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1. INTRODUCTION 

The all-digital, six degree of freedom (6DOF) simulation program 

documented in this report provides a realistic method for the evaluation 

and analysis of a terminal homing weapons system. Missile hardware 

components, vehicle dynamics, environment descriptions, and target 

motion are simulated by identifiable program modules. In some cases 

(e. g. , the Actuator and Autopilot modules), both high and low frequency 

models are available, allowing simulations to be tailored to user needs. 

Two gimballed seekers are modeled which null on the LOS vector to 

provide an initial signal for proportional navigation guidance. Either 

model, one simulating a four-quadrant (laser) seeker, and the other 

simulating a vidicon (Optical Contrast) seeker, can be optionally selected. 

Another input option permits simulation of either a direct fire (pre¬ 

launch target acquisition) mode, or an indirect fire (target acquisition 

after launch) mode. Pre-acquisition guidance during an indirect fire 

mode simulation is provided by a pre-programmed trajectory, where 

trajectory shaping can be accomplished by an input parameter. A number 

of print and plot output options provide versatility of data presentation. 

This report presents a functional overview of the program, a detailed 

description of the individual modules and subroutines, a brief description 

(where appropriate) of the components modeled, and a guide to the use of 

the program. 

1 



2. FUNCTIONAL DESCRIPTION 

The six degree of freedom Terminal Homing Simulation Program 

provides the capability of simulating flights of a given configuration 

of the terminal homing seeker-missile under varying input conditions. 

Figure 2-1 is a functional block diagram of the simulation program, 

depicting both basic program flow and basic data flow. Table 2. 1 defines 

the variable symbols used in Figure 2. 1. The program is modularly 

designed, where the modules describe either hardware components 

(e. g. , Seeker, Actuator, etc. ), homogenous environment conditions 

(e. g. , Winds and Air Data), or simulation-unique functions (e. g. , 

Coordinate Conversion, Translational Dynamic, etc. ). This modular 

approach facilitates adaptation of the program to reflect changing hard¬ 

ware components, different levels of environment modeling detail, etc. 

The program is structured to accomplish multiple case simulations 

during a single run. 

As illustrated in Figure 2. 1, the system is closed loop. After initiali¬ 

zation, program flow begins with the Winds module. The Winds module 

produces a constant velocity wind vector, V^y, which depends only upon 

Input data. The Air Data module uses Vw , the missile velocity vector V^j, and 

missile altitude (not shown) inputs to generate the missile Mach number, 

2 
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.DATA FLOW 

Figure 2. I - Simulation Program Functional Diagram 
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Table 2.1. Functional Diagram Variable Definitions 

DM 

CF 

Cm 

cg8 

T 

F ^ 

T 

m 

■ra 

PD 

R"b 

re 

Rs 

Rr 

'•«V 

Vm 

VMACH 

VMW 

Aerodynamic damping coefficient vector, (Cjjp, Cmq, Cmr) 

Aerodynamic force coefficient vector, (Cjr, Cy. C^) 

Aerodynamic moment coefficient vector, (Cj^, Cm, Cn) 

Center of gravity shift due to burned propellant 

Total force vector, (F^, Fy, F^)» in body axes 

Engine thrust force vector, (F-px* Fpy, F^^)» a^es 

Moment of inertia vector, (Ixx* ^yY' ^ZZ^* Pr<>duct8 

of inertia, IXY» ^Z' etc* ' are as8umed to be zer0* ) 

Vehicle mass (time dependent, due to burning propellant) 

Total moment vector, (Mx, My, M2) 

Engine thrust moment vector, (Mpx* mtY» My2) 

Dynamic pressure 

Line-of-sight vector (LOS), (RbX» rBY* rbZ^' ^ody axe8 

Missile position vector, (Xg, Yg, Zg), in earth axes 

Missile to target slant range (magnitude of LOS vector) 

Target position vector, (Xy, Yy, Zy) in earth axes 

LOS vector, (Xy, Yy , Zy), in earth axes 

Missile velocity vector, (Vx# VY, Vfc), in earth axes 

Missile Mach number 

Missile velocity vector, (V^x* VWY’ ^WZ^’ re^at^v® to 

the wind, in earth axes. 

4 



Table 2.1. Functional Diagram Variable Definitions 
(continued) 

VW 

a 

♦l 

♦2 

*1 

♦ 

T 

6c 

X 

Measured between missile 

platform and body axes 

Wind velocity vector in earth axes 

Missile angle of attack (pitch) 

Missile angle of attack (yaw) 

Missile angle of attack (total) 

Euler roll angle 

Euler pitch angle 

Euler yaw angle 

Aerodynamic roll angle 

Fin position vector, (6j, «2- ‘3. ‘4). for fins 1,2,3 and 4 

Commanded fin position vector, (6ci, 6C2, 6^, 6^) 

Time rate of change vector of the pitch and yaw angles 

between the LOS and velocity vectors 

Body angular rate vector, ( ^p, wq, wj^) 

Azimuth angle in earth axes 

Vertical flight path angle in earth axes 

5 
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VmacH* ^ynarn*c pressure, P^j, and the tnissile velocity in the wind 

vector, Vj^j^y. The Coordinate Conversion module uses the 

missile position and velocity vectors, Rg, and Vm» and the target 

position vector, R^,, to produce the following outputs: 

<t> 

Rc 

R 

R 

4> 

9 

B 

1 

2 

angle of attack in pitch 

angle of attack in yaw 

total angle of attack 

aerodynamic roll angle 

slant range 

missile to target (LOS) vector 

LOS vector in body axes 

Euler roll angle 

Euler pitch angle 

Euler yaw angle 

I Measured from missile 

longitudinal axis to th** 

relative wind axes 

in earth axes 

Measured between 

missile inertial plat¬ 

form and body axes. 

The inertial platform/body axes Euler angles are obtained indirectly 

by integrating the time derivatives of the elements of the earth-to-body 

transformation matrix (not shown). 

4 
The Aero Coefficients module uses the angles a , 0 , a , and <J> , 

the missile Mach number, Vj^aCH* anc* ^ ^e^ect^on ® (from the 

Actuator) to generate the force, moment, and damping moment coefficienta 

Cp, CM, and Cqj^. Program control then passes to the Engine module, 
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which uses only flight time and initial values as input to compute thrust, 

Ft, moments due to thrust misalignment, Mt» mass, m, center of 

gravity shift, CGS, and moments of inertia, I. 

The Aero Forces module computes the total translational forces F, and 

total moments, 1(, using the following input data: 

C F 

CDM 

ft 

m 

Previously defined 

/ 
Body angular rnies (tjp, cJq, 

The Translational Dynamics module computes the missile position and 

velocity vectors, Rg, and Vj^, based upon the inputs of force, F, and 

mass, m. Target position, Rt, is computed, when the target motion 

option is exercised, using constant input parameters. 

CG 
8 

PD 

<J 
B 

The Rotational Dynamics module uses moments of inertia, I, and 

moments, M, to calculate body angular rates, CJg. 

The Seeker module generates the proportional navigation error signal, 



X , (the angular rates of the LOS in pitch and yaw) from the input LOS 

vector, Rq, (expressed in the body axes) and the seeker platform 

orientation. The slant range, Rg, is used to adjust seeker deadband 

as a function of range. 

The Autopilot uses the X’ error signal to develop attitude command 

signals in pitch and yaw. Roll error signals are generated by the roll 

stabilization channel. These are differenced with appropriate components 

of the missile attitudes ( •2» ^l)' measured from the stable plat¬ 

form, to form fin position command signal, 6 c. The Actuator deter¬ 

mines the actual fin position, 5 , based upon the error signal ( &c- 6 ), 

and the differential equations describing the actuator dynamics. 

At this point in the program logic flow, the STGE3 and Terminal 

Geometry subroutines determine if the simulation of the current case 

should be terminated. If so, trajectory end conditions (miss distance, 

etc. ) are printed and, if requested by input option, plotted. The program 

then begins simulation of the next case, or terminates, if no additional 

cases are to be run. 

If STGE3 and the Terminal Geometry subroutines do not terminate 

simulation of the current case, control passes to the Winds module, and 

the previously described process continues until terminal conditions are 

met. 

8 



3. SUBROUTINE DESCRIPTION 

3. 1 MAIN PROGRAM 

MAIN is the primary executive routine of the simulation program. All 

subroutines and modules executed during a simulation run are either 

called from MAIN, or are called by subroutines or modules which are 

called by MAIN. 

The initialization routines are called first by MAIN, after which the 

integration loop is entered and repeated until the target intercept plane 

is passed, the missile impacts the ground, or the simulation flight time 

exceeds an input maximum value. At this point, variables requiring it 

are reinitialized for possible subsequent runs, the plotting subroutines 

(PLOT4, PLOT2, or PLOTN) are called, if any plot options were exer¬ 

cised, and the process either repeated (if there are additional cases to 

be run), or terminated. 

3.2 MODULES 

3. 2. 1 A1-Aerodynamic Coefficient Table Look-Up Subroutine 

3.2.1.1 Function Description 

This subroutine utilizes the executive subroutines TABLE, TABL2, and 

TABL3 to retrieve the aerodynamic coefficients from data arrays stored 

9 



by BLOCK DATA. The aerodynamic coefficients stored by BLOCK 

DATA are referenced to the wind axes coordinate system shown in 

Figure 3. 2. 1. For this coordinate system, a normal and axial 

force convention is used as opposed to a lift and dray, force convention. 

The aerodynamic coefficient components and the independent variables 

of which they are a function that are stored by BLOCK DATA are as 

follows:* 

Axial force coefficient at zero angle of attack 

CA = ix (MACH) 

Pitching moment coefficient at zero angle of attack 

Cmo = f2 <MACH) 

Normal force coefficient 

CN («') = fl (MACH' a') 

Pitching moment coefficient 

Cm'<«') = f2 |MACH’ 

Incremental pitching moment coefficient due to aerodynamic 

/ 
roll angle ( ♦ ) 

C / = f, (MACH, « y ) m ^ 

* The function notation fx (Y) indicates the variables of which the 

dependent variable is a function. 

10 
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Figure 3. 2. 1 - Wind Axes Coordinate System 
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Pitch control moment coefficient due to fins 

(-), ■'. 
V « q /♦=<) 

(MACH, or ) 

(-), •' 
\ 6r /4.=0 

= f4 (MACH, or ) 

Incremental normal force coefficient due to aerodynamic 

roll angle ( ^ ) 

Cj/ = f5 (MACH, a ) 

Normal force coefficient due to fin pitch position 

= f6 (MACH, or' ) (¾ =0 

Normal force coefficient due to fin yaw position 

= f6 (MACH, a') 

(-)• - \ 6 r /♦ =0 

Incremental side force coefficient due to aerodynamic roll 

/ 
angle ( ♦ ) 

ÛCY' = f7 (MACH, or') 

Incremental yawing moment due to aerodynamic roll 

/ 
angle ( 4* ) 

ACn' = f8 (MACH, a' ) 

12 
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Incremental rolling moment due to aerodynamic roll angle 

AC0' = fQ (MACH, a') 

X Lugs ^ 

ACy = fl0 (MACH,(/) 

Rolling moment coefficient due to fin roll control 

= fn (MACH, a ') 

/ 

♦ = 0 

Pitch, yaw, and roll damping coefficiema 

Cmq = f12 <MACH’ 0 ) 

Cnr = *12 (MACH, a ) 

C n = f M (MACH o ) 

The dependent variable and the independent variable(s) shown above are 

stored by BLOCK DATA and each dependent and each independent variable 

array is assigned to a COMMON BLOCK by BLOCK DATA. When more 

than one independent variable is involved, the arrays containing the in¬ 

dependent variables are located in a single COMMON BLOCK. For 

example, Cm'' (a/) is a function of two independent variables, MACH 

and o COMMON BLOCK assignments are made thus by, 

13 



Variable 
Name 

Array 
Name 

Common 
Block 

Common Block 
Order 

Cm' ( “ ) CMP CMPF / CMPF/CMP(35) 

/ BA3 CA3 
Of /CA3/BA3(7), VM3{5) 

MACH VM3 CA3 

The order in which the array name appears in the COMMON BLOCK is 

based upon which independent variable is held constant while the other 

is varied through its numerical range. The array name appearing first 

in a COMMON BLOCK is varied through its range while the second is 

held constant. 

The instantaneous value of a coefficient is obtained from the data arrays 

by use of the executive subroutines (look-up subroutines) TABLE. TABL2 

and TABL3. The look-up subroutines used depends upon the number of 

independent variables, e.g.s 

1 independent variable - use TABLE 

2 independent variables - use TABL2 

3 independent variables - use TABL3 

The instantaneous value of the independent variable is sent into the 

appropriate look-up subroutine, along with the COMMON BLOCKS con¬ 

taining the dependent and independent variable arrays. A linear inter¬ 

polation is performed between appropriate points and the instantaneous 

value of the dependent variable is returned. 

14 
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The force and moment coefficients of the control surfaces (fins) are given 

as a function of the ratio of the control surface coefficient to the average 

value of the combined angular displacement of the four control surfaces. 

The average value of the combined fin settings are computed in this 

module based upon the individual fin settings computed in the actuator 

module, C4, if the input flag OPTM is less than or equal to zero. (If 

the flag OPTM is greater than zero, the average value of the combined 

fin settings are computed from individuad fin setting input data. Under 

this option, the fin settings remain constant throughout the flight as far 

as computed aerodynamic coefficients are concerned. This option over¬ 

rides all autopilot commands to the fins, thus causing an unguided flight 

since all directional control is performed by the fins. ) 

3.2.1.2 Equations 

1. Fin Deflections 

The average value of die combined fin settings based on 

individual fin settings are computed following the sign convention amd fin 

setting configurations given in Figure 3. 2. 2. This figure illustrates the 

combined settings that produce pure attitudes of pitch, yaw, and roll. 

The sign convention is based on the fin angular rotations that produce 

pure pitch. Thus, fin positive rotations - looking down the fin hinge 

toward the fin base - are: 

15 



NOTES: 

1. CN' is always in the plane of a' 

2. Tail deflections shown are trailing edge displacements. 

3. Tail hinge moments have the same direction as deflections lq. 

Figure 3. 2. 2 - Aero Sign Conventions 
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Fin #1 - positive counter - clockwiee ( AFj) 

Fin #2 - positive counter - clockwise ( AF2) 

Fin #3 - positive clockwise ( ^^3) 

Fin #4 - positive clockwise ( A F^) 

Thus, the average value of the combined set is: 

6p = (- AFj - AF2 + AF3 + AF4)/4. (roll) 

6 q = ( AFi + AF2 + AF3 + AF4)/4. (pitch) 

6 r = (- AFi + AF2 - AF3 + AF4)/4. (yaw) 

Z. Total Force and Moment Coefficient Wind Axes 

The total force and moment coefficients in the wind axes 

system are computed from the components listed in 3. 2. 1. 1, above 

according to the following: 

Normal force coefficient 

C N = CnVV I-—î!—I / uq> COS ♦' 

\ Ä q /♦ =° 

( 6 r) SIN ♦ 

Pitching moment coefficient 

(-) 
( 6 r) 

/ ( 6 q’ COS*' 

6 r IQ =0 

1? 



Yawing moment coefficient 

C / = /= AC' SIN4* + (C^\ ( £ r) COS ♦' 

[> 

T\ 
Is A / 

6 q y<t> =0 
( 6 q) SIN ♦ 

Side force coefficient 

cY' = acy / fcA 
' SIN4 ♦ +[_\ 

y« r /4* =0 
( 6 r) COS ♦ 

\«q/*=0 
( 6 q) SIN ♦ 

Rolling moment coefficient 

1 / 

X LUGS 

. / v / 
= AC / SIN2 ♦ + SIN40 + a / <«p> 

♦ =0 

3. Total Force and Moment Aerodynamic Coefficienta 
Body Axes 

The aerodynamic forces and moments are computed in 

module A2 (forces and moments module) using the coefficients computed 

in this module. These forces and moments are computed in the missile 

body axes system; therefore, the coefficients computed above must be 

transformed into the body system. The transformation is made based on 

the geometry given in Figure 3. 2.1. Thus, 

18 



Force Coefficients 

CY = CY' COS4>'- CN' SIN ♦/ 

Cz = -Cy / SIN4»"- CN/ COS ♦ / 

Moment Coefficients 

CJt =C^ 

Cm = Cn/ SIN 4» \ Cm, COS ♦ + Cmo 

Cn = Cn' COS Cm' SIN ♦' 

3. 2. 1.3 Initialization Subroutine 

Entry point All in module C4I initializes the individual fin settings at 

time = 0 from data input on Type 3 input cards (see Section 3. 5. 1). 

Initial values of the fin settings are computed from the combined fin 

settings that produce pitch (6q), yaw (6r), and/or roll (6p). The indivi¬ 

dual fin setting computed are: 

AFj = -ip - 6q + 6r 

dFj* = - 6p + 6q + 6 r 

dFj = 6p + 6q - 6r 

ÛF4 = 6p + Äq - 5r 

* Axial force coefficient C¿ is actually opposite in sign of C^. This 

sign difference is accounted for in subroutine A2 when the forces are 

computed. 



The initialization equations for the individual fin settings are derived 

from the combined fin setting parameters under the constraint that: 

AFj - AF2 - AF3 + AF4 = 0 

3.2.1.4 Assumptions and Limitations 

1. The combined fin settings that produce pure attitudes of 

pitch, yaw and roll are given in Figure 3. 2. 2. The sign convention is 

based on the fin angular rotations that produce pure pitch. 

a. A positive fin setting for pitch (5 q) gives a negative 

pitching moment. 

b. A positive fin setting for yaw (6 r) gives a negative 

yawing moment. 

c. A positive fin setting for roil (6p) gives a positive 

rolling moment. 

2. Due to vehicle fin symmetry, the fin pitch and yaw moment 

coefficients are equal and the fin normal and side force coefficients are 

equal. 
a. C / C / m _ m 

4r 6 q 

b. ful 
«q 

m 

6q 

V 
< r 

C / 
m 

«q 

20 



d. V 
6r 

C / 
Y 

«q 

cy' 
c ' 

N 

«q 6q 

f. 
CN ' 

C / 
N 

6r «q 

3. In subroutine AI, the symbol for normal force coefficient 

C 'was changed to C According to Figure 3. 2.1. the force coefficient 
N £ 

Cz'h« opposite sign of Cy . However, this sign chsnge was net observed 

in programming the equation. Thus, the equation for normal force coefficient 

uses the symbol but has the sign convention of Cj/ . 

4. Limitations imposed upon the angle of attack and on Mach 

number for the purpose of interpolating in the aero coefficient tables are 

as follows. 

a. « ' * 20° 

a < 20° 

0 S 20° 

b. .5SMACHS1.25 

21 



3.2.1.5 Input/Output and Croag Reference of C-Array 

1. Input from data cards 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 
TEXT WD£X DEFINITION 

OPTM 

UDL1 

UDL2 

UDL3 

UDL4 

OPTM 

AF, 

AF. 

AF. 

A F. 

1551 

1555 

1556 

1557 

1558 

Option Flag 
0 - guided missile 
1 - unguided missile 

Angular setting of fin #1, measured 
positive as a counterclockwise 
rotation (DEG) 

Angular setting of fin #2, measured 
positive as a counterclockwise 
rotation (DEG) 

Angular setting of fin #3, measured positive 
as a clockwise rotation (DEG) 

Angular setting of fin #4, measured positive 
as a clockwise rotation (DEG) 

22 



Input from other Modules 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 

text 
C 

index DEFINITION 

VMACH 
BALPHA 

MACH 
a 

¿04 
367 

BALPHY 368 

BALPHP 

BPHIP 

369 

370 

BDELT1 

BDELT2 

BDELT3 

BDELT4 

A F, 

A F. 

A F- 

A F. 

1103 

1107 

1111 

1115 

Instantaneous value of mach number 
Instantaneous value of the vertical angle of 

attack, measured from the projection 
of the missile velocity with respect 
to the wind into the Xg-Zg plane and 
the XB axis (DEG) 

Instantaneous value of the horizontal angle 
of attack, measured from the projection 
of the missile velocity relative to the 
wind into the Xg-Zg plane and the velocity 
relative to the wind (DEG) 

Instantaneous value of the total angle of 
attack between vehicle Xg axis and the 
relative wind velocity (DEG) 

Instantaneous value of the aerodynamic roll 
angle between the plane containing the 
Zß-Xg axes and the plane containing the 
XB-velocity vector relative to the wind 
(DEG) 

Angular fin setting of Fin #1, measured 
positive, counterclockwise (DEG) 

Angular fin setting of fin #2, measured 
positive counterclockwise (DEG) 

Angular fin setting of fin #3, measured 
positive clockwise (DEG) 

Angular fin setting of fin #4, measured 
positive clockwise (DEG) 
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3. Input from BLOCK DATA through COMMON BLOCKS 
and Output from Subroutinea TABLE, TABL2, and 
TABL3 

The following tablea Hat the input arraya paaaed into 

Module A1 through COMMON BLOCKS from BLOCK DATA. Theae arraya 

contain the aerodynamic coefficient tablea and their independent variable 

tablea that are paaaed into the table look-up aubroutines TABLE, TABL2 

and TABL3 for the purpoae of interpolating for inatantaneoua values of the 

coeffidenta. The variable symbol appearing in column 1 is the instantaneous 

value of that particular coefficient output from the table look-up subroutine. 

(Theae coefficients are wind axes coefficients. ) Column 4 lists the 

COMMON BLOCK that contains the tables identified in column 5. 
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1 
FORTRAN 
SYMBOL 

NCI 

SYMBOL 
USED Dv 

TEXT 

CAI 

CXO 

CA4 

CMO 

MACH 

MACH 

NC3(4) 

DCZ2 

rr*j 

C 
INDEX 

COMMON 
BLOCK 

1212 

C - 1214 
N 

NCI 

CAI 

CXOF 

CA4 

CMOF 

NC3 

CZ2F 

DEFINITION 

Number of data points in the 
axial force coefficient table 
(CXOF) and the pitching 
ihoment coefficient table 
(CMOF). 

NC 1(1) - specifies number 
of data points in 
the table 

NCI (2) - not used. 
Mach number table containing 
mach number values corre¬ 
sponding to the axial force 
coefficient table CXOF 
Axial force coefficient table 
containing axial force coef¬ 
ficient values corresponding 
to the mach number values in 
CA1 
Mach number table containing 
mach number values corre¬ 
sponding to the pitching moment 
coefficient table CMOF 
Pitching moment coefficient at 
zero angle of attack table con¬ 
taining pitching moment coef¬ 
ficient values corresponding to 
the mach number table values 
in CA4 
Number of data points in the 
following tables: 

(1) Normal force - CZPF 
(2) Pitching moment - CMPF 
(3) Incremental pitching moment 

due to aerodynamic roll 
angle - CM2F 

(4) Normal force due to fin 
pitch position - CZDF 

(5) Normal force due to fin 
yaw position - CZDF 

Incremental normal force coefficient 
due to aerodynamic roll angle (*') 
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1 

fortran 
SYMBOL 

SYMBOL 
USED IN 

TEXT 

C 
INDEX 

COMMON! 
BLOCK 

CA3 CA3 

CZO 

CMO 

DCM2 

CZDQ 

Cjj(a') 1213 CZPF 

C Í«') 1218 
mr 1 

ACm' I 1219 

1215 

CMPF 

CM 2 F 

CZDF 

DEFINITION 

(7) Pitching moment due to v 
fin yaw poaition-CMDF 

NC3(1)-Number of points in the 
dependent variable ï able (ordinate 
axis-coefficient values) and the 
first independent variable table 
(abscissa axis, d1) 
NC3(2)-Number of data points 
in the second independent vari¬ 
able (MACH) table 
NC3(3)-Not Used 
NC3(4)-Not Used 
This common block contains both 
the total angle of attack (o') table 
and the mach number (MACH) 
table. The angle of attack table 
containing NC3(1) points, appears 
first followed by the mach number 
table with NC3(2) points. 
Normal force coefficient table con¬ 
taining the number of points speci¬ 
fied by the product of NC3(1) and 

NC3(2). 
Pitching moment coefficient table 
containing the number of points 
specified by the product of NC3(1) 

and NC3(2). 
Incremental pitching moment, 
table containing the number of 
points specified by the product 
of NC3(1 ) and NC3(2). 
Normal force coefficient (due 
to fin pitch position)table con¬ 
taining the number of points 
•pacified by the product of 

i NC3(1) and NC3(2). 
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1 
FORTRAN 
SYMBOL 

CZDR 

CMDQ 

CMDR 

NC2(4) 

SYMBOL 
USED IN 

TEXT 

(v) 

C 
INDEX 

1216 

1220 

1221 

common! 
BLOCK 

CZDF 

CMDF 

CMDF 

NC2 

DEFINITION 

Normal force coefficient (due 
to fin yaw position) table con- 
taini*»y the number of points 
specified by the product of 
NC3(1) and NC3(2) 
Pitch control moment coefficient 
(due to fin pitch position) table 
containing the number of points 
specified by the product of 
NC3(1) and NC3(2). 
Pitch control moment coefficient 
(due to fin yaw position) table 
containing the number of points 
specified by the product of 
NC3(1) and NC3(2). 
Number of data points in the 
following tables: 

(1) Incremental side force 
coefficient due to fin yaw 
position-CY4F 

(2) Incremental yawing moment 
due to aerodynamic roll 
angle (♦') 

(3) Pitch damping coefficient- 
CMQF 

(4) Yaw damping coefficient- 
CMQF 

NC2(1) -number of points in the 
dependent variable table 

(ordinate axis, coefficient 
value) and the first inde¬ 
pendent variable table 
(abscissa, o) 

NC2(2)-number of data points in 
the second independent vari¬ 
able table (MACH) 

NC2(3) - Not Used 
NC2(4) - Not Used 
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1 
FORTRAN 
SYMBOL 

CAZ 

DCY4 

DCN4 

CMQ 

CNR 

NC5(4) 

SYMBOL 
USED m 
TEXT 

XiíACH 

àCY' 

mq 

C 
INDEX 

1217 

1222 

1207 

nr 1208 

COMMO> 
BLOCK 

CA2 

CY4F 

CN4F 

CMQF 

CMQF 

NC5 

DEFINITION 

This common block contains both 
the vertical angle of attack (Or) 

table and the mach number (MACH) 
table. The angle of attack table, 
containing NC2(1) points, appears 
first, followed by the mach number 
table with NC2(2) points 
Incremental side force coefficient 
table (due to aerodynamic roll 
angle, ♦') containing the number 
of points specified by the product 
of NC2(1) and NC2(3). 
Incremental yawing moment 
coefficient table (due to aero¬ 
dynamic roll angle, containing 
the number of points specified 

y the produce of NC2(1) and 
NC2(3). 
Pitch damping moment coefficient 
table containing the number of 
points specified by the product 
of NC2(1) and NC2(3). 

Yaw damping moment coefficient 
table containing the number of ? 
points specified by the product 
of NC2(1) andNC2(3). 

