6)  wpy Wyas WRo
7-12) X, Y, Z, X, Y, Z

13-18) a, ay, az, al, az, a3

X
v10-50 oL oL ik 97t 971 971 | In Error Analysis P
117 o1 Bp2 CP41. 51° P61 } or Analysis Program

Read in as Transpose
55-58) 4BCI Words

Record N (Record Separating Cases) Special End Record

1) Time = 1. E20

2) Run No.

3) Phase No.

4) Remaining words are garbage thru word 58

Record (N + 1)

1) If end of all runs duplicate of record N
2) If another case same format as preceding case on tape.

-1 -1 -1 . . i1e s . .
* Note: (to—t) isino® 41° cp52, cp63 This option is built in error analysis portion

of program
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A.3 PROGRAM LISTING, PROGRAM 117,1

The original of the compilation listing has been supplied with the program decks.
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APPENDIX B

Input Forms for Program 117.1
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