Number of data points in the follow¬ 
ing tables: 
(1) Rolling moment coefficient 

due to fin roll control - CLDF 
(2) Incremental rolling moment 

. due to aerodynamic roll angle 
(*') - CL4F 

(3) Incremental rolling moment 
coefficient due to launch lugs- 
CL2F 



1 
ORTRAN 

SYMBOL 

SYMBOL 
USED IN 
TEXT 

C 
INDEX 

COMMON 
BLOCK DEFINITION 

CA5 

CLDP 

DCL4 

DCL2 

CH 

© 

H) 

1225 

1224 

CA5 

CLDF 

CL4F 

CL2F 

tfC5(l)-Number of points in the 
dependent variable table 
(ordinate axis-coefficient 
table) and the first inde¬ 
pendent variable table 
(abscissa-a') 

NC5(2) -Number of data points 
in the second independent 
variable table (MACH) 

NC5(3)-Not Used 
NC5(4)-Not Used 

This common block contains 
both the total angle of attack 
(Of') table and the mach number 
table (MACH). The angle of 
attack table, containing NC5(1) 
points, appears first, followed 
by the mach number table with 
NC5(2) points. 
Rolling moment coefficient table 
containing the product of NC5(1) 
and NC5(2) points. 
Incremental rolling moment 
(due to aerodynamic roll angle) 
table containing the product of 
NC5(1) and NC5(2) points. 
Incremental rolling moment 
(due to launch lugs) table con¬ 
taining the product of NC5(1) 
and NC5(2) points. 
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FORTRAN 
SYMBOL 

SYMBOL 
USED IN 

TEXT 
C 

INDEX DEFINITION 

CHI 
CH2 
CH3 
CH4 
CHI 1 
CH21 
CH31 
CH41 

1236 
1237 
1238 
1239 
1240 
1241 
1242 
1243 

Fin #1 hinge moment coefficient 
Fin #2 hinge moment coefficient 
Fin #3 hinge moment coefficient 
Fin #4 hinge moment coefficient 

^Not Used 
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mm III.. 

4. Output 

I FORTRAN 
SYMBOL, 

SYMBOL 
USED IN 

TEXT 

C 
INDEX DEFINITION 

OPTHNG 
CX 

CY 

CZ 

CLP 

CMQ 

CNR 

CL 

CM 

CN 

VM 
BAP 
BDL 

BDM 

BDN 

BDP 

BDQ 

BDR 

X 

CY 

CZ 

mq 

:nr 

Cî. 

m 

n 

MACH 
y 

a 

Sp 

6q 

6r 

1200 I Not used in this module 
1203 I Total axial force coefficient value in body 

axis system 
1204 I Total side force coefficient value in body 

axis system 
1205 I Total normal force coefficient value in body 

axis system 
1206 i Roll moment damping coefficient 

1207 I Pitch moment damping coefficient 

1208 I Yaw moment damping coefficient 

1209 I Total rolling moment coefficient value in body 
axis system 

1210 1 Total pitching moment coefficient value in 
body axis system 

1211 I Total yawing moment coefficient value in 
body axis system 

1226 I Mach number 
1227 Total angle of attack (DEG) 
1228 I Absolute value of the four fin combinations 

for roll control (BDP) with a 10° limiting 

value (DEG) 
1229 ¡ Absolute value of the four fin combinations 

for pitch control (BDQ) with a 10° limiting 

value (DEG) 
1230 I Absolute value of the four fin combinations 

for yaw control (BDR) with a 10° limiting 

value (DEG) 
1231 I Average value of the combined fin settings 

for roll control (DEG) 
1232 I Average value of the combined fin settings 

for pitch control (DEG) 
1233 I Average value of the combined fin settings 

for yaw control (DEG) 
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3. 2. 2 A2 - Forces and Momenta 

3. 2. 2. 1 Function Description 

This module computes aerodynamic forcea and moments acting on the 

vehicle; computes forces and moments acting on the missile lugs due to 

launch rail motion and missile motion; and sums up all forces and moments 

acting on the vehicle computed in this module and those from other sources 

(such as thrust which is computed in A3). The resulting forces and 

moments output from this module are the total external forces and 

moments. 

The aerodynamic forces and moments consist of those forces and moments 

acting on the vehicle and the moments on the movable control surface hinge 

points. The hinge moments are computed in this module to be used in the 

actuator module, C4. However, these moments are zeroed out in this 

module by alloving the hinge moment coefficients (CHI, CH2, CH3,and CH4) 

to default to zero (by virtue of the fact they are undefined) in module Al. 

C4 recomputes the hinge moments from a set of equations in C4 using 

hinge moment coefficients defined in a C4 DATA statement. The aero¬ 

dynamic forces and moments acting on the vehicle are computed using 

the aerodynamic coefficients determined by table lookup in subroutine Al. 

Lug forces and moments are computed for missile motion along the launch 

rail if the input flag OPTN4 is greater than zero. The lug forces and 
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moments are computed for two flight phases. They are: 

1) Both lugs on the rail 

2) Rear lug only on the rail 

Printed output concerning the events along the rail are controlled by this 

module. The events are: (1) front lug rail clearance, and (2) rear lug 

rail clearance. When the front lug clears the rail, the output is: 

"FRONT LUG CLEARS RAIL, T = (time), 

REL VEL = (airspeed), PITCH MOMENT = (pitching 

moment due to rear lug)" 

The output pitching moment is the pitching moment computed at the first 

time point after front lug clearance. No interpolation is made to deter¬ 

mine the exact time of front rail clearance. 

When the rear lug clears the rail, the output is: 

REAR LUG CLEARS RAIL, T = (time), 

REL VEL = (airspeed), RAIL FORCE = (the 

z-component of the rail force)" 

The output rail force is the force exerted on both the front and rear lug 

at the time point just prior to front lug raU clearance. No interpolation 

is made to determine the exact time of rear lug rail clearance. 
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3.2.2.2 Equations 

Moments and Forces Due to Aerodynamica and Thrust 

Conventional aerodynamic force and moment equations are used to compute 

the forces and moments in the miseile body axis system. They are. 

1. Vehicle aero forces 

AXB qsa (-cx)+ 

qsa (Cy) 
AYB 

fazb = qsa (cz> 

where Q is dynamic pressure, SA is the vehicle reference area and the 

^(subscripts) are the aerodynamic coefficients 

2. Vehicle aero moments 

AXB = «C< + CL (^-)V QSa$L M 

MAYB = (Cm 

P I 2V MW 

MAZB = (C 

+ Cmq (l±\ 
\2VmwJ 

n + Cnr 
[2VMWJ 

Uq) QSasl 

ur) QSASL 

*CX is sent into this module with the sign convention of C». Therefore, the 
sign change ia made here to account for the sign convention used in this 

program, namely = 
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where S, is the vehicle reference length; Co , C . and C are the aero L» Am n 

moment coefficients; Cj p. ^mq> and cnr are damping moment 

coefficients; V is the missile velocity relative to the wind and the 

U (subscripts) are t'le ve^icl® rotation rates about their respective axes. 

3. Control surface hinge moments 

MH! = CH. QSASL 

MH2 = CH2QSaSL 

M = C QS S 
H3 H3 A L 

MH4 = CH4Q SASL 

where CtT1 , C , CTT-, and C„. are the aero coefficients of the respective 
Hl H2 Hi H4 

control surface hinges. 

Due to a C. G. shift from the vehicle reference axes, delta moments due to 

aerodynamic forces and thrust are computed. The assumption that the 

shift occurs only along the X-axis is made. Thus, 

and 

AY 
CG 

0 

azcg = 0 * 
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Therefore, delta body moments due to the C.G. shift are: 

AM 
X 

AMy 

AMZ 

= 0 

(F + F ) AX 
AZB TZ 

<fayb + fty)ax 

CG 

CG 

where F-j-y and ^TZ are t^rust mi8alignment forces along the Y and 

Z body axes (computed in A3) and A is the CG shift as shown in 

Figure 3. 2. 3. 

ccß^^ 

Figure 3. 2.3 
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The sum total of the external body forces and moments computed in this 

module and input from the engine module (A3) are 

FXB = FAXB + ftx 

(Components of total 
body for ce s ) * 

FZB " FAZB + FTZ 

mxb = maxb + Mxth 

) (Components of total 
body forces)* 

where F„v is the thrust misalignment along the X-axis; and MyTH 

and mzth are the body moments due to the initial thrust misalignment 

(at t = 0 ) computed in the engine module (A3). 

Moments and Forces Due to Lugs 

The moments and forces acting on the missUe while moving along the 

launch rail are shown in Figure 3. 2. 4 below. The variable symbols on 

the figure are defined as: 

* Missile lug forces and moments are added while the missile is 
still on the launch rail if the flag OPTN4 is set to non-sero. 
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FIM ■ thru8t vector compoaed of (FTX, FTy’ F'rz^ 

F - aerodynamic force vector composed of (FAXB’ 
AERU 

fayb* fazb 

F - force acting on front lug 
Lj 1 

FL2 " iorce actinK on rear lu8 

W - weight vector 
B 

M - total moment vector 

dj - front lug moment arm 

d_ - rear lug moment arm 
£0 

XB 
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The forces and moments are due to the missile motion and the rail 

motion. Rail motion is described in Section 3. 2. 12 (G5 - Coordinate 

Conversion) and is given below in Figure 3. 2. 5. 

Figure 3. 2. 5 - Rail Launcher Motion 

The motion is assumed to be along the Z-body axis and is of the form 

ZD A ri = A sin (oit +X) + A , 
RAIL 2 

The forces and moments acting on the missile due to the lugs for the two 

flight phases are given below. 

Phase 1 - Missile flight with both lugs on the rail. 

Lug forces are: 

F = 0 
XLUG 

FYLUG = “ *FYB + m8 C23^ 
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FZLUG * m* (ZRAIL ' c33) ‘ FZB • 

where C23 and C3J are the (Z, 3) and (3, 3) elemente ot the Earth-to-body 

transformation matrix, M, defined in Section 3. 2. 8. 

Lug moments are: 

-M M XB XLUG 

M 
YB YLUG 

-M M ZLUG ZB 

The assumptions relating to flight phase 1 are: 

1) No missile angular acceleration 

2) The linear acceleration along the Y-body 

axis is zero 

3) The only acceleration acting in the Z-body 

direction is due to launcher oscillation. 

Phase 2 - Missile flight after the first lug clears rail 

Lug forces are: 

F 
XLUG 

= 0 

x2 Z F 
YLUG 
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■m(^r MYB-'ZRA.l)-(FZB*-«C33) . 

FZLUG = /, + d 2 -21 \ 
\ x2 XY / 

Lug moments are : 

mxlug = -mxb 

MYLUG = dx2 FZLUG 

MZLUG = "dx2 FZLUG 

The assumptions relating to flight phase 2 are: 

1) No rotation about the X-axis while the rear lug 

remains on the rail 

2) The force on the front lug becomes zero 

3) Launch rail acceleration is oscillatory and is 

along the Z-body axis. 

Total external forces and Moments 

The sum of all external forcee and moment* acting on the missile are: 
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Force Components 

F = F + F + F 
XBA AXB TX XLUG 

-p - F -f F + F 
* YBA “ AYB TY YLUG 

F = F + F + F 
ZBA AZB TZ ZLUG 

Moment Components 

M XBA = MAXB + MXTH + ^LUG 

myba = mayb + myth + mylug + amy 

M = M + M + M + AM 
ZBA AZB ZTH ZLUG Z 

42 



3. 2. 2. 3 Input/Output and Cross Reference of C-Array 

1. Input from data cards 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 

TEXT 

C 
INDEX DEFINITION 

RFAREA 

RFLGTH 

RLUG 

RAIL 

AGV 

CFREQ 

CPHAS 

AGV 2 

A GRAY 

OPTN4 

A 

RAIL 

u> 

1 30b 

1307 

1316 

1317 

1330 

1331 

1332 

1333 

1627 

3504 

Aerodynamic cross section reference 
area (FT2) 

Aerodynamic reference length used to 
compute also moments (FT) 

Spacing between the front and rear missile 
lugs (FT) 

Distance between rear of front lug and 
front of rail (FT) 

Amplitude of the oscillatory acceleration 
acting on the missile due to the launcher 
vibrating (G's) 

Frequency of the oscillatory acceleration 
acting on the missile due to the launcher 
vibrating (CPS) 

Phase relationship at time = 0 of the 
oscillatory acceleration acting on the 
missile due to the launcher vibrating (DEG 

Magnitude of the linear component of the 
acceleration acting on the missile due to 
the launcher (G's) 

Acceleration due to gravity (FT/SEC) 

Rail launcher dynamics and fire selector 
option switch 

0-no rail dynamics - direct fire 
1- compute rail dynamics - direct fire 
2- compute rail dynamics - indirect fire 
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2. Input from other modules 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 

TEXT 
C 

INDEX DEFINITION 

PDYNMC 
VMACH 
VAIRSP 

RANGO 

CX 
CY 
CZ 
CLP 
CMQ 
CNR 
CL 
CM 
CN 
CHI 
CH2 
CH3 
CH4 
FMXTH 
FMYTH 
FMZTH 
RLCG 
FTHX 
FTHY 
FTHZ 

CFA23 

WP 
WQ 
WR 

T 
CFA33 

Q 
M 

VMW 

RANG0 

CX 
C Y 

CZ 
cl 
c'P 
^nr 

CX 
Cm 
Cn 
CHI 
CH2 
CH3 
CH4 

mXTH 
Myth 

mZth 

axcg 
ftx 
fty 
ftz 
c23 

U) p 

WQ 
WR 

t 

C33 

203 
204 
207 

380 

1203 
1204 
1205 
1206 
1207 
1208 
1209 
1210 
1211 
1236 \ 
1237 ( 
1238 Í 

1239) 
13201 
1321 > 
1322 ) 
1422 
14111 
1412 / 
1413 ! 

1723 

1739 
1743 
1747 

2000 
1735 

Dynamic pressure (LBS/FT^) 
Mach number 
Magnitude of velocity relative to the wind 

(FT /SEC) 
Magnitude of separation distance between 

rail and missile (FT) 
Aero axial force coefficient 
Aero side force coefficient 
Aero normal force coefficient 
Aero roll damping coefficient 
Aero pitch damping coefficient 
Aero yaw damping coefficient 
Aero rolling moment coefficient 
Aero pitching moment coefficient 
Aero yawing moment coefficient 

Hinge moment coefficients (currently 
defaults to zero) 

Components of thrust misalignment moments 
about body axes (FT-LBS) 

C. G. shift along Xg-axis (FT) 

Thrust misalignment components along 
body axes (LBS) 

Element (2, 3) of Earth-to-body transforma¬ 
tion matrix, M 

Roll rate about XB-axis (DEG/SEC) 
Pitch rate about Yg- axis (DEG/SEC) 
Yaw rate about Zg-axis (DEG/SEC) 

Flight time (SEC ) 
Elements (3, 3) of Earth-to-Body 

Transformation matrix, M 
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3. Output 

FORTRAN 
SYMBOL 

FXBA 

FYBA 

FZBA 

FMXBA 

FMYBA 

FMZBA 

FMH1 

FMH2 

FMH3 

FMH4 

FMXLUG 

FM Y LUG 

FMZLUG 

SYMBOL 
USED IN 

TEXT 

XB 

YB 

ZB 

M XB 

M 
YB 

M 
ZB 

M Hl 

M 
H2 

M H3 

M H4 

M 
XLUG 

M XLUG 

M 
ZLUG 

C 
INDEX 

1300 

1301 

1302 

1303 

1304 

1305 

1309 

1310 

1311 

1312 

1323 

1324 

1325 

DEFINITION 

Xg - component of all external forces 
acting on the missile (axial forces) (LBS) 

Yg - component of all external forces 
acting on the missile (side force) (LBS) 

Zg - component of all external forces 
acting on the missile (normal force)(LBS) 

Xg - component of all external moments 
acting on the missile (rolling moment) 
(FT-LBS) 

Y - component of all external moments 
^acting on the missile (pitching moment) 

(FT-LBS) 
Z - component of all external moments 

acting on the missile (yawing moment) 

(FT-LBS) 
Hinge moment about aerodynamics control 

surface, fin #1 (FT-LBS) 
Hinge moment about aerodynamics control 

surface, fin #2 (FT-LBS) 
Hinge moment about aerodynamics control 

surface, fin #3, (FT-LBS) 
Hinge moment about aerodynamics control 

surface, fin #4, (FT-LBS) 
(1) Xg - component of moment counteracted 

by the front and rear lugs when both lugs 
are on the rail. 

(2) Xg - component of moment acting on the 
rear lug when the front lug has cleared 
the rail. (Rolling moment, FT-LBS) 

(1) Yg - component of moment counteracted 
by the front and rear lugs when both lugs 
are on the rail. 

(2) Yg - component of moment acting on the 
rear lug when the front lug has cleared 
the rail. (Pitching moment - FT-LBS) 

(1) Zg- component of moment counteracted 
by the front and rear lug when the lugs 
are on the rail 

(2) Zn - component of moment acting on the 
onDthe rear lug when the front lug has_ 
clear*« tha rail. ¿Yawing mnmimL FT-URKl 
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3. 2. 3 A3 - Engine Module 

3. 2. 3. 1 Function Description 

The Engine Module calculates the total thrust (FTHRST) as a function of 

time, using a table look-up with linear interpolation between points. If 

the input engine misalignment switch, QNALGN, is greater than zero, 

the components of thrust (FTHX, FTHY, and FTHZ) along the body axes, 

Yß. and Zg, are calculated for use in determining translational 

accelerations; the corresponding moments (FMXTH, FMYTH, and 

FMZTH) are also calculated for use in determining rotational accelera¬ 

tions. 

Regardless of the setting of the thrust misalignment switch, the Engine 

Module calculates instantaneous values for the time derivative of impulse 

(UIMPD), the weight of burned propellant (UDWP), the total vehicle mass 

(DMASS), the change in C. G. offset due to burned propellant (RDELCG), 

the moments of inertia (FMIX, FMIY, and FMIZ), and the distance 

between the C. G. and the rear Lug (RLCG)> 

A burnout switch (QBURN) is set to one when the first zero value is 

returned from the thrust table (indicating propellant burnout). After 

burnout, the Engine Module returns control to the calling routine without 

performing any calculations, and engine related variables retain their 

burnout values. 
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3. 2. 3. 2 Equations 

1. Calculated when Thrust Misalginment Option is selected 

(QNALGN >0) I 

FTHX = (FTHRST) COS ( <* T) j Thrust components 

FTHY = - (FTHRST) SIN (or T) SIN ( 4>T) V along body axes 

FTHZ = (FTHRST) SIN ( orT) COS(«t>T) ) (XB, YB, Zß) 

FMXTH = - (FTHY) (RFZCG) + (FTHZ)(RFYCG)J Moment components 
I about Xg, YB, and Zg 

FMYTH = (FTHX) (RFZCG)+(FTHZ)(RFXCG) \ axes due to thrust mis- 
i alignment and thrust 

FMZTH = -(FTHX)(RFYCG)-(FTHY)(RFXCG) j displacement from 
missile C. G. 

where the terms on the right hand side of the equations are as defined 

in Figure 3. 2. 6 below. 

Figure 3. 2. 6 

cQ A 



Thus, the magnitude of the thrust vector is FTHRST, its direction is 

specified by the angles at T and <t»T, and RFXCG, RFYCG, and RFZCG, 

are, respectively, the thrust application offsets from the missile C. G. 

along Xg, Yg, and Zg. Note the values of RFXCG, RFYCG, and 

RFZCG are to be input positive in the direction of the arrows shown in 

Figure 3. 2. 6 to obtain the correct sign for the moments in equations 

above. 

2. Calculated regardless of the thrust misalignment 

option: 

UIMPD 

UDWP 

DMASS 

FTHRST 

ULMP 

CISP 

(DWT+DWP-UDWP) 

32. 174 

RDELCG - (RDCGO-RDCGF) (UDWP) 

DWP 

FMIX FMIXF (DWT+DWP-UDWP) 

DWT 

FMIY FMIYF (DWT+DWP-UDWP) 

DWT 

FMIZ = FMIY 

RLCG = RLCGO+RDELCG, 

where the following terms appearing on the right hand side of the 

equation are inputs, and are defined as: 
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specific impulse 

missile weight without propellant 

launch value of C. G. displacement along 

Xq from Body Axes origin 

Bumout value of C. G. displacement along 

Xg from Body Axes origin. 

Distance between launch C.G. and rear lug 

Burnout moments of inertia about 

Xß, Yg, and ZB axes, 

respectively. 

s 

Although the instantaneous C. G. displacement from the Body Axes origin 

(RDELCG) is calculated for use in the Forces and Moments Module (A2), 

the C. G. shift is not used in the calculations for the instantaneous value 

of moments of inertia; the moments of inertia are modified only for the 

changing mass. 

3.2.3.4 Initialization Subroutine 

The Engine Module Initialization Subroutine (A3I) performs functions 

unrelated to the engine when the trajectory simulation initialization time 

is prior to engine burnout. Specifically, A3I initialises the angular body 

CISP 

DWT 

RDCGO 

RDCGF 

RLCGO 

FMIXF 

FMIYF 

FMIZF 

3. 2. 3. 3 Assumptv 
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rates ( wp, wq, and and the attack angles (BALPHA, BALPHY, 

and BPHIP) to zero when simulation initiation is prior to burnout. The 

significance of these initialization actions is that angular rates and angles 

of attack will always be initially zero, regardless of the input values. 

This results from the fact that A3I is called after the input subroutine, 

OINPT1, and prior to the modules in the integration loop. 

When simulation initiation is after engine burnout, A3I zeros all thrust 

components and sets moments of inertia, C. G. shifts, and vehicle mass 

to burnout values. 
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3. 2. 3. 5 Input/Output and Cross Reference of C-Array 

1. Input from Data Cards 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 

TEXT 
C 

INDEX DEFINITION 

RFXCG 
RFYCG 
RFZCG 

BALPHT 
BPHIT 

QNALGN 

QBURN 

CISP 

DWT 

DWP 

RDCGO 

RDCGF 

FMIXF 
FMIYF 

RLCGO 

RFXCG 
RFYCG 
RFZCG 

T 
♦ x 

QNALGN 

QBURN 

CISP 

DWT 

DWP 

RDCGO 

RDCGF 

FMIXF 
FMIYF 

RLCGO 

1313 
1314 
1315 

1401 ) 

1402 ( 

1403 

1405 

1414 

1415 

1416 

1417 

1418 

1419 
1420 

1421 

Thrust application point offset along 
Xß.Yß.and Z^Body Axes, from C. G. 

Engine misalignment angles 
(see Figure 3. 2. 6) 

Engine misalignment option switch 
(QNALGN >0 selects engine misalignment) 

Engine burnout switch (QBURN >0) signals 
engine burnout at simulation initiation) 

Specific impulse (SEC) 

Missile weight without propellant (LBS) 

Propellant weight (LBS) 

Launch value of C.G. displacement along 
x-body axis (FT) 

Burnout value of C. G. displacement along 
x-body axis (FT) 

Burout moments of inertia about X and 
Y body axes. (Due to assumed missile 
axial symmetry, FMIZF is taken to be 
equal to FMIYF. ) (SLUG-FT2) 

Distance between launch C. G. and REAR 
lug. (FT) 
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¿ Outputs 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 

TEXT 
C 

INDEX DEFINITION 

RDELCG 

FMXTH 
FMYTH 
FMZTH 

FTHX 
FTHY 
FT HZ 
RLCG 

DMASS 
F MIX 
FMIY 
F MIZ 

RDELCG 

FMXTH 
FMYTH 
FMZTH 

FTHX 
FTHY 
FT HZ 
RLCG 

DMASS 
FMIX 
FMIY 
FMIZ 

1 308 

1 320 j 
1321 > 
1322 ; 

1411 \ 
1412 J 
1413 ) 
1422 

1628 
1748 ) 
1749 > 
1750 ) 

Change in C. G. shift due to burned 
propellant (FT) 

Moment of force components about X, Y, 
and Z body axes due to engine misalign¬ 
ment and displacement of thrust point 
application from C. G. (FT -LBS) 

Translational thrust components along 
X, Y, and Z body axes (LBS) 

Distance between the instantaneous C. G. 
and rear lug (FT) 

Instantaneous missile mass (SLUGS) 

Instantaneous values of moments of 
inertia about X, Y, and Z body axes. 
(SLUG-FT2) 
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3.2.4 Cl - Autopilot Module (High Frequency Model 

3.2.4.1 Function Deacription 

The autopilot, illustrated in the block diagram of Figure 3. 2. 7, 

provides the pitch and yaw guidance signal shaping, short period rate 

damping, and navigation ratio mechanization required to implement the 

proportional navigation homing guidance technique. The compensation 

indicated in this figure has been modeled for the 6DOF simulation using 

,he M method of programming to obtain the respective differential 

1 
quations. 

3. 2. 4. 2 Equations 

The first function of the autopilot is to perform appropriate guidance 

switching and signal shaping. If the seeker is in the acquisition mode 

(TKRY=0, TKRZ = 0), then a preprogrammed flight profile is executed 

by using the q )-B and rbiaB terms to command pitch and yaw maneuvers. 

If the gyro has not been uncaged (CAGE = 0), the seeker signals directly 

drive the missile autopilot. Otherwise, the normal terminal homing is 

in effect and the seeker output signals are smoothed and shaped by a 

lead-lag filter with one zero at and a double pole at <*) n2> Gravity 

effects are continuously compensated for in all cases by addition of a 

gbias At this point, additional shaping is performed by a first 

^D.G. Schultz and J. L. Melsa, State Functions and Linear Control Systems, 
McGrawHill Book Co., 1967, pp. 39-42. 
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order lag at wnj and then the signal is integrated to provide an 

attitude command to the feedback controller. 

The commanded attitude signals (b . and b ) are differenced 
Xqss Xrss 

with the sensed attitude (b and b ), the feedback signal. The 
tf 8 

resulting error signals are appropriately summed and differenced to 

produce the components in the missile's pitch and yaw axes. These 

signals are compensated by a lead lag filter with real zeros attugj^i and 

cjfljkZ- and a complex pole pair with natural frequency and damping 

ratio dj^. Lastly, the signals are limited to keep the actuators from 

hitting their stops. The roll control system attempts to maintain a zero 

roll attitude via a similar filter to that above with zeros at ujjxxi and 

and poles at natural frequency ww and damping d^. The pitch- 

roll and yaw-roll signals are summed and differenced in order to produce 

the appropriate reactions with the four actuators. 

Implementation of the two filter types by the M method is indicated 

in Figure 3. 2. 8. 
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(a) Implementation of 

r 2 
G 0) 0 n n2 

ÜÎT 
+ WL 

<• + 412 

u\ 
21 

XX 

“Axxl + UlxxJ 

_l_l 
8 ' 

(¾^ 2d-w 

t4icx 

XX 

G Cl' 2 
(b) Implementation of _Xx xx 

hixxl ^xxZ 

Figure 3. 2. 8 - M Method of Transfer Function 
Imp? -mentation 
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3. 2. 4. 3 Input/Output Variables and Crose Reference of C-Array 

1. Input from Data Cards 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 
TEXT 

C 
INDEX DEFINITION 

TDY 

GBIAS 
GN 
WN2 

WNI 
WL 

WLXX1 
WLXX2 
WLJKI 
WLJK2 
HJK 
WXX 
DXX 
WJK 

DJK 

GXX 
GJK 
QBIAS 
RBIAS 
HXX 

Bbias 
Gn 

wn2 

wnl 
ui 

‘‘ixxl 

“Yjkl 

hjk 
w XX 

dxx 
^jk 

djk 

Gxx 
Gjk 
%ias 
rbias 

^xx 

860 

861 
862 
863 

864 
865 

866 
867 
868 
869 
870 
871 
872 
873 

874 

875 
876 
878 
879 
890 

Minimum time before trajectory pitch 
program will be switched to terminal 
homing guidance. 
Gravity bias program 
Seeker signal shaping gain 
Secord order pole location for seeker 
signal shaping filter 
First order pole location for shaping filter 
Zero location for seeker signal shaping 
filter 
First zero in roll stabilization filter 
Second zero in roll stabilization filter 
First zero in pitch-yaw stabilization filter 
Second zero in pitch-yaw stabilization filter 
Pitch-yaw signal limiter 
Natural frequency of roll stabilization filter 
Damping ratio of roll stabilization filter 
Natural frequency of pitch-yaw stabilization 
filter 
Damping ratio of pitch-yaw stabilization 
filter 
Roll compensation gain 
Pitch-yaw compensation gain 
Pitch trajectory shaping bias 
Yaw trajectory shaping bias 
Roll signal limiter 
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2. Inputs from Other Modules 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 

TEXT 
C 

INDEX DEFINITION 

WLAMQ 
WLAMR 
CAGE 

TKRZ 
TKRY 

^ lamq 
wIamr 
CAGE 

TKRZ 
TKRY 

403 
407 
461 

462 \ 
463 f 

Seeker output - pitch axis 
Seeker output - yaw axis 
Seeker gyro cage/uncage switch 
(CAGE=1 if uncaged). 
Acquisition gain switches in pitch and 
yaw channel (Equal 1 if using acquisition 
gain) 

58 



.  wmm\mw1 ^ ... I I sv\ Ul' I» 

3. Outputs 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 
TEXT 

C 
INDEX DEFINITION 

BDELTC(1] 
BDELTC(2 
BDELTC(3 
BDELTC(4) 

6 cl 
6 c2 
« c 3 
Ä c4 

856 
857 
858 
859 

Commanded position, fin #1 
Commanded position, fin #2 
Commanded position, fin #3 
Commanded position, fin #4 



3. 2. 5 C2 - Autopilot Module (Low Frequency Model) 

The low frequency model of the autopilot is identical to that used for high 

frequencies except that one simplifying assumption has been made. Since 

the pole of the roll and the pitch-yaw stabilization filters is very far in the 

left half s plane, the transfer function approximations below have been 

made. 

and 

G. 'XX 

w j xxl^fxxZ 

As long as the actual frequencies encountered are significantly below the 

ignored poles, this approximation should have a negligible effect on the 

simulation accuracy. 

NOTE: The low frequency autopilot initialization routine (C2I) sets the 
integration limits (HMIN, HMAX) and the initial stepsize (DER(l) equal to 
. 00S seconds. Therefore, no inputs by Type "3" cards are accepted for 
these variables when using module C2. 
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3. 2. 6 C4 - Actuator Module 

3. 2. 6. 1 Function Description 

The actuator system utilizes four independently controlled, pneumatically 

powered servos to position the four movable tail fins. Four commanded 

actuator fin position signals from the autopilot are summed with the 

negative feedback signals from the fin position potentiometers on the 

actuator mechanism. The resulting signals are used to pulse width 

modulate constant amplitude square wave signals. These signals control 

the on-off state of solenoid valves which are contained in the pneumatic 

system between the cold gas pressure source and the servos. An actuator 

position loop block diagram is depicted in Figure 3. 2. 9. 

3. 2. 6. 2 Equations 

The 6DOF simulation program determines the derivatives of each of the 

four fin positions (6j, i = 1, 2, 3, 4). One of two actuator models is 

used, depending upon the value of an input switch, OPT ACT. OPT ACT 

< 0 causes the low frequency actuator model to be used, while OPT ACT 

>0 results in use of the high frequency actuator. 

Regardless of the setting of OPT ACT, however, certain gain, deadband, 

and limiting functions are performed for each of the four fins. The inputs 

to these functions are error signals representing the difference between 
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lhe autopilot commanded in fin position 6 and the actual fin positions, 

Ä ¿. The output of the gain, deadband, and limiting functions is denoted 

by a2 (see Figure 3. 2. 10),which successively takes on values corresponding 

to each of the four fins. The output, a^, is successively used as the 

forcing function for the time derivatives of the fin positions, 6 .. 

The equations and logic for the gain, limiting and deadband functions are 

(where the input is $ ci - 5 ., and the output is s.^): 

(error) aj = 6 ci - 6 ^ 

(limiting) als = 
a1 - bh, if a! > 0 

*1 + bh, if aj < 0 

(deadband) if ( |als 

(gain) a2 = gl 

< bjj), set ala = 0 

ll 8 

(limiting 
If (a2 < (-h2) ) set a2 = 

If (¿2 > hj ) set *2 = hj 

A flow chart of these functions is shown in Figure 3. 2. 10. 

If the low frequency actuator model ( OPT ACT < 0) is used, then the time 

derivatives of fin position, 6 ., i = 1, 2, 3, 4 are defined by the following 

equations: 

: a2 - e2 fm ¿ i 

4 (i+ — o \ uij m/ 
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where and are input constants, and fm is the fin aerodynamic mom¬ 

ent computed by: 

fm=CHDQSASL/12. 

where Q is dynamic pressure, SA the aero reference area, SL the aero 

reference length, and ChD is the fin aero moment coefficient. CHD is a 

function of Mach number and is obtained by a linear interpolation of the 

tabled values of Mach number and fin aerodynamic moment coefficients 

given in Table 3. 2. 1, below. 

Mach Number 

0.00 

0.40 

0. 80 

0.95 

1.05 

1.40 

Fin Aerodynamic Hinge Moment 
_Coefficient_ 

0.0013 

0.0014 

0.0018 

0.0022 

0.0032 

0.0023 

Table 3. 2. 1. Fin Aerodynamic Hinge Moment Coefficient 

Corresponding to limits of fin movement on the missile, the program 

limits the maximum fin positions to + 19°. This is implemented by setting 

the fin position derivatives, «i , to zero whenever the absolute value of 

any of the current fin position, » exceeds 19°, and the sign of 

is such that it would cause a greater fin deflection. 
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A block diagram of the low frequency actuator is depicted in Figure 3. 2. 11, 

(Note that because the differential equation contains the non-constant 

coefficient, fm, a transfer function representation cannot properly be 

made. ) 

The high frequency actuator model is described by the following equations: 

Bi= W1 <a2 - 

Ei = Bi * 82 fm« i 

“i =<*»n<wn(Ei - Wi) - 2 Znù»!) 

¿i = 
Wi 

+ Wi 
CJ 

where Bj, w j, and their derivatives are intermediate variables in the 

calculation cf the fin position derivatives Ä and <*>i, g2» wn» and zn 

are input constants. 

Fin position limiting to _+ 19° is accomplished as described for the case 

OPTACT < 0. 

The equations above arc linear with constant coefficients, and, thus, 

can be represented by transfer functions. The block diagram is depicted 

in Figure 3. 2.12. Those elements which are identifiable with corresponding 

elements in the position loop block diagram (Figure 3. 2.9) are labeled 

according to the component they represent. The two block diagrams, 
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however, do not represent identical systems. In particular, the portion 

of the diagrams past the point where the aerodynamic fin load feedback is 

summed is different. 

Since the option under discussion (OPTACT > 0) has not been utilized, no 

attempt has been made to determine the reasons for the differences. 

3. 2. 6. 3 Initialization Subroutine 

The Actuator Initialization Subroutine, C4I, moves the indicies of the "C" 

array which contain derivatives utilized in the Actuator Module into the 

array IPL(I). The array IPL(I) is used to point the numerical integration 

logic to the elements of the "C" array which are to be numerically integ¬ 

rated. 

C4I also contains, as an entry point, the initialization routine for Al, the 

Aero Table Look-up Subroutine. This function is discussed in the 

Initialization Subroutine Section of Subroutine Al. 



1 
?.. 6. 4 Input/Output Variables and Cross Reference of C-Array 

1. Input from data cards: 

OPTACT 

CR 
4DEL 

Wi 
ZN 
Gl 
BH 
WN 
G2 
HI 
H2 
RFAREA 

FORTRAN 
SYMBOL 

RFLGTH 

SYMBOL 
USED IN 

TEXT 

OPTACT 

Cr 
H DEL 

U> 

1 

n 
81 

n 
g2 

h. 

SL 

C 
INDEX 

1140 

1145 
1147 
1 148 
1 149 
1151 
1152 
1153 
1154 
1155 
1156 
1306 

1307 

DEFINITION 

Switch desipnating which of two computer 
actuator models to use 
Actuator modulation gain 
Fin torque limit gain 
Solenoid valve bandwidth 
Damping of fin position loop 
Actuator forward loop gain 
Deadband 
Natural frequency of fin position loop 
Fin aero load weighting factor 
Positive fin torque limit 
Negative fin torque limit 
Aerodynamic Coefficient Reference 
Area (FT2) 
Aerodynamic Coefficient Reference 
Length (FT) 



2. Input from other modules 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 

TEXT 
C 

INDEX DEFINITION 

PDYNMC 
VMACH 
BDELTC(l) 

BDELTC(2) 

BDELTC(3) 

BDELTC(4 

Q 
VMACH 

5 cl 

6 c2 

6 c3 

6 c4 

203 
204 
856 

857 

858 

859 

Dynamic Pressure 
Mach Number 
Commanded Fin Position from autopilot, 
Fin #1 
Commanded Fin Position from autopilot, 
Fin #2 
Commanded Fin Position from autopilot, 
Fin #3 
Commanded Fin Position from autopilot, 
Fin #4 
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3. Outputs 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 

TEXT 
C 

INDEX DEFINITION 

BDELT(l) 
BDELT(2) 
BDELT(3) 
BDELT(4) 

6 I 
6 2 
63 
64 

\ 103 
1107 
1111 
1115 

Actual Fin Position, Fin # 
Actual Fin Position, Fin #2 
Actual Fin Position, Fin #3 
Actual Fin Position, Fin #4 
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3. 2. 7 Dl - Translational Dynamics Module 

3.2.7.1 Function Description 

The Translational Dynamics Module calculates translational accelerations 

of the missile in both the Earth and Body coordinate systems, and moves 

the missile acceleration components to the velocity integrator locations 

in the "C" array. 

The missile velocity components obtained on the previous integration step 

are moved to the position integrator locations in the "C" array. Missile 

"g".acceleration in Body Axes are obtained for information purposes. If 

the target motion option is selected on input (OPTARG > 0) target motion 

derivatives are also calculated based upon input values of linear accelera¬ 

tion and a turning term. The target acceleration and velocity components 

are moved to the target velocity and position locations in the "C" array. 

The module logic is straightforward, except for the target motion logic. 

Several input parameters are available for specifying target motion during 

the simulation. One, ATHRST, represents simply the magnitude of the 

target acceleration vector. A second parameter, ATURNT, represents 

one variable in the calculation of the rate of change of the Earth plane 

azimuth angle ( ^ ) of the velocity vector, where the second variable in the 

calculation is the instantaneous magnitude of the velocity vector itself. 

The initial azimuth angle (^) can be input, as can an elevation angle (7 ) 
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where the sign conventions of these ai gles are shown in Figure 3. 2. 13. 

ATHRST is input in g's to specify the magnitude of target acceleration 

along the instantaneous velocity vector. ATURNT is used in the equation 

for as follows: 

[RNT 
(AGRAV) (CRAD). 

¿ = ATURNT 
VTARG 

Thus, i is directly proportional to ATURNT. Since t is inversely pro¬ 

portional to VTARG (which will be increasing with time if ATHRST > 0), 

• • 
however, ^ will be constantly decreasing with time. Thus, ^ can be 

controlled on input for any desired value of VTARG, but the value of 

for all other times will be a function of VTARG. As an example of 

specifying an input value for ATURNT, suppose it is desired to have 

s 

^=1 deg/sec when VTARG = 1 ft/sec. Then, solving for ATURNT: 

ATURNT = ( Í ) (VTARG) 
(AGRAV) (CRAD) 

1 deg 1 ft 

= Bee_sec ? (5. 47) (10 -4) g's 
32 ft 57. 3 deg 

sec2 g 

The value of ^ , however, will be larger for VTARG < 1 and smaller for 

VTARG >1. A summary of the kinds of target motion that can be achieved 

with the input target motion parameters is shown in Table 3. 2. 2. 
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Figure 3. 2. 13 - Target Motion Velocity Vector* 

*NOTE: A system (XJ, Y-', Z '), parallel to the Earth Axis System, 
lli £ 

has been defined at the terminal point of the radius vector to emphasize 

the fact that 7 and f specify the instantaneous direction of the target 

velocity vector, rather than the radius vector. 
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ATHRST 

O 

O 

> O 

ATURNT 

>0 

VTARG 

>0 

Vo>0 

>0 >0 

Target Motion* 

None 

Constant velocity of target 
away from origin in the 
direction specified by (y0, 

*o>‘ 

Constant acceleration of 
target away from origin in 
the direction ( 70, ^0). with 
initial velocity V0. 

Constant magnitude of 
velocity, initially in the 
direction of ( 70, ^0), with 
direction of velocity vector 
changing at a constant rate 
determined by ATURNT and 

Vo* 

Constantly accelerating target 
away from origin in initial 
direction of ( 70, +Q), but 
with Ÿ increasing (at a 
decreasing rate) with time. 

* Note all of the above mentioned motions will automatically be initiated 
from the origin of the Earth Axes whenever OPTN2>0, because subroutine 
DU sets the target position coordinates to zero. Also, some combinations 
are not shown because they would not result in target motion due to the 
manner in which the equations are written. Thus, for example, the 
combination of ATHRST=0, ATURNTX), VTARG=0, ( > and * arbitrary) 
would result in no target motion. 
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l.l.l 2 Equations 

Total Acceleration in Body Axes: 

AXBA 

AYBA 

AZBA 
DMASS 

B 

FXBA 

FYBA 

FZBA 
B 

where: 

FXBA, FYBA, and FZBA are calculated in the Forces and Moments 

Module (A2) and represent the sum of the aerodynamic and thrust forces, 

and DMASS is the instantaneous total vehicle mass calculated in the 

Engine Module (A3). 

Total Acceleration in Earth Axes: 

AXE 

AYE 

AZE 

M 

AXBA 

AYBA 

AZBA 
B 

where MT is the transpose of the Earth-to-Body transformation matrix, 

calculated in the Rotational Dynamics Module (D2). 

Earth Axes Velocity Integrator Values 

VXED 

VYED 

VZED 

AXE 

AYE 

AZE + AGRAV 
J » 
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where AGRAV is the acceleration due to gravity. The "Velocity 

Integrator" locations in the "C" array (equivalenced to VXED, VYED, 

and VZED in the Translation Dynamics Module (Dl) ) are the actual "C" 

locations which are subsequently moved to the array DER(l) for use in the 

numerical integration routine AMRK. 

Body Axes Velocity Integrator Values: 

VDXB 

VDYB 

VDZB 

= M 

B 

VXED 

VYED 

VZED 

g-Accelerations in Body Axes: 

*VDXB ' 

= _L VDYB 

g 
VDZB 

B B 

The g-accelerations are calculated for information, and can be optionally 

printed. 

Earth Axes Position Integrator Values: 

RXED 

RYED 

RZED 
B B 

VXE 

VYE 

.VZE 

ANGX 

ANGY 

ANGZ 



Target Motion (Calculated if OPT ARG ^0): 

VTARGD (ATHRST) (AGRAV), 

where VTARCi is the target velocity integrator position in the "C" array, 

and ATHRST is the input value of target acceleration in g's. 

BPSITD = (ATURNT) (AGRAV) (CHAD)/VTARG, 

where BPSITD is the target velocity vector azimuth angle (see 

Figure 3. 2. 13), ATURNT is an input value (with units of g's) 

which partially determine the rate of change of the azimuth angle. 

3. 2. 7. 3 Initialization Subroutine 

The Translational Dynamics Initialization Subroutine (Dll) calculates 

initial missile position and velocity components according to one of 

seven combinations of input option switches OPTN2 ana OPTN4. 

Table 3. 2. 3 depicts the input variables required for each option, where 

the variables are defined as: 

RXE 

RYL 

RZE Initial missile position and velocity 

VXE coordinates in Earth Axes System 

VYE 

VZE 
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BPSIO 

BTHTO 

BPHIO 

Euler angles orienting Body Axes with 
respect to the Earth Axes (see 
Figure A-3. 1 in Appendix A-3). 

BTHTG 

BPSIG 
Initial gimble angles in pitch and yaw, respectively. 

RSLANT Initial slant range from missile to target 

RSLOV 
Angle oetween Line-of-Sight and Earth plane. 
(Sign convention: BSLOV >0 when LOS is 
above the Earth plane. ) 

V WXE 

VWYE 

V WZE 

Wind velocity components in Earth Axes. 

VMACH Initial missile mach number 
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Tablt 3. 2. 3. ü.put Data Options for Initial Values 

Unrestricted 
Inputs 

Restricted Inputs 

No Rail 
Dynamics 

Rail Dynamics Included 

Direct Fire Direct Fire Indirect Fire 

OPT N4 0 0 0 1 l 2 2 

OPT N2 0 1 2 1 2 1 2 

RXE 
RYE 
RZE 

VXE 
VYE 
VZE 

RTXE 
RTYE 
RTZE 

BPSIO 
BTHTO 
BPHIO 

BTHTG 
BPSIG 

RSLANT 
BSLOV 

VWXE 
V WYE 
VWZE 

/VMACH Y‘ 
\VMWTE/ 

X 
X 
X 

X 
X 
X 

X 
X 
X 

X 
X 
X 

X 
X 

I X 
0 0 
I X 

I I 
I I 
I I 

0 0 
0 0 
0 0 

I 1 
I I 
0 0 

X X 
X X 

X I 
X 

X X 
X X 
X X 

X X 

I X 
0 0 
I X 

I I 
I I 
I I 

0 0 
0 0 
0 0 

X X 
X X 
0 0 

I I 
I I 

X I 
X 

X X 
X X 
X X 

X X 

I X 
0 0 
I X 

I I 
I I 
I I 

0 0 
0 0 
0 0 

X X 
X X 
0 0 

X X 
X X 

X I 
X 

X X 
X X 
X X 

X X 

X • denotes variables that must be specified by input data 
I - denotes variables that are computed internally 
0 - denotes variables that are either set to sero initially or will 

be computed as sero. 

* Input VMACH if OPTN6-0; input VMWTE If OPTN6-1. 
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3.2,7.4 Input/Output and Cross Reference of C-Array 

1. Input from data cards 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 
TEXT 

C 
INDEX DEFINITION 

AGRAV 
ATHRST 
ATURNT 
BGAMT 
OPTARG 

GRAD 

AGRAV 
ATHRST 
ATURNT 

7 
OPTARG 

GRAD 

1627 
1629 
1630 
1631 
1639 

1751 

Acceleration due to gravity (ft/sec^) 
Input constant target acceleration (g's) 
Target turning term 

Target motion option switch 
(OPTARG >0 for target motion) 
Radians to degrees conversion 



2. Input from other modules 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 
TEXT 

C 
INDEX DEFINITION 

FXBA 
FYBA 
FZBA 
CFA11 
CFA12 
CFAI3 
CFA21 
CFA22 
CFA23 
CFA31 
CFA32 
CFA33 

FXBA 
FYBA 
FZBA 
CFAII 
CFAI2 
CFA13 
CFA2I 
CFA22 
CFA23 
CFA31 
CFA32 
CFA33 

1300 ) 
1301 > 
1302 » 
1703 
1707 
1711 
1715 
1719 
1723 
1727 
1731 
1735 

Components of total forces acting on missile 
in Body Coordinate System (LBS) 

Elements of the Earth-to-Body 
transformation matrix, M. 
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3. 2. 8 D2 - Rotational Dynamics Module 

3. 2. 8. 1 Function Description 

The Rotational Dynamics Module calculates the numerical values for the 

derivatives of the vehicle rotation rates (cjp, Wq, and and the 

elements (C-, i, j = 1, 2, 3) of the Earth-to-Body axis transformation 

Matrix, M. 

3. 2. 8. 2 Equations 

The vehicle rotation derivatives are calculated from values of the 

respective moments (calculated in the Forces and Moments Module 

(A2) ) and input values of the moments of inertia. The equations are: 

M „ 
OJ, 

I 
XX 

(Roll) 

where: 

CJ, 

GJ , 

My + (lZ - i*) (WJ,) (WR) 

yy 

Mz + (IX-Iy) «-p)(wQ) 

(Pitch) 

(Yaw) 
zz 

M0 , a = X, y, s, denotes the moment of force 

about X, y, and t Body axes, respectively. 
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j ( or Q - X, y, z, denotes the moment of inertia about the x, 
Or Or ’ 

y, and z Body axes, respectively, 

and cjp, u)q, and cjr are in radians/second. * 

If OPTN3 >0 (input roll option switch, C(3503) ), the calculation of <*>p 

is not accomplished, and missile roll is not simulated (a constant roll 

rate is maintained). 

The derivatives (C^, i, j = 1, 2, 3) of the elements of the Earth to Body 

transformation Matrix, M, are calculated using the following equations: 

Cn = (C21) ( WR) - (C31) (u;Q) 

^12 = ic22) ' *C32* ^ 

Ci 3 = (C23) (wr) - (C33) ( wq) 

C2i = (C31) ( tup) - (C^j) ( tjR) 

¿ZZ - {cl¿) (wp)-(C12) ( wr) 

C23 -- (C33) ( cup) - (Cl3) ( ^R) 

C31 = (Cn) ( ojq) - (C21) ( cup) 

C32 = (Cl2) (cuQ) - (C22) (^p) 

C33 = (Cj 3) ( cuq) - (C23) ( cup) 

* Note that in the 6DOF simulation program, cup, cuq, and cu R are 
in degrees/sec. , so the factor CRAD = 57, 295778 appears where 

appropriate. 
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3. 2. 8. 3 Assumptions 

The derivation of cjp, U)q, and w requires the assumptions that: 

(i) the products of inertia (Ixy, Ixz, IyZ, etc. ) are zero and (2) the 

time derivatives of the principal moments of inertia (Ijyj. lyy. lzz) are 

zero. The point at which these assumptions are required in deriving 

these equations is discussed in Appendix A-l. 

A derivation of the matrix element derivations, (Cij), is accomplished 

in Appendix A-2. No limiting assumptions, other than that the Earth 

fixed coordinate system is inertial, are Required in the derivation. 

3. 2. 8. 4 Initialization Subroutines 

A Rotational Dynamics Initialization subroutine (D21), calculates the 

initial Earth to Body axis transformation Matrix, M, from the input 

initial Euler angles 0 , and ♦ , which are defined as follows: 

1. A positive rotation (toward Yg fromXj,)of i (degrees) 

_ _ j f f S 

about the Zj, axis, giving a system e (X , Y , Z ) 

2. A negative rotation (the axis up from the plane of the 

Earth axis system) of # about the y' axis, giving a system 

e*(X#, Y*, 7?), 

3. A positive rotation (toward Z* from Yv) of 4> degrees about 

the X* axis, given the Body Axis system EB(XB, YB, ZB). 

87 



The angles are depicted in the diagram below, where (Xg, ïg, Zj,) 

and Xg, Yg, Zg) represent the Earth and Body axes, respectively. 

The resulting transformation, M, from the Earth axis system to the 

Body axis system is given by: 

SIN * COS 9 

M = 

COS * COS 9 

COS ^ SIN 9 SIN ♦ COSACOS* 
-SINICOS ♦ +SIN y¡/ SIN 9 SIN ♦ 

COS * SIN 0 COS * SIN * SIN 9 COS <t> 

-SIN 9 

COS 9 SIN * 

COS 0COS* 
+SIN*SIN ♦ - COS *SIN * 

Thus» a vector Vg expressed in the Earth axis system is given in the 

Body axis system as Vg = MVg. 

The transformation is derived for reference in Appendix A-3. 
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3. 2. 8. 5 Input/Qutput and Cross Reference of C-Array 

1. Input from data cards 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 

TEXT 
C 

INDEX DEFINITION 

GRAD 1751 Radians to degrees conversion factor 
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2. Inputs from other modules 

6 

I 

FORTRAN 
SYMBOL 

FMIX 
FMIY 
FMIZ 
FMXBA 
FMYBA 
FMZBA 

SYMBOL 
USED IN 

-lag.. 
FMIX 
FMIY 
FMIZ 
FMXBA 
FMYBA 
FMZBA 

Jg£DEX DEFINITION 

Instantaneous values of moments of inertia 
(SLUGJT2) 

Components of the total moments of 
force about the body coordinate 
system (FT-LBS) 
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3. Output 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 

TEXT 
C 

INDEX DEFINITION 

CFA11 
CFA12 
CFA13 
CFA21 
CFA22 
CFA23 
CFA31 
CFA32 
CFA33 
WP 
WQ 
WR 

C11 
Cl2 
Cl3 
C21 
C22 
C23 
C31 
c32 
c33 

C«Jp 
WQ 

"R 

170f\ 
1707 
1711 
1715 
1719 > 
1723 
1727 
1731 
1735/ 
1739 
1743 
1747 

Elements of the Earth-to-Body 
transformation matrix, M 

Roll rate about Xg - axis (DEG/SEC) 
Pitch rate about Yg - axis (DEG/SEC) 
Yaw rate about Zq - axis (DEG/SEC) 
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3.2.9 G2-WINDS 

3.2.9.1 Function Description 

The velocity components of a wind of constant speed and direction are 

computed. The velocity components are referred to the earth fixed 

coordinate system. The winds are parallel to a flat earth with the direc¬ 

tion and magnitude specified by input data. The wind components are 

set to zero until the vehicle leaves the launch rail and are assumed to 

be zero above a certain altitude specified by input data. 

3.2.9.2 Equations 

I Y 
E Z E 

Figure 3.2.15 - Wind Components 

92 



V = -V COS U ) 

XWIND WIND WIND 

VYWIND = ”VWINDSIN ^WIND^ 

V = 0 
V ZWIND 

3. 2. 9. 3 Initialization Subroutine 

No initialization module exists for G2. However, due to the manner in 

which the initial value of the missile velocity relative to the ground (VXE, 

VYE, VZE) is computed in module Dll, it is necessary for the program to 

have the wind velocity component initial values before executing Dll. 

Since no wind initialization module currently exists, and since module 

G2 is called after module Dll, it is mandatory that the wind component 

initial value. <VXWIND . ''zWIND* be ^ 0”T»P'3 dlt* card>- 

(To be consistent with the ground rule that the wind is a horizontal wind, 

the z-component must be input as zero or left alone. ) 
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3.2.9.4 Input/Output and Croa» Reference of C-Array 

I. Input from data carda 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 

TEXT 
C 

INDEX DEFINITION 

OPTNW 

BPSIW 

V WTE 

RHW 

^ WIND 

VWIND 

50 

51 

52 

53 

Wind option selector 
0. - no 'vinds 
1. - include steady winds 

Wind direction: angle between wind 
velocity vector and the negative 
X-axis (DEG) 

Wind speed with respect to the ground 
(FT/SEC) 

Altitude above which all wind speeds 
are aero (FT) 
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2. Output 

FORTRAN 
SYMBOL 

VWXE 
VWYE 
VWZE 

SYMBOL 
USED IN 

TEXT 
C 

INDEX 

VXWIND 

VYWIND 
VZWIND 

DEFINITION 

Components of the wind velocity 
relative to the Earth fixed 
coordinate system (FT/SEC) 
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3.2.10 G3-AIR DATA 

3.2.10.1 Function Description 

Subroutine G3 computes the missile velocity with respect to the wind, and 

computes two atmospheric properties, density and speed of sound. The 

magnitude of the missile velocity, the atmospheric density and speed of 

sound are then used to compute mach number and dynamic pressure. 

3.2.10.2 Equations 

Missile Velocity with respect to Wind 

VMW = VMISSILE " VWIND 

Missile Altitude 

h = -Rze + Rzo 

where 

R__ - Z-component of missile position in Earth coordinates 

Rzo - Altitude of Earth coordinate system above ground 

Atmospheric Density 



where 

P0 = .076475 

k = .3325 X 10-4 

= .02315 X 10"12 . 

Atmospheric Speed of Sound 

a = k2h + a 

where 

a = 1117.3 o 

k2 = ..00392 

Dynamic Pressure 

Q = 1 /2 P V MW 7*o * 

Mach Number 

M = 
MW 
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2. Input from other modules 

su
m

 



3. Output 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 

TEXT,... INDEX DEFINITION 

VMWXE 
VMWYE 
VMWZE 
PDYNMC 
VMACH 
DRHO 
VSOUND 
VAIRSP 

RH 

MW 

Q 
M 
P 
a 

MW 

200) 
201 > 
202 ) 
203 
204 
205 
206 
207 

209 

Components of mitsile velocity relative 
to the wind in the Earth fixed 
coordinate system (FT/SEC) 

Dynamic pressure (LBS/FT2) 
Mach Number 
Atmospheric density (LBS/FT 
Atmospheric speed of sound (FT/SEC) 
Magnitude of missile velocity relative to 

wind (airspeed) (FT/SEC) 
Altitude of missile above ground (FT) 
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3. 2.11 G4-TERMINAL GEOMETRY 

3.2.11.1 Function Deecription 

This subroutine monitors the LOS vector AR(t) at the end of each integra¬ 

tion step to determine if the point of closest approach (target plane inter¬ 

section) to the target has been passed. If the closest approach point has 

been passed, integration is halted and the time of closest approach (tQ), 

the position of the target with respect to the missile (AR0), and the miss 

distance (RMISS) are computed. After computation cf the miss distance, 

LCONV is set to 2 to flag subroutine STGE3 that the trajectory computation 

is to be terminated. 

The time and position at closest approach are computed by linear inter¬ 

polating the time (tj) and position (ARj) values just prior to closest 

approach and the time and position (ARg) values following closest 

approach. The time and position values following closest approach exist 

as current values of time (t) and position (AR) on the trajectory, while 

the time (t^) and position (ARj) just prior to closest approach were saved 

on the previous pass-through this subroutine. 

G4 also monitors the altitud« (RDELZ) of th« missile relativ« to the 

target. If the altitude becomes negative, it is assumed that ground 

impact has occurred. If ground impact does occur, the run termination 

switch, LCONV, is set to 2 to flag STGE3 to terminate trajectory computation. 
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RFP [XFP 

YFP 

ZFP 

position of target with respect to 
missile in flight plane coordinate 
system. 

and 

[M] = [COSThCOS7v SIN7HCOSTrv -SIN7V 

-SIN7h COS7h 0 

COS7HSIN7h SIN7hSIN7h C0S7h 

The above transformation involves a rotation from che Earth fixed axes 

through the heading angle ^ and the flight path angle7 y to the flight plane 

coordinate system as shown in Figure 3. 2. 17. 

Figure 3. 2. 17 - Flight Plane Coordinate 
System 
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Transforming the LOS vector into the flight plane coordinate system 

simplifies the determination of closest approach pas sage, because the 

X-component (XFP) of the LOS will be zero at closest approach. This 

condition exists because the X-axis (XFP) is coincident with the velocity 

vector and the LOS is normal to the velocity at the closest approach 

point. 

To determine closest approach passage, the value of XFP is monitored. 

A positive XFP means the target lies ahead of the missile. A negative 

XFP means the target lies behind the missile. When the value of XFP 

changes sign from one integration step to the next, closest approach has 

been bracketed. At this time, integration is halted and the time (t0) and 

position (ÄRo) of closest approach is computed by interpolation. Inter¬ 

polation is performed using XFP as the independent variable. Thus, 

^ = tl 4 PCT (t2 " V 

ÄR0 = ARj + PCT (AR2 -ARj) 

and 

RFP0 = RFPj + PCT (RFF2 - RFP^ 

where 



XFP - XFP 
> = _2_1- 

CT XFP2 - XFPj 

and since = 0, 

-XFP, 
CT XFP,-XFP, 

L 1 

3.2.113 AsBiimptions and Limitations 

1. The LOS is not monitored until a slant range becomes 

less than 500 feet. 

2. For a slant range greater than 500 feet, the Z-component 

(RDELZ) of the target with respect to the missile is monitored to deter¬ 

mine ground impact. 

3. The flight plane coordinate system is aligned with the 

missile earth fixed velocity vector. If appreciable target motion exists, 

then the condition that the X-component (XFP) of RFP is equal to zero 

at the point of closest approach to the target is not precisely true. 
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3.2. 1L4 Input/Output and Croaa Reference of C-Array 

I. Input from other modules 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 
TEXT 

C 
INDEX DEFINITION 

BGAMH 

BGAMV 
RANGE 
RDELX 
RDELY 
RDELZ 
T 

7 H 
7 V 

A X 
A Y 
A Z 

t 

357 

358 
371 

1635 ) 
1636 ? 
1637* 
2000 

Horizontal flight path angle (heading)(DEG) 

Vertical flight path angle (DEG) 
Distance from target (FT) 
Position components of target (LOS) 

with respect to the missile in 
Earth fixed coordinate system (FT) 

Flight time (SEC) 
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2. Output i 
FORTRAN 
SYMBOL 

LCONV 
RMISS 
RXF 
RYF 
RZF 

SYMBOL 
USED IN 
TEXT 

LCONV 
RMISS 
XFP 
YFP 
ZFP 

C 
INDEX 

2020 
300 
301 
302 
303 

DEFINITION 

integration termination switch 
Miss distance (measured in targetplane) (FT) 
Position components of target with 

respect to missile in the flight 
plane coordinate system (FT) 
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After bracketing the closest approach point and interpolation for the time 

and position, the following parameters are written out by this subroutine. 

RMISS Miss distance (FT) 

Flight time at closest approach (SEC) 

Position components of the target with 
respect to the missile in the system 
centered at the missile and parallel 
to the Enrth fixed frame (FT). 

RYFP (YFP) ) Position components of the target in the 
) flight plane frame ( the X-component is 

RZFP (ZFP) 1 not output Ince it is assumed to be zero). (FT) 

RDELX (AX) 

RDELY (AY) 

RDELZ (AZ) 
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3. 2. 1¿ G5 - COORDINATE CONVERSION MODULE 

I 3.2.12.1 Function Deacription 

G5 computes all the angles pertaining to the position and velocity of the 

vehicle; the proportional navigation angles, and loo> vector angles; and 

makes three coordinate transformations. The components of the spin 

axes of the two degree of freedom gyros (inertial platform) are computed 

in the Earth fixed coordinate system along with the two Euler angles de¬ 

fining the orientation of each gyro relative to the body coordinate svstem. 

The angles computed and the transformations made in this subroutine are? 

1. Euler angles of the body coordinate system 

relative to the Earth fixed coordinate system. 

2. Inertial platform g/ro spin axis position components 

and Euler angles. 

3. Target position with respect to the missile; missile 

total velocity; and missile position with respect to 

the moving rail launcher. 

4. Transformation of missile LOS from Earth fixed 

coordinate system into the body coordinate system. 

5. Vertical and horizontal line-of-sight angles. 
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6. Vertical and horizontal proportional navigation 

angles. 

7. Vertical and horizontal flight path angles of the 

missile with respect to the Earth fixed axes. 

8. Transfc-mation of the velocity relative to the air 

from the Earth fixed coordinate system into the 

body coordinate system. 

9. A^gle of attack with respect to the wind. 

a) Vertical (a) and horizontal (0) angles of attack. 

b) Alpha prime ( or7 - absolute angle of attack) 

and phi prime ( q' - aerodynamic roll angle with 

respect to wind) angles (wind tunnel axes). 

3.2.12.2 Equations 

1. Euler angles of the Body Coordinate System 

The three Euler angles (^, •, ♦) are computed from elements of the 

Earth-to-Body transformation matrix [M], The matrix is computed in 

02, the rotational dynamics subroutine, and passed into this subroutine 

by the COMMON BLOCK C. The matrix is defined as 
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M 

C C C 
11 12 13 

C21 c 22 C23 

C31 C32 C33 

The relationship between each element value and the three Euler angles 

is given in Appendix A-3. It can be seen from these relationships that 

* = 
, -1 C? _ 
tan ¿3 

C33 

• = tan -1 -C13 

V 

(Euler roil) 

(Euler pitch) 

? + C2 
11 12 

i = tan -. ill (Euler yaw) 

T 1 

2. Inertial Platform Position Components and 
Euler Angles 

The inertial platform is composed of two degree of freedom gyros. Gyro 

number one is oriented with its spin axis aligned with the initial y-body axis 

of the vehicle. This gyro detects vehicle roll and yaw. Gyre number two 

is oriented witt ist spin axis aligned with the initial z-body axis of the 

vehicle. This gyro detects pitch and roll. The gyros axes are oriented 

as shown in Figure 3. 2.18. 
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GYRO ONE SPIN AXIS GYRO TWO SPIN AXIS 

■*- X B 

Figure 3.2. 18 - Initial Orientation of 
The Two 2-DOF Gyros 

Gyro initial orientation matrices are set in D2I, the rotational dynairtics 

initialization subroutine. The gyro one matrix is then defined as: 

Ao 

Aol1 A°12 Ao13 

Ao21 A022 A023 

.Ao31 Ao^? Aoja. 32 

where 
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Aoll A°12 A°13 

Ao21 Ao22 Ao23 

Ao31 Ao32 Ao33 

C C C 
11 12 13 

C21 C22 C23 

C 31 C32 C33 
—I @ t = 0 

The elements are taken from the Earth-to-Body coordinate system trans¬ 

formation matrix [M] computed at the initial time point or, [Ao] = 

[M](g t_Q. This subroutine (G5) transforms the spin axis of each gyro 

from the initial body coordinate system through the Earth fixed eystem to 

the current body coordinate system and then computes the four angles 

detected by the two gryos. Thus, 

kB 

B 

'B J 

GYRO 

[M] [Ao] 

kBo 

Bo 

L Bo J 

GYRO 

Substituting the components of gyro one (XBo = 0, YBq = 1, ZBo - 0) 

into the above equation gives 
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B 

B 

L^B J 

C11 AoZ 1 + C12Ao22 + C1 3A°23^ 

C21 Ao21 + C22Ao22 + C23Ao23 

C31Ao21 + C32Ao22 + C33Ao23. 

and substituting the components of gyro two (Xq0 = 0, Yn = 0, Z 

into the same equation gives 

Bo ' ^Bo = ^ 

X B 

B 

L^B J 

C!lA"31+C12Ao32 + C13AoiJ 

C21Ao31+C22Ao32 + C23A°33 

LrMAo31 + C32Ao32 + C33Ao33 

The two gyro-one Euler angles are shown in Figures 3. 2. 19 and 3. 2. 21 

and are computed by 

and 

= tan* 



>^>o i'S? 

Figure 3. 2. 19 - Gyro-One Euler Angles 

The two gyro-two Euler angels are shown in Figures 3. 2. 20 and 3. 2. 21 and 

are computed by 

*2 = t,n •m 
and 
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Figure 3.2.20 - Gyro-Two Euler Angles 

116 



mm .... 

ll'wytt H 

mm ... ......P'ï WW 

''1 

GYRO-TWO 

B 

117 

mmm _ 



3. Target Position (LOS vector) with Respect to 
the Missile; Missile total velocity; and 
Missile Position with Respect to the Moving 
Rail Launcher 

Missile total velocity in the Earth fixed coordinate system is 

7 
TOTE V2 + V2 + V2 

XE YE ZE 

Target position (LOS vector) with respect to the missile (Figure 3. 2. 22) 

is 

ARLOS = rt - re (LOS - line-of-sight vector) 

Missile 

VE ^VTOTE^ " ^VE^ 

Figure 3, 2. 22 - Earth Fixed Coordinate System 
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Missile Position with respect to the moving rail launcher 

To determine missile separation from the launch rail, the position and motion 

of the rail is required along with the position and motion of the missile. 

The motion of the rail is assumed to be composed of a constant linear 

velocity with respect to the Earth (V0, the missile initial velocity, see 

Figure 3.2.23) and an oscillatory and linear acceleration with reepect to 

• • 

the vehicle initial body coordinate system initial position 

of the rail is assumed to be R0, the initial position of the missile. Thus, 

the position of the launcher as a function of time in the Earth fixed 

coordinate system is 

R + 
o 

V t + o ¿R OS, 

where the launcher position (AR^ ) 
Lj 

tory motion is 

in the Earth frame due to the oscilla 

aRo„L = M0AROS • 

and [M]0 is the Earth-to-Body transformation matrix computed at the 

initial time point, or 
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Figur« 3.2.23 • Launcher Initial Position 
and Velocity 
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[“lo = 

rAoll Ao12 Ao13 

Ao21 Ao22 Ao23 

LAo31 Ao32 Ao33 

Ros is the position change of the launcher in the vehicle Body coordinate 

system due to oscillatory motion. The assumption is that ail oscillatory 

motion occurs along the Z-component of the Body axis, thus the displace¬ 

ment of the launcher is aljng Z, or 

ARos = *ZRAIL 

The oscillatory acceleration of the rail launcher is assumed to be along 

the Z-Body axis only, and is described by the waveshape given in Figure 

3. 2. 24. The equation fitting the waveshape of Figure 3. 2. 24 is 

Zj^^jk = ^ sin (wt X) 4- A2 

‘RAIL 

Figure 3. 2. 24 - Launcher Oscillatory 
Acceleration Profile 
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To determine rail di.placement due to o.dilation, the above equation i. 

integrated twice to give 

A ZRA1L = - JL „in (wt 4 X) + -i-A2t2 + A3t + A4 . 

The constants of integration are determined based on the following 

assumptions: 

1. dZRAIL = 0 ® t = 0 

A4 = sin ( X ) 
U)¿ 

2. a3 =0 

3# A - aunplitude of oscillation 

ij - frequency of oscillation 

X - phase of oscillation at t = 0 

A2 - linear acceleration component 
of oscillation 

Input Quantities 

/ 

Substituting the above assumptions into the equation gives 

a 2 
AZRAIL = — [sinx-sin(wt + X)] + ^ A2t . 

w2 

Thus, launcher position in the Earth fix, d frame then becomes 



rl = Ro + V + iM!< 

* ZRAIÍ4 

Missile position with respect to the launcher then becomes 

ARML= RE ' RL ’ 

with the magnitude of tne separation being 

MAM 

AN GO 
2 + AY2 + AZ2 
ML ML ML 

4. Transformation of the Missile LOS from the Zarth 
Fixed Coordinate System into the Body Coordinate 
System 

B LOS 
= [M] AR . (LOS in Body System) 

5. Vertical and horizontal line-of-sight (LOS) angles 
(Figure 3. 2. 25) 

X _l "AYLOS a ^ = tan 1 

aXLOS 

X v = tan'1 'aZLOS 

V AX? __ + AY? 7 
LOS LOS 

123 

.. .... ... 



Slant rang« from missile to the target is given as 

RANGE = V^LOS + <OS + AZ,2oS ' • 

LOS 

Figure 3. 2. 25 - Vertical and Horizontal 
LOS Anglos 



6. Vertical and Horizontal Proportional Navigation 

Vertical and horizontal proportional navigation angles are defined in the 

coordinate system shown in Figure 3. 2. 26. The vertical and horizontal 

proportional navigation angles gives the orientation of the missile velocity 

vector relative to the line-of-sight vector (LOS). In deriving these angles, 

the assumption is made that the velocity of the target is negligible v/ith 

respect to the missile velocity. 

This coordinate system is established with the LOS vector as the LV. axis; 

LV2 is normal to the LOS vector and lying in a horizontal plane; and LV3 

completes a right-handed system. The proportional navigation angles 

are the angles defining the orientation of the missile velocity with respect 

to the LOS. These angles are shown in Figure 3. 2. 26. 

LVt = LOS 

Vg,, Missile Velocity 

Plaine Containing 
Velocity and Normal 
to LVj-LVj plane 

Horizontal Plane 

Figure 3.2. 26 - Proportional Navigation Angles 
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The LO.S coordinate system is established by 

LVj = AR-LOS' 

LV2 = 1 ) / J hg X LiVjj > 

and 

A A ^ 
LV3 = LVj X LV2. 

A V* 

The magnitude of kg x LVj may be found by considering that 

kE x LVj = kE x A^Rlos 

and that 

kg x dkRjjQg = ( AR sin0 ) 7, 

Now, A R sin 0 is simply the projection of A R into the Xg-Yg plane. 

Thus, 

AR sin ß 

Therefore, 

= V A XLOS + LOS T AYLOS * 

! + ^YTr»s • LV2 = (kgxLV!) / f ^CgOS + AYgQs 

kg is a unit vector along the Zg - axis, and x represents a cross 

product. 
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To determine the navigation angles, the miasile velocity ie projected 

onto each axis of the LV coordinate system. This produces the com¬ 

ponents of the velocity in this system. Thus, the angles are computed 

* 

7. Vertical and Horizontal Flight Path Angles in the 
Earth Fixed Coordinate System (see Figure 3.2. 27) 

Figure 3. 2. 27. Vertical ( 7y) and Horizontal ( 7^j) 
Flight Path Angles 

* The dot " • " represents a dot product. 

oy 

9 
LV = tan -1 V E • LV3 

Vf • LV, 

and 

LV = tan -1 VE ’ LV2 

E . LV, 
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and 

? v = tan 

^ Il ~ tan 

mm mm.«i«'wuiii!iii'wpi!! 

1 / VZE \ 

' VVXE * VVE ‘ ' 

YE 

XE -) 
8. Transformation of the Velocity Relative to the 

Wind From the Earth Fixed Coordinate System 
Into the Body Coordinate System 

The velocity of the missile with respect to the wind, calculated in 

Subroutine G3, is transformed into the Body axes by 

^MWB = ^MWE ’ 

where 

MWB 
MWU 

'MWV 

'MWW^ 

9. Angle of Attack with Respect to Wind Axes. 

The geometry relating to the angles of attack of the missile with 

respect to the wind is illustrated in Figure 3. 2. 1 of Section 3. 2. 1, and 

Figure 3. 2. 28 below. The calculation of these angles is bypassed if 

th': engine is thrusting (Flag QBURN £0) and the missile is still on the 

launch rail (RANGO £ RAIL). 
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a. Vertical angle of attack ( * ) and horizontal angle of 

attack ( ß ) (Figure 3.2.28). 

« = tan 

and 

ß = tan* 

The Xß - Xg plane 

contains the axis 

Figure 3. 2. 28. Angles of Attack 
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b. From spherical trigonometry and aaauming a small 

angle of sideslip 0 , (tha small angle ß allows a right triangle to be 

formed by the chords of the angles ° , ß , and 01 ) the absolute angle 

of attack, <*', and the roll angle of the missile with respect to the wind 

axes, <t>/ , may be computed based on small angle approximations by 

Conventionally, small angle approximations limits the angle magnitudes 

to about 10°. However, in the derivation of the above equations, half 

angles ( °/2, 0/2) appear in the formulas that are simplified through 

the small angle approximation. Thus, since 

or 
— < 10° 

and 

then 

and 

4- s io° 
a £ 20° 

0 £ 20° 

is allowed. 
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3. 2. 12. 3 Input/Output and Cross Reference of C Array 

1. Input from Data Cards 

FORTRAN 
SYMBOL 

AGV 

CFREQ 

CPHASE 

AGV2 

SYMBOL 
USED IN 

TEXT 

u> 

a2 

c 
INDEX DEFINITION 

1330 

1331 

1332 

1332 

Amplitude of the oscillatory acceleration 
acting on the missile due to the launcher 
vibrating (g's). 
Frequency of the oscillatory acceleration 
acting on the missile due to the launcher 
vibrating (CPS). 
Phase relationship at time=0 of the 
oscillatory acceleration acting on the missile 
due to the launcher vibrating (DEG). 
Magnitude of the linear component of 
acceleration acting on the missile due 
to the launcher (g's). 



Pwl mm 

2. Inputs from Other Modules 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 
TEXT 

C 
INDEX DEFINITION 

VMWXE) 
VMWYE? 
vmwze) 
VAIRSP 

VMWE 

VXE 
VYE 

VZE 

RE 

Rq 

^11 
Cl2 
CI 3 
C21 
C22 
C23 
C3I 
c32 
C33 

Ao2I 
Ao22 
Ao23 

Ao31 
A032 

A033 

Components of missile velocity relative 
to the wind ir Earth Fixed system 
(FT/SEC) 
Velocity magnitude of missile relative to 

wind (FT/SEC) 
Engine burnout ¿witch (l=burnout) 
Components of missile velocity 
in Earth Fixed Coordinate 
(FT/SEC) 
Position components of missile in Earth 
fixed coordinate system (FT) 

Position components of target in Earth 
fixed coordinate system (FT) 

initial position components of missile 
and rail in fixed system (FT) 

Initial velocity - components of missile 
and rail in Earth fixed system (FT) 

Elements of the Earth-to-Body 
transformation matrix, M 

Position components of gyro 1 (inertial 
platform) spin axis unit vector in Earth 
Fixed coordinate system 
Position components of gyro 2 (inertial 
platform) spin axis unit vector in Earth 
fixed coordinate system 
Flight time (SEC) 
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3. Output 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 
TEXT 

C 
INDEX DEFINITION 

BTHT 
BPSI 
BPHI 
BPH1 

BTH2 

BPSI 

BPH2 

VTOTE 

BGAMH 

BGAMV 

BTHLV 

BPSLV 

BLAMV 

BLAMH 

e 
i 
4» 

♦i 

*Z 

*2 

vTOTE 

7H 

7V 

eLV 

LV 

‘H 

3 50 
351 
352 
3 53 

3 54 

355 

393 

356 

3 57 

358 

363 

364 

365 

366 

Euler pitch angle of body system (DEG). 
Euler yaw angle of body system (DEG). 
Euler roll angle of body system (DEG). 
Euler roll angle of inertial platform 
(fjyro 1) with respect to the body system 
(DEG) 
Euler pitch angle of inertial platform 
(gyro 2) with respect to the body system 
(DEG). 
Euler yaw angle of the inertial platform 
(gyro 1) with respect to the body system 
(DEG). 
Euler roll angle of inertial platform 
(gyro 2) with respect to the body system 
(DEG). 
Missile total velocity magnitude in the 
Earth fixed frame (FT/SEC) 
Horizontal flight path angle (heading) 
measured clockwise from Xp - axis 
(DEG) 
Vertical flight path angle measured positive 
up from the local horizontal (DEG). 
Vertical proportional navigation angle, 
measured positive downward from the LOS 
vector to the projection of the missile 
velocity into the vertical plane that contains 
the LOS vector (DEG). 
Horizontal proportional navigation angle 
measured positive clockwise from the LOS 
vector to the projection of the missile 
velocity into the plane containing the LOS 
vector and normal to the vertical plane 
(DEG). 
Vertical line-of-sight angle, measured from 
the local horizontal to the LOS vector (DEG). 
Horizontal line-of-aight angle, measured 
from X£ axis to the projection of the LOS 
vector into the local horizontal plane (DEG). 

133 



SYMBOL 
FORTRAN I USED IN 
SYMBOL TEXT 

C 
INDEX DEFINITION 

BALPHA 

BALPHY 

BALPHP 

BPHIP 

RANGE 
RXBA 

RYBA 

RZBA 

RANGO 

RXL 

RYL 

RZL 

RDELX 

RDELY 

RDELZ 

367 

366 

4» 

RANGE 

axblos 

aYblos 

azblos 

rANGO 

AxML 

AYmL 

4zml 

axlos 

aylos 

azlos 

369 

370 

371 
372 

373 

374 

380 

390 

391 

392 

1635 

1636 

1637 

Vertical angle of attack, measured from 
the projection of the missile velocity with 
respect to the wind into the Xß-Zß plane 
and the Xß axis (DEG). 
Horizontal angle of attack (sideslip) 
measured from the projection of the 
missile velocity with respect to the wind 
into the XB - ZB plane and the velocity 
relative to the wind (DEG). 
Total angle of attack between vehicle Xß 
body-axis and the velocity relative to 

the wind (DEG). 
Aerodynamic roll angle between the plane 
containing the ZB-XB axes and the plane 
containing XB-velocity relative to the wind 

.DEG). 
Slant range from missile to the target (FT) 
X-component of missile LOS (ÄRßLOS) in 
body coordinates (FT). 
Y-component of missile LOS ( ARßLOS) in 
Body coordinates (FT). 
Z-component of missile LOS ( SUßLOS) in 
Body coordinates (FT). 
Magnitude of the separation distance 
between the rail launcher and the missile. 
(Measured from rear end of launcher to 
the rear lug of missile (FT). 
X-component of the missile position with 
respect to the launcher (FT). 
Y-component of the missile relative to the 
launcher in the Earth fixed coordinate 
frame (FT). 
Z-component of the missile relative to 
the launcher in the Earth fixed coordinate 
frame (FT). _ 
X«component of missile LOS ( ARlos) 
earth fixed coordinate syetem (FT). 
Y-component of missile LOS ( ARj^qs^ 
earth fixed coordinate system(FT). 

Z - component of missile LOS (AR^Qg) in 
Earth fixed coordinate system (FT) 
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3. 2. 1 3 SI - Seeker Module 

3.2.13.1 Function Description 

The Seeker Module, Si, currently used in the 6DOF simulation program 

models either a vidicon tracker or a quadrant (laser) tracker, depending 

upon whether the input option switch, OPTNSK, is greater than zero, or 

less than or equal to zero, respectively. 

3. 2. 1 3. 2 Equations 

1. Line-of-Sight Angular Offset Calculation 

The initial portion of the module logic which determines 

target position (modeled as a point source) in the gimbal axes is common 

to both trackers. This operation consists of transforming the X, Y, and 

Z components of target position from the body axes to the gimbal axes, 

then calculating the angular offsets (from the gimbal boresight axis) in 

pitch and yaw. 

As is depicted in Figure 3. 2. 29, the gimbal axes, (Xq, Yg , Zq), 

orientation with respect to the body axes, (XB, Yg. Zg), 13 specified by 

two rotations; the first through an angle of ^ q about the Zg axis, and 

the second through an angle of Oq about Yq (the sign of the angles 

following the right hand rule convention). 
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B 

Figure 3. 2. 29 

The transformation matrix, M, from the body to the gimbal axes is 

given by: 

M G = 

COS0GCOS*G 

- sin*g 

SINICOS *c 

SIN^qCOS Oq 

COS if 

SIN0gSIN*g 

-sin®g 

0 

CCS 0 GJ 

Hence, the target position coordinates in the gimbal axes are: 

lZgj 

= M, 

XB 

YB 

LZB 
B 
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where XB, Yg, and Zß are the target position coordinates (LOS vector) 

in the body axes (computed in the Coordinate Transformation Module, G5). 

The offset angles from the gimbal boresight axis (Xq), 0z and fly. 

follow directly from the geometry depicted in Figure 3. 2. 30. 

1 

Figure 3. 2. 30. Angular Offset of LOS from Seeker 
Boresight Axis (Xq) 



- Z 

ßz = tan-1 
X 

iL. 

g 

ß = tan“1 
y 

0Z and 0 y are used in both the vidicon and the quadrant trackers to 

generate an autopilot error signal. 

Vidicon Tracker 2. 

In the vidicon tracker mode (OPTNSK >0), a check is made 

to determine if slant range (RANGE) is less than optical break-lock range 

(RBK), where break-lock range is the range at which seeker saturation 

occurs. At this point, no new error signals are calculated in th°. seeker 

module, the seeker module returns control to the calling subroutine 

(AUXSUB), and the last error signals calculated continues to be fed to the 

autopilot. 

With slant range greater than optical break lock range, the pitch and 

yaw error signals to the autopilot ( z and cu y ) are calculated as the 

product of an input gain (GEO) and the LOS offset angles, ßz and ß y, 

i. e. , 

u z = GEO ßz 

y 
= GEO ß 

y 

Program control is then transferred to the common vidicon and 

quadrant tracker output calculations (see Paragraph 4). 
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3. Quadrant Tracker 

In the quadrant tracker mode, the logic is somewhat 

more complex than the simple linear error signals produced by the 

vidicon model. Included in the quadrant tracker logic is the capability 

to model the following features: 

• Laser pulse rate controllable by input data. 

• Pulse hold logic retains detector signal between pulses. 

• Maximum target acquisition range 

• Target in or out of field of view 

• Range dependent detector dead band 

• Direct (pre-launch lock-on to target) or indirect 

(launch without lock-on to target) fire modes 

Gyro caged along missile longitudinal axis 

until lock-on (indirect fire-only) 

Higher tracker signal gains (independently in 

pitch and yaw)switched in during target 

acquisition* (indirect fire only). 

* Target acquisition in this case refers to the phase of target acquisition 
occurring between the time that the target comes into the field-of-view 
and the times that it crosses the midpoint of the field-of-view in pitch 
and yaw. This provides the higher gain needed to prevent the target 
from p&ising completely through the field-of-view before the missile 
can respond to the error signals. 
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Smoothing (integration) oí eeeker error signals to 

autopilot optional 

Response time of seeker error signal to detector 

signal can be varied by input constant. 

The equations and logic for the quadrant tracker are: 

(a) Laser pulse rate and tracker pulse hold logic: 

If (t < s), hold last detector pulse and go to 

seeker error signal computation 

s = s + A t, 

where t is the time of flight, A t is the laser pulse period, and s is a 

step function of time. 

The relation between t. At, and s is shown in Figure 3. 2. 31. 

Laser pulse period; 
pulse hold logic active 
during these times. 

Figure 3. 2. 31. Pulse Hold Logic 
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(b) Maximum acquisition rango sensinf ' 

If (RANGE > RLOCK), effectively set pitch and yaw 

error signals to zero and exit tracker module, 

because slant range (RANGE) is beyond maximum 

acquisition range (RLOCK). 

(c) Target in or out of field-of-view determination: 

effectively set pitch and yaw error signals to zero 

and exit tracker module, because target point source 

is outside the elliptical field-of-view determined by 

<t>y and <t> z. 

The geometry of this determination is shown in Figure 3. 2. 32. 
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From Figure 3. 2. 32, using small angle approximations (specifically, 

the Y and Z coord nates of FOV and target position are taken to be the 

arc lengths, e. g. ^jqV % r , with angles in degrees), the equation 
57. 3 

for the FOV ellipse boundary is: 

(rrrj 
= 1 

If the point (Y, Z) is such that the left hand side is greater than 1, then 

(X, Z) is outside the FOV ellipse. Replacing Y and Z with the target 

components, r and T I Pz 1 > &nd cancelling the r'a and the 

57.3, have that 
($r) “d r (ïtt) 

ß. 
>1 

y -z 

is the condition for the taiget being outside the FOV. 

(d) Detector output signal: 

0 

ßz<° 

BZ 

BY 

Í+1, if/3 >1 
Z 

-1, if ßz<( 

Í+1, if jSy > 

• 1, U $y * 
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(e) Range dependent deadband determination: 

tkdb = ®£® (RANGE ) 2 
2 y 32810 J 

where TKDB is one-half aie total range dependent deadband, BDB is the 

input total deadband normalized to ten kilometers (32810 ft.), and range 

is the missile to target slant range. A rationale for computing deadband 

in this manner is that reflected laser energy will vary as ^_ 
(RANGE)2 

so the photoelectric current differential between the four quadrants will 

also vary as a function of Since the photoelectric current 
(RANGE)2 

differential also varies by the amount of image center offset from the 

detector center, there will be a minimum detectable image offset due to 

detector and amplifier noise. 

(f) Target in or out of deadband determination: 

If (|0J < TKDB) BZ = 0 

If ((/^1 < TKDB) BY = 0, 

i. e. , set pitch or yaw detector outputs to zero if target angular offset in 

pitch or yaw are within the deadband. 

(g) If target is in FOV, uncage gyro and save pitch and yaw 

detector error signals for gain switching during acquisition phase: 
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Cage = 1 

(U) Generate autopilot error signals and seeker gimbal 

torque error signals: 

There are two seeker model options for calculating 

autopilot and seeker gimbal torque error signals. One option directly 

outputs the detector error signal times a gain factor. The second inte¬ 

grates the detector gain and permits a seeker signal shaping term and 

a response time factor to be input. In both of these options, the same 

signals are used for both the autopilot and the seeker gimbal torque. 

A third option (which can be exercised only if the second of the 

previously discussed two options is used) allows the response of the 

seeker gimbal torque signal to be controlled by input independently of 

the autopilot signal. _ 

(1) Detector error signal times a gain output directly: 

= 8. Pz 

“y * 8» ’ 

„her. Ü) and »r. th. error eignel. to the autopilot and the .eekar 
* y 

gimbal torque, and g8 is an input gain constant. (Control is then 

transferred to common vidicon/quadrant tracker output logic. ) 
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(2) Detector error signal integration with input signal 

response time control. 

to 
+ ($> S 7. 

tO/ 
J*(gs dt, 

8s ^ * 
CO = 

ay •C(gs ffy+,,>)dt' 

where «P is an input term which can be used to change the operating level of 

the detector error signal*, and to/, is an input seekeir signal response time 

factor. 

The block diagram for cj z (input = g8 0 z) is shown in Figure 3. 2. 33. 

An analoguous block represents 

Figure 3. 2. 33 - Error Signal Processing When 

wJl>0 

*A positive input value of <t>, for example, would cause the detector output 
signal to ride on the value of 4» '»O, which would positive bias the pitch 
and yaw error signals to the autopilot. *can be used to simulate gyro drift. 
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The pulse hold logi<; causes 0z (and 0^) to behave as a positive or 

negative unit step function, depending upon whether the point source 

target is in the upper or lower two quadrants of the detector. 

Consequently, the term 

+ 0 S 

is a step function with amplitude ± g , when ¢-0, The integrated 

term in oo_, therefore, is a ramp function with slope ±g . The quantity 
Z 8 

88 <J) 
contributed by the term __ superimposed on the ramp function, 

provides the output signal, «z, with a faster response to a detector error 

signal change than would be obtained with only the integrated term. 

(3) Independent* seeker gimbal torque response (utilized only 

when cjn > 0). 

The equations for the seeker gimbal torque error signals are: 

iz = “n (“i ' yz) 

yy - “n (“y - yy) 

* The seeker gimbal torques generated by the additional differential 
equations are independent of the autopilot error signals in the sense 
that the autopilot error signals are unaffected by the additional equations. 
The forcing function, however, for the gimbal torque is the same signal 
sent to the autopilot. 
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Pt = l'_ + y 

= y 
+ y 

toc y 

The block diagram for the seeker gimbal torque signals is shown in 

Figure 3. 2. 34 for the z-channel (an analogous block can be drawn for 

the y-channel). 

Figure 3. 2. 34 - Addition Seeker Gimbal Torque 
Error Signal Processing When 

"n>0 

Combining the block diagram showing the seeker signal error processing 

(Figure 3. 2. 33) with the block showing the seeker gimbal torque pro¬ 

cessing (Figure 3. 2. 34) and including the logic switching accomplished 

by the program for zero values of cj| and w Q, results in the signal 
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processing block shown in Figure 3. 2. 35 for the z-channel (a similar 

block represents the y-channel). 

,-ry-v 
a 
68 2, 

Figure 3. 2. 35 - Signal Processing Block 

(i) Acquisition Mode Gain Switching 

Before the target image enters the FOV in the Indirect 

Fire option, the seeker gyro is caged (CAGE=0) and no error signals 

are output from the seeker to either the autopilot or for the seeker 

gimbal processing torque. Once the target enters the FOV, the seeker 

gyro is uncaged, the sign (+ or -) of the detector error signal is retained 

by variables uz and uy, respectivtly, and higher acquisition mode gain, 

gx, is used for the pitch and yaw error signals. When the error signals 

* Acquisition Mode here refers to the system state in Indirect Fire between 
the two that the target enters the FOV and the time the target crosses 
from the upper (lower) two quadrants to the lower (upper) two quadrants 
(in pitch), with analogous conditions for yaw. 

148 



change aignf the errer signal gain is switched back to the terminal 

horr ng value, gs. 

The gain switching occurs independently in pitch and yaw. Print state¬ 

ments contained in the acquisition mode gain switching logic auto¬ 

matically print the time at which acquisition gain is switched out and 

terminal homing gain is switched in. Also printed at this time are the 

target angular offset angles from the seeker boresight axis. The print¬ 

outs occur independently in pitch and yaw. 

4. Output Calculations'*1 

After calculation of the seeker error signals for the auto¬ 

pilot and seeker gyro gimbal torques, the Seeker Module transforms 

missile body rotational rates to the seeker gyro gimbal axes, calculates 

pe-ker gimbal angle derivatives. In the pre-acquisition case of a caged 

seeker gyro (CAGE = 0), all error signal outputs are forced to zero. 

Control is then returned to the calling subroutine, AUXSUB. The common 

(to both vidicon and quadrant trackers) output calculations are performed 

by the following equations: 

♦Common to both Vidicon and Quadrant trackar logic. 
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Transform Missile Body Rates to Seeker Gimbal Axes: 

<l>. 

r«i>x n 
B 

¾ 

r- L ^Zr, J 
G Gimbal " 

Axes 
Body 
Axes 

where MG is the body axes to seeker gimbal axes transformation matrix, 

the right hand vector has body rates in the body axes as components, and 

the left hand vector has the same body rates in the gimbal axes as com¬ 

ponents. Because the seeker is not gimballed about the Xß axis, the 
• 
* XB component is not calculated. 

Gimbal Coupling terms 

Cy = S cj (- 0 Q + i q) 

Cz = Su; <-«G - * G* 

where SU) is an input spring restraining torque constant 0 q, * g, 
• • 

0 Q, and iG are the seeker gimbal yaw and pitch angles and their 

derivatives, obtained on the last integration step. 

Calculate Olmbal Angle Derivatives 

•o' 'y+ c* - No 

Î Q~ + Cv * 
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where C and C are the gimbal coupling terms, ¢) and <|> are 
z y YG G 

the missile body rate components about the Y^. and Zq seeker gimbal 

axes, 23 is the (3, 3) element from the body to seeker gimbal axes 

transformation matrix, and P ^ and represent the seeker gimbal 

processing torque signals. (If u>n >0, or are equal to coy and coz. 

if cu n < 0)* 

3. 2. 13. 3 Assumptions and Limitations 

The following assumptions are made in the 6DOF seeker model: 

1. The target is modeled as a point source. 

2. The seeker two degree of freedom gyro is modeled 

without dynamics. 

3. Reflected pulses are alw'ys present at the input PRF, 

and are always detected when in the FOV. 

4. Detector image resolution deadband is a function of 

range only. 

5. The seeker pitch to yaw and yaw to pitch coupling 

terms assume an inertially stabilized platform. 

6. Seeker gimbal angle limiting is not modeled. 

The first assumption results in all of the seeker optics, detector 

characteristics, such as image resolution, saturation, signal to noist , 

etc. , being ignored. 
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The implications of the second assumption are essentially self- 

explanatory; the simulated gyro behaves as a perfect gyro (with the 

exception of the coupling terms and drift). 

The third and fourth assumptions ignore the possibility of lost pulses, 

attenuation of reflected signals due to atmospheric conditions designator 

malfunction, countermeasures, etc. 

The fifth assumption is not strictly true in a gyro which is precessed 

to follow the LOS. However, the assumption would not be severely 

violated with a relatively stabilized LOS-seeker boresight angle. If 

the 6DOF model is to be used to evaluate candidate seekers components 

(e. g. , seekers) however, more precise models may be required. 

3.2.13.4 Initialization Subroutine 

The Seeker Initialization Subroutine, SI I, enters the indices of the 

elements of the "C" array which contain Seeker Module generated 

derivatives into successive locations in the IPL array. The IPL array 

points the numerical integration logic to the elements of the "C" array 

which are to be numerically integrated. S1I initializes the IPL array 

with the indices of all potentially utilized seeker related derivatives, 

despite the fact that the number of derivatives actually used by the Seeker 

Module depends upon whether the input values of the variables tvj and 
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wn are zero or positive. The only potentially detrimental effect of this 

is to cause unnecessary numerical integrations to occur. 

SU also initializes the cage-uncagr switches used in SI as a function 

of the setting of the input option switch, OPTN4. Specifically, if 

OPTN4 £ 1, (signifying that simulation is for direct fire (lock-on before 

launch), the seeker gyro caging switches are set to the uncaged value 

(CAGE, TKRY, TKRZ, and TRKZY all equal to 1), reflecting the fact 

that the gyro is uncaged before direct fire launch. If OPTN4 > 1 (an 

indirect fire mode simulation), the seeker gyro caging switches are set 

to the cage value (zero). 
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3.2.13.5 Input/Output and Cross Reference of C-Array. 

1. Input From Data Cards 

ORTRAN 
SYMBOL 

RLOCK 
DT 
BDB 
CFOVZ 
CFOVY 
CSX 

SEPS 
SWP 
RBK 

GEO 
OPTNSK 
GS 
WSL 

WSN 

WL2 

SYMBOL I 
USED IN C 

TEXT 1 INDEX 

RLOCK 
A t 

BDB 

0 z 
Oy 

GSX 

<t> 

Scj 
RBK 

GEO 
OPTNSK 

8s 

GJ n 

445 
446 
447 
448 
449 
450 

451 
452 
453 

454 
455 
456 
457 

458 

459 

DEFINITION 

Maximum quadrant tracker acquisition range 
Laser designator pulse repetition time 
Tracker deadband (degrees) at 10 kilometers 
Total seeker field-of-view in pitch (degrees) 
Total seeker field-of-view in yaw (degrees) 
Seeker quadrant tracker error signal 

acquisition gain 

Integration shift rate 
Spring restraining torque constant 
Vidicon Tracker breaklock range (image 

saturation range) 
Vidicon tracker error signal gain 
Vidicon/Quadrant tracker option switch 
Quadrant tracker error signal gain 
Quadrant tracker error signal gain term 
(affects error signal amplitude and response 

time) 
Quadrant tracker gimbal torque signal gain 

term. 
Quadrant tracker gimbal torque signal gain 

term 
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2. Input from Other Modules 

FORTRAN 
SYMBOL 

RANGE 

RXBA 
RYBA 
RZBA 
WP 
WQ 
WR 

SYMBOL 
USED IN 

TEXT 

RANGE 

1 B 
?B 
♦xB 
♦ ÏB 
* ZB 

c 
INDEX 

371 

372 
373 
374 
1739 
1743 
1747 

DEFINITION 

Missile to Target Slant Range (LOS vector 
magnitude) 
X-Component of Slant Range (In Body Axes) 
Y-Component of Slant Range (In Body Axes) 
Z-Component of Slant Range (In Body Axes) 
Missile Roll Rate (In Body Axes) 
Missile Pitch Rate (In Body Axes) 
Missile Yaw Rate (In Body Axes) 
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3. Outputs 

FORTRAN 
SYMBOL 

WLAMQ 
WLAMR 
GAGE 
TKRZ 
TKRY 

SYMBOL 
USED IN 

TEXT 

GJ 
Z 

(jJ y 
CAGE 

C 
MDEX_ 

403 
407 
461 
462 
463 

DEFINITION 

Seeker Pitch Error Signal to Autopilot 
Seeker Yaw Error Signal to Autopilot 
Seeker Gyro Cage-Uncage Switch to Autopilot 
Acquisition Gain Switch for Pitch to Autopilot 
Acquisition Gain Switch for Yaw to Autopilot 
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3. 3 EXECUTIVE SUBROUTINES 

3. 3. 1 Module Initialization Executive Subroutine (AUXI) 

The module initialization subroutines are called by subroutine AUXI 

according to the input module data control cards (Type "2" input data 

cards - see Section 4 for input card formats). * AUXI is called by the 

MAIN program after the input subroutine, OINPT1, is called, and prior 

to entering the integration loop. AUXI contains calls to a number of 

initialization subroutines which exist only as non-functional entry points 

in the subroutine DUMMY. Thus, for example, AUXI calls A2I, which 

by the naming convention would correspond to the Initialization Subroutine 

for the Forces and Moments Module, A2. However, no subroutine A2I 

exists, which results in the compiler accessing the entry point A2I in 

DUMMY, which simply returns control back to AUXI. 

Table 3. 3. 1 shows the functional module initialization subroutines, along 

with the module number which initiates the subroutine call in AUXI. 

♦AUXI will automatically call an initialisation subroutine for each 
module specified on a Type "2" input card, i. e. , no input cards are 
required for litialization subroutines. 
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3. 3. 2 Module Executive Subroutine (AUXSUB) 

Subroutine AUXSUB is an executive routine which calls the modules input 

on Type "2" data cards (see Section 4 for input data card format) in the 

order of input. AUXSUB is called by the MAIN program. It is in the 

integration loop, and consequently, is called by MAIN at every integra¬ 

tion step. AUXSUB contains calls to modules that exist only as non¬ 

functional entry points in subroutine DUMMY. Calls to these non-existent 

modules, however, will never be made when correct input Type "2" data 

cards are used. 

Table 3. 3. 2 depicts the existing modules and their associated module 

numbers which, when input on Type "2" data cards, cause AUXSUB to 

execute the module» in input order. 

AUXSUB performs the auxiliary function of moving derivatives into the 

"C" array (calculated by the modules) to sequential locations in the array 

DER(I). The derivative values contained in this array are subsequently 

numerically integrated by subroutine AMRK. 
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MODULE 
NAME FUNCTION 

MODULE 
NUMBER 

A1 

A2 

A3 

Cl 

C2 

C4 

D1 

D2 

G2 

G3 

G4 

G5 

SI 

AERO Coefficient Table Look-Up 

Forces and Moments Module 

Engine Module 

Autopilot (High Frequency) Module 

Autopilot (Low Frequency) Module 

Actuator Module 

Translational Dynamics Module 

Rotational Dynamics Module 

Winds Module 

Air Data Module 

Terminal Geometry Module 

Coordinate Transformation Module 

Seeker Module 

2 

3 

4 

7 

8 

10 

17 

18 

23 

24 

25 

26 

28 

Table 3. 3. 2 - Modules and Associated Module 
Numbers 
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3. 3. 3 SUBLl - Executive Subroutine 

This executive subroutine is functionally inactive. It is called by MAIN, 

and in turn calls INPT1, OUPT1, STGE1, CNTR1, RNDM1, AUXA1, 

AUXB1, and AUXC1, depending upon the subroutine numbers stored in 

the array, SUBNO (I). However, all of the subroutine names called 

(INPT1, OUPT1, etc.) exist only as entry points in subroutine DUMMY. 

Consequently, SUBLl performs no function whatsoever. 

3. 3.4 SUBL2 - Executive Subroutine 

3.3.4.1 function Description 

Executive subroutine, SUBL2, is called by MAIN immediately after the 

module initialization subroutine, AUXI, is called. SUBL2, in turn, calls 

INPT2, OUPT2, STGE2, CNTR2, RNDM2, AUXA2, AUXB2, and AUXC2, 

depending upon the subroutine numbers stored in the array, SUBNO(I)*. 

The array, SUBNO(I), is initialized in OINPT1 by the subroutine numbers 

entered on Type "1" input data cards, with the current configuration of the 

simulation progran:., two Type "1" cards are input to enter subroutine 

numbers "3" and "4" into the SUBNO(I) array. This will cause sub¬ 

routines OUPT2 and STGE2 (described in Sections 3. 5. 2 and 3. 4.11, 

respectively) to be called by SUBL2. 

♦All of the named subroutines except OUPT2 and STGE2 exist only as 
entry points in the subroutine, DUMMY. 
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3,3.4.2 Input/Output and Cross Reference of C-Array 

FORTRAN 
SYMBOL 

NOSUB 

SU BN 0(1) 

C 
INDEX 

2461 

2462 

DEFINITION 

Number of eubroutines specified on Type "1" input 
data cards. 

Subroutine numbers entered on Type "1" input 
data cards. 
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3. 3. 5 SUDL3 - Exe .utive Subroutine 

Executive subroutine, SUBL3, is called by MAIN at every integration 

step. SUBL3, in turn, calls INPT3, OUPT3, STGE3, CNTR3, RNDM3, 

AUXA3, AUXB3, and AUXC3, depending upon the subroutine numbers 

stored in the array, SüBNO(I). * The array, SUBNO(I), is initialized 

in OINPT1 by the subroutine numbers entered on Type "1" input data 

cards. With the current configuration of the simulation program, two 

Type "1" cards are input to enter subroutine numbers "3" and "4" into 

the SUBNO(I) array. This will cause SUBL3 to call subroutines OUPT3 

and STGE3 (described in Sections3.5. 2 and 3.4.12). 

3.3.5.1 Input/Output and Cross Reference of C-Array 

FORTRAN 
SYMBOL 

C 
INDEX DEFINITION 

NOSUB 

SUBNO(I) 

2461 

2462 

Number of subroutines specified on Type "1" 
input data cards. 

Subroutine numbers entered on Type "1" input 
data cards. 

1 

*Ail of the named subroutines except INPT3 and OUPT3 exist only as 
entry points in the subroutine, DUMMY. 

163 



lIMiHMtallRMMMHMllWMM 

.. rnmmmmw 

3. 3. 6 Table Look-Up Subroutines: TABLE, TABL2 and TABL3 

These three subroutines are used for the express purpose of passing 

tabular aerodynamic data to the special function subroutines FINTP1, 

FINTP2, and FINTP3. These special function subroutines perform a 

linear interpolation between two points in three types of tabular data 

tables. These data tables are: 

1. TABLE—►FINTPl - one dependent, one independent 
variable 

2. TABL2—►FINTP2 - one dependent, two independent 
variables 

3. TABL3—►FINTPS - one dependent, three independnet 
variables. 

The independent variable tables must be monotonically increasing data 

arrays. 

The argument list variables of the three subroutines are: 

1. TABLE (X, XI, YI, NX, XK, XLABEL, Y) 

X - Instantaneous value of independent variable 

XI - Independent variable array (table) 

YI - Dependant variable array (table) 

NX - Number of points in each table 

XK - Flag used in FINTP1 



XLABEL - ReBerved for holorith character name 
of data table 

Y - Linear interpolated value of the dependent variable. 

2. TABL2 (X, Y, XYI, ZI, NXY, XINTER, XLABEL, Z) 

X - Instantaneous value of the first independent 
variable XI 

Y - Instantaneous value of the second independent 
variable YI 

JT! - This single array contains both the first (XI) and 
second (YI) independent variable tabular values. 
The first independent variable (XI) values occupies 
the leading element locations and the second inde¬ 
pendent variable (YI) values occupies the remaining 
element locations. 

ZI - Dependent variable array. This array contains all 
dependent variable tabular values. The dependent 
variable values as a function of the first independent 
variable XI are sub-groups of data in the array. 
The sub-groups are then a function of the second 
independent variable YI. (The sub-groups must be 
ordered such that they are a function of YI with YI 
monotonically increasing. ) 

NXY(I) - Number of points in the data tables 

1=1, number of first independent variable (XI) 
data points 

1 = 2, number of second independent variable (YI) 
data points 

XINTER - Flag used in FINTP2 

XLABEL - Reserved for holorith character name of 
data table 

Z - Linear interpolated value of the dependent variable. 
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Example of TABL2 use. 

Assume the following set of data. 

XI 

The tabular values above would be assigned to the argument list arrays 

as follows: 

XY1 » xp x2, x3, x4, yp y2, y3 

zi=h 

1 

r *2’ *3’ *4 *5’ *6' t7,*8|"9' "10’ 11' 12 
z , z , z , z 
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The number -of^point variable» would be «et as: 

NXY(l) = 4 

NXY(2) = 3 

The discrete point (x , y) would be passed into the subroutine, a linear 

interpolation would be performed between the data points that bracketed 

(x, y) and a singular value of z would be returned. Thus, 

Z = z - returned value 

3. TABL3 (X, Y, Z, XYZI, WI, NXYZ, XINTER, XLABEL.W) 

X - Instantaneous value of the first independent variable 

XI 

Y - Instantaneous value of the second independent 

variable YI 

Z - Instantaneous value of the third independent 

variable ZI 

XYZI - This single array contains all three independent 
variable tabular values. The first independent 
variable (XI) values appears first, the second 
independent variable (YI) values appear second, 
and the third independent variable (ZI) values 

appear last. 

WI - Dependent variable array. This array contains all 
dependent variable tabular values. The dependent 
variable values as a function of the first independent 
variable (XI) appears as a sub-group of the second 
independent variable YI with this grouping a sub¬ 
group of the third independent variable ZI. 
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NXYZ(I) - Number of point* in the data table* 

1=1, number of first independent variable 
(XI) daU. point* 

1=2, number of second independent variable 
(YI) data point* 

1=3, number of third independnet variable 
(ZI) data points 

XINTER - Flag used in FINTP2 

XLABEL - Reserved for holorith character name 
of data table 

W - Linear interpolated value of the dependent variable. 



3.4 AUXILIARY AND FUNCTION SUBROUTINES 

3. 4. 1 Aerodynamic Coefficient Table Error Indication Subroutines: 

AERROR and TERROR 

Subroutine AERROR is used to indicate that the numberical range of an 

aerodynamic coefficient data table has been exceeded by the trajectory 

being flown. The message "OUT OF AERO TABLE ARGUMENT ARRAY" 

and the table name is printed out, along with a dump of the C-array ele¬ 

ment string that contains all the aerodynamic table values. The integra¬ 

tion termination switch, LCONV, is then set to 2 to flag Subroutine 

STGE3 that the run is to be terminated. 

Subroutine TERROR is used to indicate that an entire aerodynamic co¬ 

efficient table is missing. The message "NO AERO POINTS SPECIFIED 

FOR ARG" and the missing table name is written out. The run is then 

terminated by a CALL EXIT statement. 

(NOTE: These two subroutines are not being utilized by the program. 

No provision has been made to detect these errors in the aero tables 

not to call these subroutines. ) 

3. 4. 2 AMRK- Numerical Integration Routine 

3.4.2.1 Function Description 

Numerical integration of the state vector derivatives is accomplished 

using a standard Adams-Moulton technique with a Runge-Kutta start. 
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Numerical solutions to second order differential equations are obtained 

sequentially by quadrature of two first order differential equations. The 

Adams-Moulton portion of the routine includes a variable step size which 

halves or doubles the step size as a function of the difference between 

the predicted and corrected values of the integrals. The step size is 

bounded by input upper and lower limits. 

3.4.2.2 Equations 

The four-point Adams-Moulton routine requires the initial four derivatives 

for each state vector derivative. These initial values are obtained from 

three calls to the four pass Runge-Kutta routine, plus the derivatives 

representing initial cond^ions. The equations are standard. Specifically, 

if 7.^ = f(tt, ^), then 7i+l is obtained from: 

^i+1 = VÍ (kl + 2k2 ++ 

where 
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k3 

= f(t., y^ót 

= f (t¿ + 4i , y. ^ 1U ) 3t 
2 1 ir 

= f(t. + ^. . ÿj + 

k^ = f (ti + fit, yi + k3) a t . 

y/+1 is obtained by calling (in AMRK) the subroutine AUXSUB, which calls 

the functional modules to calculate new derivatives based on y^+j- The 

derivatives 7^. obtained in each complete iteration through the Runga- 

Kutta routine and AUXSUB, are stored in an array ("T") for use in starting 

the Adams-Moulton routine. Thus, after three complete iterations, the 

derivatives, y , at the initial point, t , and the derivatives, y. , y , and 

Yy at points tQ + fit, tQ + 20t, and tQ + 36t, are stored in the "T" array. 

At subsequent integration steps, the Adams-Moulton routine performs 

the following two calculations: 

Predicted: (7i+1) = + ôt ( P t - P2^i-1 2'P47i-3> 
P ! 

Corrected: (yi+1) = Ÿj + 6t l + c2yi - C3V7.i + c47i.2 ) 

where y^+j, appearing in the equation for (y^j) 
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is obtained by calling AUXSUB after (yH1)p i* determined. The coefficients 

are^: 

55 _52r>_37 =9 
P1 = 24 ' P2 ' 24 ’ P3 ' 24 ' P4 7T 

_9_ 19 _ ±_ JL_ 
C1 = 24’ c2 = 24 ' C3 = 24' C4 ' 24 

The absolute value of (y. + 1) - (Ÿi+l>p £or each element of vectors is tben 

compared with preset (by subroutine A5I) upper and lower bounds stored in 

the arrays "EU" and "EL.". If the absolute value of the difference for any 

element of the vectors exceeds EU^ an attempt is made to half the step siae. 

If halving the step size decreases it below the integration step size, HWIN 

(an input value), the step size is not changed, and the value of (ÿi+i)p 18 

accepted for yi+i. An input option switch (RITE >0) triggers a printout of 

the rixnolation time, the absolute value of the difference between the pre¬ 

dictor and the corrector, and the state vector element number, whenever 

the upper bound, EUi( is exceeded. The step size can be doubled in a 

manner analogous to halving it if the absolute values of the difference between 

predicted and corrected values are less than preset lower bounds, ELj. 

However, in this case, all of the values must be less than ELj before an 

attempt wUl be made to double the etep sUe. Again, the step size will not 

be changed ii doubling the step size would increase it above the input step 

size upper bound, HMAX. 

2W. E. Milne, Numerical Solutions of Differential Equations, Dover 
Publications, Inc., (1970). 
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When the step size is halved, all four derivatives (y^, y^_2’ an<^ 

y. must be defined for the same step size.* Since two of the derivatives 

thus required (y. ^ and y have not been previously defined, they can 

be obtained either by backing the time variable to the appropriate points 

and recomputing derivatives, or by linear interpolation from the existing 

derivatives. The latter alternative is used in AMRK, and is illustrated 

in Figure 3. 4. 2 where the initial situation is depicted in Figure 3.4. 1. 

Once these derivatives are obtained, the procedure of calculating pre- 

dieted and corrected values continues as previously described. 

The occurrence of two step size halvings in sequence would require that 

some derivatives be obtained by interpolating between values previously 

obtained by interpolation. Rather than permit this to occur, AMRK 

returns control to the Runge-Kutta routine to recalculate the derivatives, 

starting at the third preceding time point. Operation of AMRK then pro¬ 

ceeds as previously described. 

When the step size is doubled, the derivatives must, as before, be 

defined at equally spaced intervals. However, in this case, the needed 

derivatives (essentially every other previous one) have already been 

defined and are stored in the "T" array. Hence, all that is required is to 

redefine the "T" array such that the derivatives used in the predictor and 

•‘Because the coefficients of the predictor and corrector equations are 
derived based on the assumption of equally spaced intervals (see 
Reference 2 on page 172. 
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Array 

Fig\ire 3.4.1 Predictor, and Corrector 

with Current Step Size 

Figure 3.4.2 - New Predictor, Oyj+j)p. and Corrector 

^Vi+l^c’ a^ter Halving Step Size 
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corrector equations will represent the proper time points. Because of 

the limitation of the site of the "T" array, however, doubling is pro¬ 

hibited from occurring until two integrations have occurred after a 

previous doubling (it is clear that successive doublings would require 

an increasing number of past derivatives to be stored). Doubling of 

the step size is also inhibited until two integration steps after the step 

size has been halved. In this case, the reason is that the derivatives 

in the "T" array represent both the full and the halved step sizes, and 

hence, are not defined at equally spaced intervals. Step size doubling is 

illustrated in Figures 3.4.3, 3.4.4, and 3.4.5, where the initial state 

is shown in Figure 3.4.1. 

Figure 3.4. 3 - Derivative Locations in "T" Array 
Immediately after Doubling Step Size 
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Figure 3.4.4 - Derivative Locations In "T" Array after 
Doubling Step Size and Calling AUXSUB 
(functional modules) 

Figure 3.4.5 - Predictor, (yj+i)p* and Corrector, 

(7i+l)c. after Doubling Step aze 
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3. 4. 2. 3 Input/Output and Croae Reference of C-Array 

1. Input from data cards 

FORTRAN 
SYMBOL 

SYMBOL 
USED IN 

TEXT 
C 

INDEX _DEFINITION_ 

HMIN 

HMAX 

D(l) 

RITE 

HMIN 

HMAX 

6t 

RITE 

2662 

2663 

2664 

1971 

Integration Step Size Lower bound (SEC) 

Integration Step Size Upper bound (SEC) 

Initial integration step size (SEC) 

Option Switch for step size halving 
printout (>0 = Print) 
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2. Input from other modules 

FORTRAN 
SYMBOL 

D(I) 

EL(I) 

EU(I) 

V(I) 

SYMBOL 
USED IN 

TEXT 

*i 

ELj 

EU, 

INDEX 

2664 

2765 

2865 

2965 

DEFINITION. 

Value of Ith state element of state vector 

Lower bound to absolute value between 
predicted and corrected integrated 
value of Ith derivative. 

Upper bound to absolute value between 
predicted and corrected integrated 
value of Ith derivative. 

Value of Ith state variable. 
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3. Outputs 

FORTRAN 
SYMBQL. 

V(I) 

SYMBOL 
USED m 
TEXT INDEX 

2965 

DEFINITION 

Integrated value of Ith elemeitof state 
vector 
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3.4. 3 Trig Special Function Routines: COSD, SIND and AT AND 

The special function trig routines COSD, SIND and ATAND allow the 

user to work in units of degrees when dealing with angles. Use of the 

Fortran supplied functions COS, SIN and ATAN2 is made through 

these intermediate special function routines. 

Input to and use of the special functions COSD and SIND are: 

X = COSD(Z) 

Y = SIND(Z) 

where Z is an angle in degrees. 

Output of the special function ATAND is 

Z = ATAND(Y.X) 

where Z is an angle in degrees with assignment to the proper quadrant 

and a range of ± 180 degrees. 

3.4.4 BLOCK DATA - Aerodynamic Coefficient Tables 

3. 4. 4.1 Function Description 

The aerodynamic coefficient data tables are stored by BLOCK DATA 

and the data tables are assignaó to UboUd COMMON blocks in BLOCK 

DATA. The aerodynamic data tables are passed to the table look-up 

subroutine, Module Al, through the labeled COMMON blocks for linear 

interpolation within the tables. 
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3.4. 4. 2 The Data Tablea Stored by BLOCK DATA 

Axial force coefficient at zero angle of attack 

CA = tl (MACH) 

m 1 [ 1 I 

MACHÍ 0 1.8 1.9 1 1. 1 I 1.4| zTÕ] 

Pitching moment coefficient at zero angle of attack 

C = f, (MACH) mo 2 

cmo !-I “l _j : 1 TZ73 
1 MACH .5 1 Tiil 795* 1, 05 1 1. 25 1 2.0 

Normal force coefficient 

cnV> = fi,MACH> 

<V 

1 «* i ¡4-1 —LJ » ~ l “1 ■ ■ ' 2¾ 1 

MACH 

85 
.95 

1.05 
1.25 

181 

liMMiilÉIMilillMfeflNlMlWMttÉN MNIÍIÉMMÍ JHaaHlAiiHbiyu 



■ 
U
M
 IW

 1
1 

1 
1 

1!
 

-TffnrnKir^Wf. ,1 iw HTwnr 

Pitching moment coefficient 

0-.,= i7 (MACH, a') 
m (« ) 2 

(5l) 
\ôq /, = f (MA.CH, Or') 

MACH 

.5 

.85 

.95 
1.05 
1.25 

4>= 0 ___- MACH 

CN' 
. 5 

T' . 85 

6q 

---- —■— 

. 95 
■ 1.05 

1.25 
y 

[ at r 0.~~i 1 2 r 4" 
[_— 
1 8 1 12 1 16 r 20 1 

Pitch control moment coefficient due to pitch control 

(•¥).„ = f4 (MACH, a ) 

Cm* 
“57 

— 

MACH 

Jl 
.ilL 

J31. 
1.05 
1.25 

Si Incremental pitching moment coefficient due to aerodynamic 
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roll angle ) 

àc, = F, (MACH, (/) m j 

AC m 
MACH 

il 
.95 

1.05 
1.25 

[ « 1 12 I ¡Q 2Q- 

Incremental yawing moment due to aerodynamic roll angle (¢1 

ACn' = f8 (MACH, a') 

ACn' 

- 
. 

tt" 0 4 8 12 16 20 

Pitch damping moment coefficient 

Cmq = f12 (MACH* «) 

Cmn * mq 

-1.75 

MACH 
0 
.7 
.9 

1.1 
1.4 

2.0 

MACH 
0 
.7 
.9 

1.1 
1.4 
2. o 
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Incremental side force coefficient due to aerodynamic roll 

angle (¢/) 

&CY* = f? (MACH, o') 

AC, 
MACH 

. 7 

. 9 
1. 1 
1.4 

2. 0 

t <** 1 9 I 4 I 8 i 12 1 16 I 20 .| 

Roll damping moment coefficient 

Cip = f13 (MACH, o ) 
MACH 

. 7 

.9 
1. 1 

1.4 

2.0 

\ a' \ ~0 I 4 |8 1 12 I 16 j 20 

Incremental normal force coefficient due to aerodynamic 

roll angle ($ ) 

ACn' = f5 (MACH, o') 

acn- 

— - _ — 

MAÇH 
. 5 
.85 

.95 

TTÏÏT 
1.25 

I q* r° I 2 1 4 I 8 [ 12 1 16 i 20 1 
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RnllinK rnomnnt coefficient due to fin roll control 

(¾ 

fu (MACH, a') 

♦ =0 

Pp 
- - 

- 

0 2 1 4 8 1 12 1 16 1 20 1 

MACH 
.5 
.95 

1.25 

Incrementei rolling moment due to aerodynamic roll angle (40 

ÙCf = f10 (MACH, a') 

ùcr 
MACH 

.5 

.95 
TTT 

1 1 0 I 2 I ^ I 8 I I 16 I 20 1 

Incremental rolling moment due to aerodynamic roll 

angle (♦*) and launch luge 

ÙCf = f (MACH, a') 
4 LUGS 

• 

LUGS 

L ° 1 M 2 1 ■* 1 » 1 12 1 16 1 20 I 

MACH 
.5 
.95 

1. 25 
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3. 4. 4. 3 Output 

BLOCK DATA is not an executable subroutine, therefore, no output is 

allowed. However, BLOCK DATA does assign the data tablea 

(dependent and independent) to array names and to labeled COMMON 

blocks for storage in core. 

The following table gives the array name of the dependent and the 

independent variable^), and their COMMON block assignments. In the 

table below, the dependent variable name is listed first, followed by its 

independent variable name(s). Where two independent variables are 

involved, they are listed in the order in which they appear in the 

COMMON block (both independent variable tables are assigned to one 

COMMON Block when two independent variables are involved. 
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FORTRAN SYMBOL 

-5VMÖÖLÜ5ET5- 
IN TEXT 

COMMON 
BLOCK 

Dependent 
Variable 

Independent 
Variable (s 

Dependent 
Variable 

Independent 
Variable(s) 

CXO 
VM1 

CA 
MACH 

CXO F 
CAI 

CMO 
VM4 

c 
mo 

MACH 
CMOF 
CA4 

CZP 
BA3 
VM3 

C / 
Nia') a' 

MACH 

CZPF 
CA3 
CA3 

CMP 

BA3 
VM3 

Cm/(a/) 

a' 
MACH 

CMPF 

CA3 
CA3 

CZD1 

BA3 
VM3 

V 

'q 
/ a 

MACH 

CZDF 

CA3 
CA3 

CMD1 

BA3 
VM3 

Cm' 

Ôq 

a 
MACH 

CMDF 

CA3 
CA3 

CM2 

BA3 
VM3 

m » 
a 
MACH 

CM2F 

CA3 
CA3 

CN4 
BA2 
VM2 

AC , 
n / 

Of 
MACH 

CN4F 
CA2 
CA2 

CMQ 
BA2 
VM2 

C mq 
a 
MACH 

CMQF 
CA2 
CA2 
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FORTRAN SYMBOL 
SYMBOL USED 

IN TEXT 
COMMON 

BLOCK 

Dependent 
Variable 

Independent 
Variable(s) 

Dependent 
Variable 

Independent 
Variable(t) 

CY4 
BA2 
VM2 

Acy' 
a' 
MACH 

CY4F 
CA2 
CA2 

CLP 

BA2 
VM2 

CJtp 
0f/ 
MACH 

CLPF 

CA2 
CA2 

CZ2 Acn- 
a' 
MACH 

CZ2F 
CA3 
CA3 

CLD1 

BA5 
VM5 

cjL' 
ôp 

a/ 
MACH 

CLDF 

CAS 
CAS 

CL4 
BAS 
VMS 

&ct’ 
a/ 
MACH 

CL4F 
CAS 
CAS 

CL2 

BAS 
VMS 

AC4ug. 
a* 
MACH 

CL2F 

CAS 
CAS 
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3.4.5 DUMMY - Auxiliary Subroutine 

Subroutine DUMMY contains, as ENTRY points, all of the subroutine 

names called in the simulation program. This feature allows the 

program to be modularly altered (e. g. , removing a module or subroutine 

or substituting a module or subroutine) without the necessity of locating 

and removing all calls to non-existent subroutines. A disadvantage to 

this approach is that the inadvertent omission of a needed subroutine will 

be detectable only by erroneous output results, because the subroutine will 

exist as an entry point in DUMMY, and a call to the subroutine will not 

cause a premature program termination. 

3. 4. 6 DUMPO - Auxiliary Subroutine 

Subroutine DUMPO prints the entire "C" array when called. With the 

current program configuration, DUMPO can be called a maximum of 

seven times; six times by the input variable DOC and one time by the 

input variable OPTNIO. 

DOC allows C-array dumping for six integration intervalu, starting with 

t=0, and continuing for the next five integration steps. The input variable, 

DOC, is set to the number of "C" array dumps fewer than six desired. 

Thus, if the six dumps are desired, DOC would be set to s ero on input. 

If no dumps were desired, DOC would be set to six, etc. DUMPO is called 

by subroutine OUPT2 to provide a "C" array dump at t=0 if DOC is input 
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leas than six. Subsequent calls (if any) of DUMPO are made from sub- 

routine OUPT3, within the integration loop. 

If the input variable, OPTNIO, is set greater than zero, the MAIN 

program will call DUMPO at the end of a case and dump the C-array. 

3. 4. 7 FINTPJ - Aero Table Linear Interpolation of a Function 
with one Dependent and One Independent Variable 

Function FINTP1 utilizes the following equation to linearly interpolate 

between the two points for the value of the dependent variable when the 

dependent variable is a function of only one independent variable. 

y - Pet (y2-yi) + 71 

where : 



r mm 'mmrw’ inm—. FW*’ 

The argument list variables, which ar«i internal inputs to the subroutine, 

are defined as: 

X 

XI 

YI 

N 

F 

XL 

Instantaneouc value of the independent variable XI 

Independent variable array 

Dependent variable a- ray 

Number of points in the arrays 

Flag that allows bypassing the computation of PCX. 

(Not Used) 

3.4.8 FINTP2 - Aero Table Linear Interpolation of a Function With 
One Dependent and Two Independent Variables 

Function FINTP2 utilizes the following equations in conjunction with 

FUNCTION FINTP2 to linearly interpolate between two points for the 

value of the dependent variable when the dependent variable is a function 

of two independent variables. 

where 
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The and values are computed in FUNCTION FINTP1 at the value 

X of the independent variable XI. 

The argument list variables, which are internal inputs 

to the subroutine, are defined as: 

X - Instantaneous value of the first independent 
variable XI 

Y - Instantaneous value of the second independent 
variable YI 

XI 

YI 

ZI 

First independent variable array 

Second independent variable array 

Dependant variable array 
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NXO - Number of points in the first independent 
variable array 

NY - Number of points in the second independent 
variable array 

NX - Number of points in the first independent 

array 

F - Flag that allows bypassing the computation 

of PCI 

XL - (Not Used) 

3 4 0 FÍNTF3 - Aero Table Linear Interpolation of a Function With 
One Dependent and Tnree Independent variables 

Function FINTP3 utilizes the following equations in conjunction with 

FUNCTION FINTP2 to linearly interpolate between two points for the 

value of the dependent variable when the dependent variable is a function 

of three independent variables. 

w - Pct (w2-w1)+w1 

where 
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The w2 and wj valueb are computed in FUNCTION FINTP2 at the value 

y of the independent variable YI. The z2 and Z1 values are computed in 

FUNCTION FINTP1 at the value x of the independent variable XI. 

The argument list variables, which are internal inputs to the subroutine, 

are defined as: 

X 

Y 

Instantaneous value of the first Independent 

variable XI. 

Instantaneous value of the second independent 



XI 

YI 

ZI 

WI 

NZ 

NY 

NX 

F 

XL 

First independent variable array 

Second independent variable array 

Third independent variable array 

Dependent variable array 

Number of points in the ZI array 

Number of points in the YI array 

Number of points in the XI array 

Flag to bypass computation of PCX in FUNCTION 

FINTP2 

(Not used) 

3.4.10 RESET - Multi-Case Variable Reinitialization 

Subroutine RESET is called by MAIN prior to the second and subeequent 

trajectory simulation cases. Variables for which the reset flag was set 

on the Type 3 input data cards will be reinitialized to the initial values 

specified on the corresponding Type 3 cards. Thus, if a Type 3 card 

for C(1615) (missile X-coordinate) specified an initial value of -1000 ft. , 

and the reset flag (columns 46-60) was 1. , then subroutine RESET would 

reinitialize C(1615). The operation of RESET consists of effectively 

setting C(LISTNO(I) ) equal to VALUE (I), for I ranging from one to 

NOLIST. NOLIST, and the arrays LISTNO(I) and VALUE(I), are defined 

by the input subroutine OINPT1. NO LIST specifies the number of 

elements in the C-array which are to be reset, LISTNO(I) specifies the 



index of the C-array of the Ith element to reset, and VALUE(I) 

specifies the initial value to which C(LISTNO(I) ) will be reset. 

3.4.11 Subroutine STGE2 

STGE2 initializes the STGE3 switches KCONV, LCONV, and KSTEP. 

These switches are initialized as: 

KCONV = 0 

LCONV = 0 

KSTEP = 1 

3.4. 12 Subroutine STGE3 

3.4.12.1 Function Description 

STGE3 controls normal trajectory computation termination and calls 

OUPT3 for output following trajectory termination. There are four 

modes of normal trajectory computation termination handled by STG3. 

The events defining these four modes are: 

1. Flight time (T) reaches the input maximum flight 

time boundary (TF). 

2. Missile reaches the point of closest approach to the 

target (trajectory Intersects the target plane). 

(Flagged in G4) 

3. Missile flies into the ground. (Flagged in G4). 
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4. Missile actual aerodynamic flight regime is out of 

range of the aerodynamic tabular data flight regime. 

(Flagged in AERROR). 

Trajectory computation will be terminated by the event that occurs fu st. 

When termination is to occur as a result of one of the above events, 

STGE3 sets the switch KSTEP equal to 2 to flag MAIN that the case is to 

be terminated. 

Mode 1 is handled directly by STGE3. The actual flight time T is com¬ 

pared to the input maximum flight time boundar> TF. If T is within . 01 

second of TF, STGE3 sets the switch KSTEP for case termination. 

However, if T exceeds TF, STGE3 initiates an integration step size 

halving scheme to iterate for a final integration step size to force T 

to fall within the . 01 second tolerance of TF. If, however, T does not 

fall within this tolerance of TF after ten interval halving passes, the 

case will be automatically terminated. 

Modes 2, 3 and 4 are handled indirectly by STGE3. These events are 

determined in other modules with the module making the determination 

setting the switch LCONV equal to 2 to flag STGE3 that an event has 

occurred and that trajectory computation is to terminate. STGE3 

monitors LCONV and when a value of 2 appears, STGE3 sets the 

switch KSTEP equal to 2 to flag MAIN that the case is to be terminated. 
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3.4.12.2 Initialization Subroutine 

Subroutine STGE2 initially seta the flags LCONV=0, and KSTEP=1. 

STGE2 is called by Subroutine SUBL2 at the start of trajectory 

initialization. 

3.4. i2. 3 Definition of Variables Used in STGE3 

FORTRAN 
SYMBOL C INDEX 

PCNT 

STEP 

KSTSP 

LCONV 

DER(l) 

2000 

2001 

2003 

2010 

7011 

2020 

2664 

SOURCE MODULE(S) 
OR INPUT DATA 

AMRK 

INPUT 

OUPT2 
OUPT3 
STGE3 

INPUT 

STGE2 
STGE3 

STGE2 
G4 
AERROR 

INPUT 

DEFINITION 

Number of seconds into 
flight simulation (Flight time) 
Upper bound to simulation 
flight time (flight time cutoff), 
{SEC) 
Time boundary in seconds 
below which no output/ 
plotting from OUPT3 is 
performed. 
Switch that specifies the 
nature of the next case that 
follows termination of this 
case. (STEP=11 indicates 
that no additional case 
follows. ) 
Switch used to flag MAIN 
that run termination has 
occurred. (Set to 1 in 
,jTGE2; set to 2 in STGE3) 
1- continue integration 
2- stop integration. 
Switch used to flag STGE2 
that run termination is to 
occur. 
0-continue integration 
1- ? 

2-terminate computation 
Initial integration step 
size (SEC) 
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(FORTRAN 
SYMBOL C INDEX 

SOURCE MO DU LE (S 
OR INPUT DATA DEFINITION 

KCONV 2021 STGE2 
OUPT2 
STGE3 

N 
NPT 
NJ 

2561 
1975 
1974 

Program Variables 

Pass counter for step size 
lalving in the iteration loop 
to force T within the hard 
wired tolerance of .01 sec 
of TF. (Set to zero in 
5TGE2 and OUPT2) 
Counter for loading IPL 
Array Integration mode 
control switch number of 
derivations_ — 
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3. 4. 1 3 ZERO-AuxiHary Subroutine 

Subroutine ZERO zeros certain elements of the C array. The variable 

names and the corresponding C 

VARIABLE 
NAME 

NPLOT 

OPOINT 

NOMOD 

NOSUB 

NOLIST 

NOOUT 

LOSTAT 

NOSTAT 

NORNDM 

With the current configuration c 

of the C array are initially 8« 

array indices are: 

C ARRAY 
INDEX 

1984 

2023 

2361 

2461 

3066 

3167 

3338 

3339 

3440 

the simulation progr-’ m, all elements 

to zero, thus making the function of 

this subroutine redundant. 
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3. 5 INPUT/OUTPUT SUBROUTINES 

3. 5. 1 OINPT1 - Input Subroutine 

Subroutine OINPT1 reads the input data cards. The input information is 

stored in arrays determined by the data card type number (see Section 4 

for input data card formats). Table 3.5. 1 lists the input data card types 

and the array in which input information is stored. Other than the Type 

"6" card, which must come at the end of a data set, the cards can be 

input in any order. Within the module and staging subroutine control 

cards, however, the order must correspond to the desired execution 

order of the subroutines and modules. 

The logic of OINPT1 reads variable values on Type "3" cards directly 

into the specified position of the C array, in the order in which the 

cards are read. Hence, a previously defined element of the C array 

will be overridden by the new value if the same C index is specified 

on another "3" card encountered later in the data card set. Thus, an 

input variable can be changed in the data card set by simply adding the 

desired card behind the original one(s) in the set. This cannot be done, 

however, with th* data cards other than Type "3" cards. Adding an 

additional Typ« "í" (modula aalaetion) card, for axampla, without ra- 

moving the one to be replaced will cause both modules to be executed in 

the integration loop. 
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3. 5. 2 OUPT3 - Output Subroutine 

3„ 5. 2. 1 Function Description 

OUPT3 controls print out of all output data generated during integration 

of the missile trajectory and stores data to be plotted in the plot array, 

GRAPH, if NOPLOT is equal to 1. Specifically, OUPT3 performs the 

following: 

1. The C array dump option (DOC) that allows output of 

the C array at the first DOC-6 integration steps is exercised in this 

routine. OUPT3 checks the flag ITCNT (if ITCNT<6, dump C array) 

to determine if a C array dump is desired. ITCNT is set initially to 

DOC + 1 in OUPT2 and bumped up by 1 each pf- sa through OUPT3 until 

it exceeds 6. Ne C arrisy dump is made if ITCNT is greater than 6. 

2. The trajectory time (T) and integration step size (DER(l)) 

is printed out by OUPT3 following a change in integration step size made 

in the integration subroutine, AMRK. 

3. Output data specified on Type "4" input data cards is 

output from ODPT3. The symbol names located in the second and third 

ALPHA fields of Type "4" data cards are printed out five symbols per 

row with double spacing between each row. This symbol block is output 
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before the first block of output data is printed and then every two pages 

of print thereafter. The value of the parameters specified by the C 

index on Type "4" cards is printed out at each time point interval 

specified by the input variable CPP. These data blocks are output 

until two pages of print are filled. At this time, the symbol block is 

reprinted, followed by a resumption of the data block output pnnt. 

4. OUPT3 fills the plot array, GRAPH (if NOPLOT=4) with 

data to be plotted as specified by Type "7" input cards. The number 

of data points to be plotted is monitored as the array is filled and if the 

number exceeds 300. the warning mes sage"***WARNING-PLOTTING 

ARRAY FILLED-ONLY FIRST 300 POINTS PLOTTED***, " is printed 

out. (OUPT3 does not control the plot routines. This is done from the 

MAIN program. ) 

3.5.2.2 Initialize tion Subroutine 

OUPT2 sets KCONV, the run termination switch to zero, initializes 

certain output and plot flags and calls DUMPO to execute the first C 

array dump if DOC<6. OUPT2 transfers the initial values of all plot 

variables (specified by Type "7" input cards) into the plot variable 

storag* »«•»ey. GRAPH. 
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3. 5. 3 PLOT4 - PLOT Rovttine 

3. 5. 3. I Function Description 

Data for up to fifteen variables for a niven trajectory simulation will be 

autor» atically saved for plotting if any combination of three input plot, 

optionf are exer ' ised. The available options and the corresponding 

option switches are: 

1. PLOTN4 = 4 provides data output to tape for missile 

and target X-Z plots. 

2. PLOTN2 = K provides data output to tape for plotting K-i 

dependent variables versus one specified independent variable (thus, K is set 

equal to the sum of the number of dependent variables and th~ one dependent var.abie) 

3. PLOTNO = L provides data output to tape for plotting 

variables against time, where L is set such that the value of (PLOTNO- 

PLOTN2-PLOTN4) equals the number of variables to be plotted using this 

option (equivalently, PLOTNO must be set to the total number of variables 

to be plotted for all options, where each pair in 2. , is counted as two 

variables. 

To obtain actual plots, the plot tape is used as input to the Stomberg- 

Carson 4020 microfilm recorder. 
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The plot interval is set in seconda by the value of the input variable 

PPP. The number of time points is limited to a maximum of three- 

hundred. Whenever the quantity, (flight time)/PPP, ia greater than 

threw-hundred, a printout warns the user the maximum number of plot 

time points has been used, and all time points between the 299th ard the 

last time point are ’gnored (the last time point is plotted). 

The desired variable names to appear on the plot are input on Type "7" 

data cards. For the options previously listed in 1. and 2. , both the 

abscissa and the ordu.ate are labeled by input values. In the option 

described in 3. , the ordinate label is the input label, but the abscissa 

is automatically labeled "TIME". 

The total number of points to be plotted will be reduced from the total 

number generated by the value of the input variable, PTLESS. Thus, 

if fifty points were generated during a simulation, and PTLESS were 

input with a value of thirty, then only the first twenty points would be 

plotted. 

■ 
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3. 5. 3. 2 Irwut/Output and Crosa Reference of C-Array 

i. Input from data cards 

FORTRAN 
SYMBOL 

PLOTN4 

PLOTN2 

PTLESS 

PLOTNO 

C 
INDEX 

1982 

1983 

2007 

2008 

DEFINITION 

Missile and target trajectory plot option switch. 
Set to 4 if option desired, 0 otherwise. 

Ntimber of variables to be plotted as pairs 

(e. g. , X versus Y). 

Nurrlber of generated plot points to eliminate from 

end of trajectory 

Total number of variables to plot. 

If the PLOTN4 (missile and target trajectory plot) option is selected, the 

first four Type "7" input data cards (see Section 4 for card formats) must 

successively describe XUrg<¡t, ZUrget' 

If the PLOTN2 (pairs of variables plotted, one versus the other) option 

is selected, the Type "7” cards must be input in pairs, with the abscissa 

variable first. These cards must directly follow the PLOTN4 cards (if 

any). 

Any variables to be plotted versus time are input on Type "7" cards 

immediately following the PLOTN2 cards (if any). 
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Input from other modules 

FORTRAN 
SYMBOL 

GRAPH 
(I, J) 

C 
INDEX 

3510 

DEFINITION 

Storage array for the Ith time point of the Jth variable 
to be plotted. Defined in OUPT3. 
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4. INFUT/OUTPUT FORMAT 

4. 1 INPUT 

4.1.1 Introduction 

Program inputs fall into five major categories. The category of each data 

card input is identified to the input section of the program by the card 

type, punched in card column 1. The data categories and the corresponding 

card types are indicated in Table 4. 1. 1, below. 

CARD 
TYPE 

(CARD COL. 1) DATA CATEGORY 

1 
Z 
3 
4 
7 
6 

Output and staging subroutine selection 
Module selection 
Program parameter input values 
Print variable selection 
Plot variable selection 
Data set termination indicator 

Table 4. 1. 1 - Input Data Categories and Corresponding 
Card Type 
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Ihe program is áesigned to sequentially simulate multiple trajectory 

cases in a single run. The input data sets, one for each case, are 

loaded back -to-back in the data deck (see Figure 4. 1. 1). The program 

input logic is structured to optionally allow the input data sets for 

succesoive cases to include only data which differs from or augments 

data in the immediately preceding case. Thus, for example, if case 2 

differed from case 1 by only the value of the launch heading azimuth 

angle, then only the new value of la^inch heading azimuth angle would be 

required in data set 2. 

Program variables vhich can be set by input are initialized to zero by 

the program prior to reading the input cards for the first case. Con¬ 

sequently, program constants (constant gains, deadband angles, etc.) 

which are to have values of zero do not require an input card. Program 

variables which are to be initialized to zero, but varies during simulation, 

however, will require an input card with the initial value reset flag set 

if multiple cases are being run, and the desired initial value of the 

variable is zero for each case. 

The program input logic does not require that the cards be arranged 

according to card type sequence. Thus, Type 1, Type 2, etc., cards 

can appear anywhere in a data set; cards of a given type can even be 

separated by different card types. The order of appearance of the Type 

2 (module selection cards), however, dictates the execution order of the 

210 





U' ..Ill lililí..... 

modules during a simulation. Because the module execution order is 

critical to a valid simulation, the order of appearance of the Type 2 

cards within a data set must be as specified in Paragraph 3. 

4. 1. 2 Card Type 1 - Output and Staging Subroutine Selection 

Data entered on Type 1 cards controls, in principle, which output and 

staging subroutines are used during a simulation. With the current 

configuration of the program, however, only one option is available. 

Therefore, the Type 1 cards must be input as shown below (the order 

of appearance in the deck is unimportant). 
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1* 3 Card Type 2 - Module Section 

Data entered on Type 2 cards determines which modules will be executed 

during a simulation. Moreover, as previously mentioned, the orde»* of 

appearance in the deck of the Type 2 cards determines the order of 

module execution. Therefore, the cards must be input in the order as 

illustrated on the next page. The Winds module (G2) card can be omitted 

if a run is to be made with no winds. Two autopilot modules, one (Cl) 

including high frequency components, and one (C2) modeling only low 

(less than 6 cps) frequency components, are available. Cl is shown 

on the following page, but can be replaced by C2 if the low frequency model 

is desired. 

The module name field is used for data set print identification only. 

Any name, comment, etc. , can be entered in this field. The module 

number must be the number (shown) recognized by the program. 
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4*1<4 Card Type 3 - Program Parameter Input Values 

The Type 3 cards specify initial parameter variable values. If the reset 

Hag is set to 1, the program will reset the variable to the input value at 

the end of the case corresponding to the data set. Any subsequent cases, 

therefore, will use the same initial variable value, until a data set is 

encountered which changes the initial value. If multiple cases are being 

run, each variable that changes its value during the simulation should 

either have the reset flag set, or have an initial value defined for each 

case; otherwise, cases after the first will be initiated with the variable 

equal to its terminal value in the prsceding case. 

Initial values from Type 3 cards are read directly into a single array, 

using the number entered in columns 21 through 25 as the array sub¬ 

script. Therefore, the index value must be right justified, and represent 

the correct array index. Table 4. 1. 2 shows the array index for each 

input variable. The name field is for print identification only. Because 

the initial value data on Type 3 cards is read directly into the location 

in the variable array specified on the card, two or more Type 3 cards 

with the same index entry will result in all but the last input value being 

obliterated. The last encountered value will be the one used for the 

parameter initial value, 
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A sample Type 3 card placing an initial value of zero into the program 

variable array at location 367 is shown below. The l_ in the Reset Flag 

lield will cause the variable to be restored to en initial value of zero for 

subsequent cases. 

4,1.5 Card Type 4 - Print Variable Selection 

The values of up to fifty variables can be printed at user specified 

simulation flight time intervals (CPP is the input print interval variable; 

see Table 4.1.2.). The array Index of oach variable to be printed ie 

entered on a Type 4 card. In this case, the variable name is placed 

in column* 9 through 20 (rather than 3 through 20 as in Types 1, 2, and 
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3 cards), and this name appears in the printout to identify the variable. 

The print order will correspond to the order of the Type 4 cards in the 

data set. 

An example of a Type 4 card is shown below, indicating that the value 

in the 352nd location of the variable array is to be printed, and is to be 

identified by the name "PHI MISSILE. " 

4.1.6 Card Type 7 - Plot Variable Selection 

A plot tape with up to fifteen variables per case can be generated by the 

program. The variable* to be plotted are entered on Type 7 cards in 

the same format as Type 4 cards. The plot sampling points will be 
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taken every PPP seconds, until the end of the trajectory (up to a maxi¬ 

mum of 300 sampling points), where PPP is an input variable (see 

Table 4. I 2). 

The order of the Type 7 cards is dictated in part by the plot options 

selected. Any combination of the following three plot options can be 

selected: (1) missile and target trajectory (X-Z) plots; (2) paired 

(one versus the other) variable plots; (3) variables versus time plocs 

(see Table 4. 1. 2 for option switch formats). The Type 7 cards must 

be input in the order corresponding to the three options, i. e. , if the 

trajectory plot option is selected, the Type 7 card for this option must 

be located in the deck ahead of Type 7 cards corresponding to the 

remaining two options. Type 7 cards corresponding to the paired plots 

mui’t precede the variables versus time plots. 

In addition, Type 7 cards for the trajectory plots must be input on four 

cards in the order X Z X Z 
missile’ missile’ target' target* Type 7 cards 

for the paired variable plots must have the abscissa variable first, 

followed by the ordinate variable. No internal order needs to be observed 

for the variable versus time plot cards. 

An example of a Type 7 card is shown on the following page, where the 

variable to be plotted is at location 1739 of the variable array, and the 

plot variable label is "P". (The type of plot would be determined by 
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the input option switches, and the location of the card with respect to 

the other Type 7 carde, as discussed in the previous paragraphs.) 

4. 1. 7 Card Type 6 - Data Termination Indicator 

This card signals the program that the end of a data set has been en¬ 

countered. Include one at the end of each data set. 
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Table 4. 1, 2 - Input Data 

FORTRAN 
SYMBOL 

C 
INDEX DEFINITION 

PLOTN4 

PLOTN2 

PLOTNO 

1982 

1983 

2008 

PTLESS 
REPPLT 

2007 
2006 

PPP 2005 

INPUT TO EXECUTIVE ROUTINES 

Plot Control (See Section 3. 5. 3) 

Special plots of missile and target option switch 
0 - no special plots 
4 - provides data for missile to target plots 

Number of variables in full page plot (multiple 
dependent variables to be plotted against one 
independent variable) 

Total number of variables to be plotted (if 
PLOTNO = 0, all plot routines will be ignored) 
PLOTNO = L provides data output to tape plotting 
variables against time, where L is set such that 
the value of (PLOTNO-PLOTN2-PLOTN4) equals 
the number of variables to be plotted using this 
option (equivalently, PLOTNO must be set to the 
total number of variables to be plotted for all 
options, where each pair represented by PLOTN2 
is counted as two variables). 

Number of last plotting points deleted 
Controls multi-case plot and print data inpxit card 

read option 
0 - Use new Type 4 and 7 data cards 
1 - Use old plus new Type 4 and 7 cards 

-1 - Use new Type 7 cards 
Plotting interval (seconds) (number of points < 300) 
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Table 4. 1. 2 Input Data (Cent. ) 

FORTRAN 
SYMBOL 

RITE 

CPP 
DOC 

OPTNIO 

RKUTTA 

T 
TF 
DER(l) 
HMIN 
HMAX 

STEP 

C 
INDEX 

1971 

2015 
2013 

2022 

1972 

2000 
2001 
2664 
2662 
2663 

2010 

DEFINITION 

Print Control 

Option switch tor step size halving printout ( >0 = Print 
when integrated /alue exceeds upper limit set in A5I) 
Printing interval (SEC) 
Allows dumping of C-Array for the first (6-DOC) 
integration intervals (normally input 6. ) 
C-Array dump option at end of run. 

0 - no C-Array dump 
1 - dump C-Array at end of run 

Integration Parameters 

Runge-Kutta integration switch 
0 - Adams Moulton with Runge Kutta start 
1 - Stay in Runge Kutta 

Initial value of flight time (SEC) 
Maximum allowable flight time (SEC) 
Initial value of integration step (SEC)* 
Minimum value of integration step (SEC)* 
Maximum value of integration step (SEC)* 

Multiple Run Control 

Flag that indicates the nature of the next case to be run. 
STEP may take on any one of eleven values. The input 
value of STEP determines the point in MAIN at which 
the next case will be start execution. Normal input 
values are: 

2 - normal run follows 
or 11 - terminate case 
(The entry point in MAIN based on the value of STEP 

is indicated in Figure 4. 1. 2 for all values of STEP 
from 1 to 11. ) 

*If the low frequency model (Module C2) is called, 
no inputs will be accepted for HMIN (C(2662)), 
HMAX (C(2663)) or DER(l) (C(2664)), because a 
value of . 005 seconds is hardwired into C2I for 
each of the variables. 
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Table 4. 1. 2 Input Data (Cont. ) 

FORTRAN 
SYMBOL 

AGRAV 
RHZRO 
CHAD 

CISP 
DWT 
DWP 
RDCGC 
RDCGF 

FMIXF 

FMIYF 

FMIZF 
RLCGO 
THRUST 
RFAREA 
RFLGTH 
RLUG 
BDP 

C 
INDEX 

BDQ 

BDR 

1627 
1665 
1751 

1414 
1415 
1416 
1417 
1418 

1419 

1420 

1421 

1306 
1307 
1316 
1231 

1232 

1233 

DEFINITION 

Constants for Simulation 

2 Gravity constant (Ft/Sec ) 
Distance of Earth fixed coordinate above sea level (FT) 
Radians to degrees conversion factor (57.295778 hard - 
wired in module Dll) 

MISSILE WEIGHT, ENGINE AND AIRFRAME 
PARAMETERS 

Specific impulse (Seconds) 
Missile total weight less propellant (LBS) 
Missile propellant weight (LBS) v 
Launch value of C. G. shift (FT) 
Burnout value of C.G. shift (FT) 
(C. G. shift occurs only along X-axis) 
Burnout value of missile moment of inertia about 
roll axis (Slugs - FT^) 
Burnout value of missile moment of inertia about 
pitch axis (Slugs - FT^) 
(The program automatically sets FMIZF=FMIYF) 
Distance between launch C. G. and rear lug (FT) 
Thrust table built into MODULE A3 
Aerodynamic cross sectional reference area (FT1-) 
Aerodynamic chord reference length (FT) 
Distance between lugs (FT) 
Initial value of combined fin setting for roll control 
(DEG) 
Initial value of combined fin setting for pitch control 
(DEG) 
Initial value of combined fin setting for yaw control 
(DEG) 

MISSILE AND TARGET INITIAL POSITION AND 
VELOCITY VALUES AND MISSILE INITIAL 
ATTITUDE SETTING 

(Input of the following parameters is governed by the 
two input options, OPTN2 and OPTN4; see Table 4. 1. 3) 
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Table 4. 1. 2 - Input Data (Cont. ) 

FORTRAN 
SYMBOL 

C 
INDEX 

RXE 
RYE 
RZE 
VXE 
VYE 
VZE 
BPSIO 
BTHTO 
BPHIO 
BTHTG 
BPSIG 
RTXE 
RTYE 
RTZE 
RSLANT 
BSLOV 

VWXE 
VW YE 
VWZE 
VMACH 
VMWTE 

RAIL 

AGV 

CFREQ 

CPHASE 

AGV2 

11 
161 5 
1619 
1623 
1603 
1607 
161 
1754 
1753 
1^52 
427 
431 
1651 
1655 
1659 
1667 
1666 

100 
101 
102 
204 
1674 

1317 

1330 

1331 

1332 

1333 

DEFINITION 

Initial components o£ missile in Earth 
fixed coordinate system (FT) 

Initial velocity components of missile in Earth 
fixed coordinate system (FT/SLC) 

Initial body yaw Euler angle (DEG) 
Initial body pitch Euler angle (DEG) 
Initial body roll Euler angle (DEG) 
Initial seeker pitch gimbal angle (DEG) 
Initial seeker yaw gimbal angle (DEG) 
Target position in Earth fixed coordinate 
system (normally zero) (FT) 

Initial magnitude of the LOS vector (Slänt range)(FT) 
Initial value of the LOS vector angle (measured in ? 
vertical plane from missile local horizontal to the 

LOS vector (DEG). 
Initial velocity components of a steady 
wind in the Earth Coordinate System 
(FT/SEC) 
Initial value of mach number 
Initial velocity of missile relative to the wind 

LAUNCHER PARAMETERS (INPUT ONLY IF OPTN4>0) 

Rail length (between rear of front lug and end of 

rail) (FT) 
Amplitude of the oscillatory acceleration acting on the 
missile due to the launcher vibrating (g's). 
Frequency of the oscillatory acceleration acting on the 
missile due to the launcher vibration (CF3). 
Phase relationship at time-0 of the oscillatory 

aeUen on th# míssil» du» to th» launeh»r 
vibrating. (DEG) 
Magnitude of the linear component of acceleration 
acting on the mi-ssile due to the launcher (g's). 
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Table 4. 1. 2 - Input Data (Cont) 

FORTRAN 
SYMBOL 

OPNW 

OPTNSK 

OPTACT 

QNALGN 

QBURN 

OPTM 

OPTARG 

OPTN2 

C 
INDEX 

DEFINITION 

50 

455 

1140 

1403 

1405 

1551 

1639 

3 502 

OPTIONS 

Wind option selector 
0 = no winds (no input required) 
1 = steady winds (see Table 4. 1. 2. 1) for input 

data requirements 
Seeker option 

0 = quadrant tracker 
1 = vidicon tracker 

Actuator model option selector 
0 = low frequency model 
1 = high frequency model 

Thrust misalignment option selefctor 
0 = no thrust misalignment (no inputs required) 
1 = compute thrust misalignment forces (see 

Table 4. 1. 2. 2 for input data requirements) 
Engine burnout switch 

0 = engine burn 
1 = initialize trajectory after engine burnout (see 

Table 4. 1. 2. 3 for additional inputs) 
Guidance option 

0 “ normal guidance and flight mode 
1 = fixes fin settings for duration of trajectory 

based on inpu* values (see l^ble 4. 1. 2. 4 for 
input data requirements) 

Target motion option 
0 = no target motion (no additional input required) 
1 = integrate target motion to update target 

position (see Ihble 4. 1.2. 5 for input data 
requirements) 

Initial position and velocity input option (see Table 4. 1.3 
0 = Input position and velocity of missile and 

input position of target. Input Euler angles of 
missile and seeker gimbal angles. Input 
missile initial velocity relative to the wind 
(VMWTE or V'MACH) and wind velocity com¬ 
ponents .(if wind option OPTNW = l). 

1 = Input RSLANT and BSLOV. Initial position 
components (RXE, RZE) are computed from 
RSLANT and BSLOV. RYE automatically set 
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Table 4. 1.2 - Input Data (Cent. ) 

FORTRAN 
SYMBOL 

C 
INDEX DEFINITION 

OPTN3 

OPTN4 

3503 

3 504 

to zero. Initial velocity components (VXE, 
VYE, VZE) computed from the wind velocity 
(VWXE, VWYE, VWZE which must be input) 
and missile velocity relative to the wind 
(VMACH or VMWTE, which also must be 
input). Target position automatically set to 

! zero. 
2 = Input initial position components RXE and RZE 

(RYE automatically set to zero). RSLANT 
computed from RXE and RZE. Initial velocity 
components (VXE, VYE, VZE) computed from 
wind velocity and missile velocity relativ? to 
the wind (VMACH or VMVTE, which also must 
be input. ) Initial target position automatically 

1 set to zero. 
Roll rate option selector 

0 = compute roll rate from rr r.ients about roll axis. 
1 = maintain roll rate at zero or nput constant 

Rail launch dynamics and fire selector option 
(see Table 4. 1. 3 for input data requirements) 
0 = No rail dynamics computed; direct fire. Input 

initial seeker gimbal angles (BTHTG, BPSIG). 
The initial body Euler angles (BPSIO, BTHTO). 
are computed from the seeker gimbal angles 
under the constraint that the X-gimbal axis 
points along the LOS vector. (BPHIO is auto¬ 
matically set to zero). 

1 = Bail .dynamics computed; direct fire. Input 
initial body Euler angles (BPSIO, BTHTO). 
(BPHIO automatically set to zero). The initial 
seeker gimbal angles (BTHTG, BPSIG) are 
computed from the initial body Euler angles 
under constraint that the X-gimbal axis points 
along the LOS vector. (BPHIO is automatically 

\ set to zero). 
2 = Rail dynamics computed; indirect fire. Input 

initial body Euler angles (BPSIO, BTHTO). 
(BPHIO automatically set to zero). Ihe seeker 
is automatically caged at the input initial gimbal 
angle values. (BPSIG, BTHTG) until target 
acquisition. j 



Table 4. 1.2 - Input Data (Cont. ) 

FORTRAN C 
SYMBOL INDEX DEFINITION 

OPTN6 3 506 Missile initial velocity (relative to Wind) option 
0 = input missile initial mach number (VMACH, 

C(204)). 
1 = input missile initial velocity relative to the 

wind (VMWTE, C(l674)) 

BTHTG 
BPSIG 
DT 
SWP 
OPTNSK 

427 
431 
446 
452 
455 

RLOCK 
BDB 
CFOVZ 
CFOVY 
GSX 
SEPS 
GS 
WSL 
W5N 
WL2 

445 
447 
448 
449 
450 
451 
456 
457 
458 
459 

RBK 453 

GEO 454 

TDY 

GBIAS 
GN 

860 

861 
862 

SEEKER PARAMETERS 

Initial value of pitch gimbal angle (input if OPTN4*l) 
Initial value of yaw gimbal angle (input if OPTN4*l) 
Laser designator pulse repetition time (SEC) 
Spring restraining torque constant 
Vidicon/Quadrant tracker option switch 

0 -Quadrant Tracker (The following variables used 
only with Quadrant tracker) 

Maximum quadrant tracker acquisition range (FT) 
Tracker deadband at 10 kilometers (DEG) 
Total seeker field-of-view in pitch (DEG) 
Total seeker field-of-view in yaw (DEG) 
Seeker quadrant tracker error signal acquisition gain 
Integrator drift rate 
Quadrant tracker error signal gain 
Zero location of integrator lead compensation 
Pole location of additional lead-lag compensation 
Zero location of additional lead-lag compensation 

1-Vidicon Tracker (The following variables used only 
with Vidicon tracKer; 

Vidicon Tracker breaklock range (image saturation 
range)(FT). 
Vidicon tracker error dgnal gain 

AUTOPILOT PARAMETERS 

Minimum time before trajectory pitch program will be 
switched to terminal homing guidance 
Gravity bias program 
Seeker signal shaping gain 
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Tabic 4. 1. 2 - Input Data (Cont. ) 

FORTRAN 
SYMBOL 

C 
INDEX DEFINITION 

WN2 

WN1 
WL 
WLXX1 
WLXX2 
WLJK1 
WLJK2 
HJK 
WXX 
DXX 
WJK 
DKJ 
GXX 
GJK 
QBIAS 
RBIAS 
HXX 

OPTACT 

CR 
HDEL 
W1 
ZN 
G1 
BH 
WN 
G2 
HI 
m 

863 

864 
865 
866 
867 
868 
869 
870 
871 
872 
873 
874 
875 
876 
878 
879 
890 

1140 

1145 
1147 
1148 
1149 
1151 
1152 
11 53 
1154 
1155 
1156 

Second order pole location for seeker signal shaping 
filter 
First order pole location for shaping filter 
Zero location for seeker signal shaping filter 
First zero in roll stabilization filter 
Second zero in roll stabilization filter 
Firbv zero in pitch-yaw stabilization filter 
Se-ond zero in pitch-yaw stabilization filter 
Pitch-yaw signal limiter 
Natural frequency of roll stabilization filter 
Damping ratio of roil stabilization filter 
Natural frequency of pitch-yaw stabilization filter 
Damping ratio of pitch-yaw stabilization filier 
Roll compensation gain 
Pitch-yaw compensation gain 
Pitch trajectory shaping bies 
Yaw trajectory shaping bias 
Roll signal limiter 

ACTUATOR PARAMETERS 

Actuator model option ¡ elector 
0 = low frequency model 
1 = high frequency model 

Actuator modulation gain 
Fin Torque limit gain 
Solenoid valve bandwidth 
Damping of fin positiòn loop 
Actuator forward loop gain 
Deadband 

Natural frequency of fin position loop 
Fin aero load weighting factor 
Positive fin torque limit 
N«g*tivs fin torque limit 
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Table 4. 1.2. 1. Wind Option - OPTNW = 1 

FORTRAN 
SYMBOL 

C 
INDEX DEFINITION 

BPSIW 

VWTE 

RHW 

51 

52 

53 

Wird direction: angle between wind velocity vector 
and negative Xp-axia (DEG) 
Wind speed with respect to the Earth (steady horizontal 

winds only) jFT/SEC) 
Altitude above which all the wind speeds are zero (FT) 

NOTE: If wind option OPTNW=l is input, the initial 
value of the components of the wind (VWXE, VWYE, 
VWZE) must be input also. 

\ 

Table 4. 1.2. 2. Thrust Miaalginment Option - QNALGN = 1 

FORTRAN 
SYMBOL 

C 
INDEX 

DEFINITION 

BALPHT 

BPHIT 

RFXCG 
RFYCG 
RFZCG 

1401 

1402 

1313 
1314 
1315 

Thrust offset angle ( a ^) measured from a line 
parallel to the Xg-axis and the thrust (DEG). 
Thrust offset angle ( Q'j;) measured from the plane 
parallel to the XB - ZB plane to the plane containing 
the thrust and the line parallel to the Xg-axis (DEG). 
Thrust offset along XB-axis (FT) 
Thnist offset along YB-axis (FT) 
Thrust offset along ZB-axis (FT) 

V 

i 
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Table 4. 1. ¿. 3 Engine Burnout Switch - QBURN-1 

fortran 
SYMBOL 

WP 
WQ 
WR 
BALPHA 
BALPHY 
BPHIP 

C 
INDEX 

1739 
1743 
1747 
367 
368 
370 

DEFINITION 

Initial 
Initial 
Initial 
Initia) 
Initial 
Initial 

roll rate about Xg-axis (DEG/SEC) 
pitch rate about Yß-^xis (DEG/SEC) 
yaw rate about Zß-axis (DEG/SEC) 
vertical angle of attack ( o > DEG) 
sideslip angle of attack ( 0 , DEG) 
aerodynamic roll angle (4> , DEG) 

Table 4. 1. 4 Guidance Option Switch - OPTM = l 

FORTRAN 
SYMBOL 

UDL1 

UDL2 

UDL3 

UDL4 

C 
INDEX 

1555 

1556 

1557 

1558 

DEFINITION 

Angular setting of fin H, measured positive as a 
counfeiclockwise rotation (DEG). 
Angular setting of fin H2, measured positive as a 
counterclockwise rotation (DEG). 
Angular setting of fin #3, measured positive as a 
clockwise rotation (DEG). 
Angular setting of fin #4, measured positive as a 
clockwise rotation (SEG). 
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Table 4. t. 2. ^ T ■ rget Motion Option - OPT ARG - 1 

FORTRAN 
SYMBOL 

ATHRST 
ATURNT 

BGAMT 

C 
INDEX 

1629 
1630 

1631 

DEFINITION 

Magnitude of the target acceleration vector (g's) 
Scaling factor for the angular rotation rate of the 

target radius vector (g's) 
Elevation angle of target, measured irom the 
horizontal plane to the target position vector (DEG) 



KJHP " ’'n-wwirr- 

ZER( 
ENTI 

"C" A1 
RE 
\RA\ 

STEP 

-d] 

CALL OINPT1 
Read and print input data 
(1) Output/staging subrtn. 
(2) Program modules 
(3) Variable values 
(4) Variables to Print 
(5) Variables to Plot 

CALL AUX1 
Calls initialization modules 
(All, SlI, etc. ) modules 
called out by '2' cards 

\m 5 

CALL SUBL2 
Calls OUPT2 to initialize 
print and plot variables. 
Call STGE2 (sets C(2020) 
C(2021) KCONV LCONV 
0, KSTEP 1 

Figure 4. 1. 2 - Multiple Case Entry Point In MAIN -Step 
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Yes No 

^""terkK 

' r 

PRINT AND 
PLOT 

RESULT 

. 

c STOP J 

CALL AUXSUB 

(Calls Modules) 
(Aero coeificient look-up) 
(Aero Forces and Moments) 
(Engine) 
(Hi Freq. ) C2 (Lo Freq. ) Auto Pil 
(Actuator ) 
(Translational Dynamics) 
(Rotational Dynamics) 
(Winds) 
(Air Data) 
(Coordinate Transform) 
(Seeker) 

CALL AMRK 

Numerical Integration 

( AMRK Calls AUXSUB ) 
T 

h 
CALL SUBL3 

Calls G4-IÍ target passed 
set LCONV 2 to terminate 
run and compute miss dis¬ 
tance 
Calls STGE3-If max time 
Fit. (TF) has been ex¬ 
ceeded by T, Terminate 

10 

11 

Figure 4. 1. 2 - Multiple Case Entry Point in MAIN-Step (Cont. ) 
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Table 4. 1. 3 Input Data Options for Initial Values 

Unrestricted 
Inputs 

Restricted Inputs 

No Rail 
Dynrmics 

Direct Fire 

Rail Dynamics Included 

Direct Fire Indirect Fire 

OPTN4 
OPTN2 

RXE 
RYE 
RZE 

VXE 
VYE 
VZE 

RTXE 
RTYE 
RTZE 

X 
X 
X 

X 
X 
X 

X 
X 
X 

l 
0 
I 

I 
I 
I 

0 
0 
0 

X 
0 
X 

I 
I 
I 

0 
0 
0 

I 
0 
I 

I 
I 
I 

0 
0 
0 

X 
0 
X 

I 
I 
I 

0 
0 
0 

I 
0 
I 

I 
I 
I 

0 
0 
0 

X 
0 
X 

I 
I 
I 

0 
0 
0 

BPSIO 
BTHTO 
BPHIO 

X 
X 
X 

I 
I 
0 

BTHTG X 
BPSIG X 

X 
X 

X 
X 

RSLANT 
BSLOV 

X 
X 

I 

V WXE 
VWYE 
VWZE 

X 
X 
X 

X 
X 
X 

X 
X 
X 

X 
X 
X 

X 
X 
X 

X 
X 
X 

l 

vmachV* 
^VMWTE/ 

X - denotes variables that must be specified by input data 
I - denotes variables that are computed internally 
0 ■ denotes variables that are either set to cero initially or will 

be computed as aero. 

* Input VMACH if OPTN6»0; input VMWTE if OPTN6-1. 
233 



... 

4.2 OUTPUT 

4. 2. 1 Intioductiou 

The program provides several print and plot outputs. Some of the print 

outputs occur automatically. The remaining print outputs, and the plot 

outputs, are user options. A brief discussion and an example of each 

output is included below. 

4. 2. 2 Automatic Printouts 

• Inpr.t Conditions 

The input data cards for each data set are printed out in card format at 

the end of the input phase for each case. An example, showing only one 

line for each type of input card, is included below: 

Input Data 

1 OUPT 2, 3 

2 G2-HE 

3 CPP 

7 

6 

PHI MISSILE 

Y MSL 

-0. 

23 -0. 

-0. 

0. 

2015 -1.0000000E+00 1.0000000E+00 

352 0. 

1619 -0. 

-0 -0. 

-0. 

■0. 

•0. 

234 

ksáiMNiaMaalÉ mm 



• Front Lug Clears Rail 

When the front lug clears the rail, a pitch down moment is present on the 

missile. Because of the potential significance of this transient, a print¬ 

out occurs at this point, giving the time that the front lug clears the rail, ' 

the velocity of the missile relative to the wind (airspeed), and the pitch 

moment. 

HOST un ClE»«S R»Il t • I.MC-et «EL »El ■ l.m»l2 PITCH HOSEN! « -$.t>JE*tl 

• Rear Lug Clears Rail 

A printout, occurring at the time the rear lug clears the rail contains the 

time, the velocity of the missile relative to the wind (airspeed), anr the 

rail lug force. 

lus clems ««it r • .im«ci »cl ■ ïoi.or» ««u twice • i.m . 

• Engine Burnout Time 

eU«K3Ur TINE* 3.SOD1) SEC. 

• End Conditions 

The three programmed simulation terminations are: (1) ground impacted 

with missile to target range greater than 500 feet; (2) input value of maxi 

mum flight time exceeded; and (3) target plane intercepted. 
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When simulation termination occurs due to conditions (1) and (2), no 

special end condition printouts are generated. 

When simulation termination is due to target plane intercept, the program 

prints the following information: 

- Miss distance (measured in the intercept plane) 

- Flight time at intercept 

- Components of LOS vector at intercept 

- Y and Z components of miss distance (in the intercept plane) 

- Values of variables requested on print control (Type 4) cards. 

A sample printout is shown below: 

mss ot$T»*cE • 

FLIGHT nut- « 

HOCl* • 

t.i81s*04C*00 

3.2Ze4602£»00 
wjFir ■ -t.mmm-oi 

HTTP • •6.tll?298E>01 

ROElZ » l.StO?<»m»IO 

t.TKP ■ t • SSZ49J JEMS 

: 

¡S 

j.zrsioot Z.lTTTOÂtE-Ol 

•>.T22JU1E>«1 
l.l03>8S<.r,00 

1.2 JJ0 304E»0 J 
L.S0O061C»«« 
1.61!> J2S; »02 
1.22819482(02 
2.1C43Î84C >61 
0. 

• 8 • 39912822(00 
1.21420481 (09 
2.191389 82(09 

•1.6423920E (01 
S. 1258421E(0J 
8.813882 8E(09 

*1.82822832402 
*1•2288218C(02 
* 1•180J8S OC(0 9 

0. 

-1.6804129E-01 
-4.V042828I (00 

• *8.0 32: 8121 * JO 
1.430128';E<-0il 
1.8189'.87E(03 

-8.5281321-01 
-2.S942918E»00 
•J.If0208SE(¢0 
3.I743238C(06 
0( 

l.?nJ882E*0J 
-1.84122(,20 (01 

S•09S8802E(0 1 
5.37S881tE»00 
9. 

•2.8338^282(00 
1.28928492(08 
I. t9019MC*88 

•2.8896428C-81 
1( 
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utta 

5.1890898C(8 
5.45220181-0 

-l.10882181(( 
3 -2224 975E♦( 

-8.9159852E(( 
-4.59588542-0 
-2.05218221(8 
-2.21498J9E(0 

1.50991948(( 

m mttm 



"«IM""1 ... ■RM <nff«RffnPRiMRR||PRI|Pill 

4. 2. 3 Optional Printouts 

Periodic printouts of variables requested by input (on Type 4 carde) 

occur every CPP seconds, where CPP is an input parameter (see 

Table 4. 1. 2), The variable names input on Type 4 cards appear only 

once, followed by the instantaneous values of the variables. Subsequent 

interval printouts include only the variable values. A sample is shown 

in Figure 4.2.1. 

"The values of every location in the C array will be printed for every 

integration step, for a maximum of (6-DOC) integration steps, where 

DOC is an input variable. The printouts are unlabeled, containing only 

the C array values. The identification of the variables associated with 

each element of the C array is given in Table 4. 2. 1. Because the 

printout includes only numerical values, no sample is shown. 

4. 2. 4 Plots 

A plot tape for any combination of three types of plots will be generated 

with appropriate settings of the input plot option switches (discussed in 

Section 3. 5. 3). The plots are generated from the plot tape on a Stromberg 

Carlson 4020 Recorder. The three types of plots are: 1) missile and 

target trajectory (X-Z) plots (Figure 4. 2. 2); 2) paired (one variable vs. 

another) plots (Figure 4. 2. 3); and 3) time plots (Figure 4. 2.4). 
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w IP'*'»« ... 

TIME ROLL FL»P 

Q 

R 

MftSM 

AIR SPEED 

BTM 

THETA L0S“V 

PSI LOS-W 

RASCO 

yTxE 

PITCH riAP 

YAM FLAP 

ALPHA DEC 

BETA D€C 

BPS 

EPS l 

EPS Y 

FINI 

RTKE 

PHI hissiur 

THETA HtSSLE 

PSI MISSILE 

ALPHA PRIME 

POYNMC 

CAMHAH 

hlahq 

MLAMR 

FINE 

RTYE 

VX EARTH 

VY EARTH 

VI EARTH 

RAKCE 

FTMRST 

ÎAHHAV 

THETA C1HBAL 

PSI CIHBAL 

*IN3 

RUE 

.0013000 

TIME« 
Tint» 

0. 
0. 
9.^0/43615-07 
t. 0 50U41E »07 
0. 

-1.7465545i»00 
0. 
1.7699/705-07 
0. 

.07TS000 STEP SIZE« 

.0S75J00 STEP SIZE* 

FRONT L’Jî clears rail t 
TIME* .0990000 STEP SIZE« 
T J Ht» . 107500 0 STEP SIZE« 

TIME. 
TIME» 
TINi« 
Tint» 
TIME« 
TIMt' 
T INt * 
TIME* 
TIME» 
MME» 
M n » 
I l Mt » 
T ! Ml ■ 
UMt« 
T I Mt* 
T I Ht» 
T lit* 
f l hl« 
T I Me « 
f I Ht» 
T I He* 
T l He» 
T I HE* 
f 

.17/5)00 

. 1A0JJ00 

. is/so o o 

.7300)00 

.73/5)00 

.7*CJJOG 

.7050000 

.3//*)00 

.3.17.)00 

.^nooooe 

.4(90009 

.57/5000 
J7.JU0 

. 5 (Co J DC 

.5(00000 

.5//.000 

.617.)00 

.6900000 
• 6 S 9u 0 0 0 
.///»)00 
./A75J00 
.99.0)00 

STEP SIZE* 
6TÏP SIZE« 
STEP SIZE* 
STEP SIZE* 
STEP SIZE- 
STEP SI/E* 
SliEP SIZE- 
STEP SIZE» 
STEP SIZE* 

-. i / r • 
;ize* 

STEP SIZE* 
SltP LIZL* 
ST-P SIZE» 
STEP SIZE- 
STEP SIZE» 
(TIP SIZE« 
STE* SIZE« 
STEP SIZE« 
STEP SIZE« 
SIEP SIZE« 
STEP SIZE* 

.TCP 
STEP 

0. 0. 
•4.SZ05361C-07 0. 
-1.3909445E-03 0. 

0. 0. 

q. 1.J0701/5E *01 
0 • o. 
1.40 695Z7E-0Z -l.OÎ50000E*00 

-1.43S5Z4 7E- 07 1. 0750000E*00 
-4./314416E-07 -S.099S305E-07 

0. O. 
7.500 OOOOE-O 3 
5.0000000E-03 

^.75E-07 «EL EEL ■ !•»*£♦« 
Z.5000000E-03 
5.0000000 E-0 3 

REAR LUC CLEARS «Alt T 
.1200100 STEP SIZE« 

1.9597241E*02 
0. 
5.(/3(7011-15 
3. 2610U5E *03 
2.27SOOOOC«03 

*3.707957/E-15 
•1. 7606440c*00 
l. 43624 13E-02 

-4. / 314416E-o2 
0. 

44.7CH MOMENT ■ -5 

. . 0 V j I. I 

.1125REL VEL 
2.50OCO0OE-O3 
5.000OOOOE-O3 
2.500CDOOE-03 
».C000000E-03 
7.5)0OOOOE-O3 
5. C 00 OOOOE-O3 
7.T000000E-03 
5.O00COO0E-03 
7.5 00OOOOE-O3 
5.0000000E-03 
2.^000000/-0^ 

5.0000000E-03 
2.5OO(lO00E-O 3 
V.uoouooui -O 1 
2.500 0000 E-0 3 
(•OOOOOOQC-O 3 
I.5000C0CC-03 
6.0atOl9tE-03 
2.5(000001 01 
5.000 OOOOE-O 3 
2 .St(0000E-t 3 
5 . OOOOOOOE-O3 
2.50(0(001-1) 
r n 4«» «««r .i» • 
^ « W W W W *# w 6 ” «0 •* 

■ 763.0/9 RAIL 7ORCE ■ 0.09 

X HSL 

Y HSL 

Z HSL 

ACCEL l 

ACCEL f 

BXX 

Q COM 

R COM 

F 1H4 

-1.279A87II*(I 
0. 

-1.0(OCOOOE*(t 
4.2402003E-1A 
0. 

-0. 
9.7U91ME-01 
1 .05530 A6E-01 

-5.00963051-(7 

.63E*01 

Figure 4. 2. 1 - Sample Printout 



.i.. 

UMfc» 
Tt1£« 
tint* 
Tl^t* 

.9ÎÎS000 STEP SIEE« 

.msioo STEP SIZE« 

.»esjjoo STEP SIZE« 

.«9Si)t00 step SIZE« 

1.1010091 Z.1S369Î«E-01 
<..J04Z<.ZTc-01 
3.Z0JSÍ.5P-»CO 
?.é<.3Z 301E-0 1 
».Z610TJ9-»0Z 

-1..ZSr .28-:.00 
• i.oeri.bsc’oo 
-1.51919I.0E-01 
S.tTSi168E *02 
0. 

2.0003000 Z.Z 0bS258E-0 2 
• l.b<.61121£*00 
•2.1ZS1USE.00 
l. 2 U ! 9Z 2t *0 0 
1.3SJtZJ(,î.|(3 
z.izmzbzr.oo 

*4.o 71041 je *o i 
-0.2*ZZ»<.6ï-32 

1.<i83i.9»2£.01 
0. 

SUOhOUT TINE« 1.0040 SEC. 

3.0000000 -1.<.223793E-01 
-1.3 331<>S.TE .01 
•1.9902097E»0t 

1.1 345 397£ *00 
1.267/61 SE*03 
1.O S!iïZOE *00 

-..7ES3102E-01 
6. 0 )7886.:-0 1 
fi 106317.£*0 3 
0. 

«ISS DISTANCE • 

ftICNT T l Ni- • 

POtl.» • 

1.2290000 2.I777081E-01 
-1.61613211.01 
-1.722J1J1E.01 
MODOS.:.oo 
1.2 13030.LOI 
A.90.1061E «0. 
1.613)126! >02 
1. rzoïi.se >02 
2. «C.lït.C'03 
0. 

t.900 OOOOE-O 3 
5.000 9 000 E-0 3 
2.50000001-03 
9.0 00 0 0 0 0 E-0 1 

•E. 016.208E.00 
1.8166337E>00 
6.8i517 3 5E-01 
2 • 16 7 7 70 7E.00 

•7.2676.55E-01 
>5.Ò27252CE-01 
-8.0529636E-02 

3.0312S55E-02 
9.1.0.701E-01 
0. 

■9.2660236E-01 
1..266825E.00 
9.6289970E-01 
2.2768 7 53t *00 
9.0939.51E »02 

•1..JÏ50.9E-01 
-9.6 35.166E-01 

1.0135.17E.00 
2.2810617E>00 
0. 

6.036.217E-02 
■l.293681.F-Ct 
■ 1.50 6 067lC-01 
*7.555231 t/E-Ol 

3•0720.97E-0l 
..2605977E-01 
7.93.9569E-02 

-l.37.93..E-02 
-9.80 7693 0E-01 

0. 

-8.6581418E-02 
-2.57092 36E *00 
-k.26.9996E-01 

8. 155918.E-01 
2.171.210E.03 

•I.2011558E-01 
..89582k.î-02 

-9.989581.E-01 
-3.0707111E-91 
0. 

I. 31C.161E-01 
-6.1372097E-31 
J. .530.86E-01 
1•259261lE* 90 
2.25.910.E.00 
1.9862.5 3E.OO 

-6.88C3ll.E-02 
*9.73.515 2E-02 
-8.1681789E-01 
0. 

1.681e80.£»00 . 

3.2 20J602E »0 0 

-9.5669802E-02 RO F 1.7 > -6.20116292-01 

RT FP » -6.2182298E-01 

-..3991287E« 00 
1.2J./8.BI .00 
2.19735982.00 

•1.6.239201.01 
1.1798.217.0) 
4.8138828E.00 

•1.62672.IF.02 
•1.728971.C.82 
-1. l.OS.SFL«) 
I. 

8. 760320.E.02 
-2.19.8. O.E »00 
1.1278.7.£»01 
2.76.032.E '03 
11 533 3333E.0 3 

-7. 378 11.5E - 01 
-5. 16560 7.E♦0 0 
-S. 15.0926E-01 
1.3521857£>00 
0. 

-2.7826206E » 0 J 
-..0572681F-01 
• 6.6651103£.01 

1.1296656E-0 1 
..03Í5639E-01 

-S..081775E-01 
2.216697lE* 00 

-3.266961.C-Ol 
2.719220.£.00 

1.352.91ÕE *0 3 
-2.6.03796E »00 
. • 285 59 38E *0 1 
1.5982872E.0 3 
3.0000 000E.0 2 

•1.81.90052»00 
6.87983.9E-02 
..1250657E-01 
..628.1222-02 
0. . 

-l.5968591E.0J 
7•696822 5E- 01 

-6.75.5.78E » 9 t 
1«6.72711E.00 

-5.2992 7.JE-01 
-1.0771207E-0! 
-5.99322 32E » 08 
1.5783985E.0I 

-2.5292660E-01 

5.39..386E-01 
-1.03260b3E.00 
•1.9S69680E.OG 
2.5927^UE.OO 
1.90I7755E.03 
2.5769996E-81 

-I..697917E »00 
-2.005208.£.00 
-1.Í620818E-01 

0. 

1.2665175E »03 
1■696 2.97E *0 fl 
3.111B628E » 01 
2.7620025E.92 
9 « 

•2. 3112695E.00 
-l.67t.719E.00 
1.75367.1E»0I 

•1. 10123 36E*80 
I. 

-2.7586837£»C2 
1 .65.2392E.08 

- J.1.3..SIE »01 
-¿>.6S)S183E-0l 
-2.U296.2C.08 
9.0383027E-81 

-1.8.9.157E.01 
-l.95.2279E.il 
-A.1062.0.E-81 

ROELZ ■ 1.9602.82E.0O 

R2FP a 1.562.933E.Q0 

•t.8.06179E-01 
•A.ViO.2 82 0L>00 
•8.032': PEZF .SO 

9. '> Jo 17.JE♦ OJ 
1. A]û12.7{ » 01 

•0.97H371E-01 
*2.99.7 9HE.00 
-3.1302089E.0i 

3•17.37 30C■00 
I. 

1. 23136.7E *0 3 
•1. 6.J72(.7C>01 
S.0956607E.01 
9.179.. 11(.00 
8. 

•2 •8J36.26E »0 0 
1.2662.. 9(.00 
3 . 169 9 961( *03 

•7.0.83.20C *01 
I. 

$,165065.(.00 
5..5.701.C-91 

-1.T08871.E.00 
3.272.875E.00 

-k.1159.52E.00 
-6.59S665.I-01 
-I.0521672E.01 
-Í.21.9519E.01 
3.(.09919^.00 

Figure 4. 2. 1 - Sample Printout (Cont. ) 

239 

«MMi 



imuii i iiiipnip'pm «iiiwi'i il       mn!FwWnw< » rmmmm           .. \ m, 

CLUMM $m$/Ti IS.tf.Ot 1 

Figure 4. 2. 2 - Missile and Target Trajectory 
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Figure 4.2.3 - Multiple Dependent Variables 

vs. A Specified Dependent 
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Al. ANGULAR ACCELERATION EQUATIONS 

The angular acceleration equations implemented in the 6DOF program 

(subroutine D2) are: 

U) PD 
F MX BA 
FMIX 

CRAD 

FMYBA'CRAD + (FMIZ-FMIX) 
_ _ CRAD 

tj. 

QD 

u> 
RD 

F Ml Y 

FMZBA’CRAD + (FMIX-FMIY) 
__CRAD 

F MIZ 

where 

(1) 

WPD angular acceleration about X^ 

«•»QD denotes angular acceleration about Yj, 

‘‘’RD denotes angular acceleration about Z^ 

FMX3A denotes applied moment about X^ 

FMYBA denotes applied moment about Y^ 

FMZBA denotes applied moment about Z^ 

FMIX denotes moment of inertia about X^ 

FMI Y denotes moment of inertia about Y^ 

FMIZ denotes moment of inertia about Z, 



Equation (1) is based on the assumption that: (1) FMIZ=FMIY (because 

of vehicle symmetry about X^). and (2) the products of inertia are zero 

(not strictly true, even initially). 

Equations (1) is derived as follows: 

ï = 1 C , where X is the angular momentum vector, I is 

the inertial tensor, and d is the angular velocity 

vector, all in the Body coordinate system. 

Now: 

—1 = — (IGJ) = y i.e. , the time derivative of the 
dt dt 

angular momentum vector equals 

the torque vector 

Have: 

I = 

S3 = 

I 0 0 
XX 

Vy 
0 I 

1 
CRAD 

zz J 

p 

CJ r\ 

"RJ 

(2) 



..Wimp. ■«■Ml.. ....... m^~w. ..'"WW 
-Tft;ni~w7i!sr- : .., !" 

*’ ,¾1^iiypi11| 11111111^111111111^1111111111111 

So: 

I .^)X- + I (OJQ)Y + I (uip)Z \ _i 
XX b yy U b zz K by CRAd 

whore Xb, Y , and Zb are unit vectors in the body system. 

Thus: 

dt 
Üœ) = 

1 
CRAD 

I (ui 'X+I (a- )X 
XX F o XX F D 

l * 

+ i ( 0ri)Y, + I (a>n)Y 
yy b yy Q b 

+ I Z7. ,%»zb +WVzb 

= M X. + M Y. + M Z. 
X b y o zb 

where the assumption is made that 

I = I = I = 0 
XX yy ZZ 

The time derivatives of the unit vectors Xb, Y^. and are: 

ttRYb -U!QZb 

CRAD 

WpZb - WRXb 
CRAD 

Xb ~ 
CRAD 

A1 - 3 

(3) 



... ........... 

Making these substitutions in Equation (3), and collecting terms, have: 

1 
CHAD L «“P» - Vy^o1 'V + W %' ) X 

* CRAD rnan / ' 

('yy^Q 

CRAD 

) t (»R) 

(*« (V 

CRAD 

I «O (fa) ) 
XX P' '"q' 

CRAD 

yv^v) 

CRAD / 

I (fa>n) (fa)_) 
yy Q P 

CRAD ) 

= »vs,+Vb + MA 

Simplifying: 

<*Pi + 11,1 ' V’“r1 <<*iq>) _ 
\ CRAD / X 

c 

/ . (I - I ) (fa) ) (« ) \ 
Tw <wq) + zz P R ) _ 
V7 CRAD / X 

(I -1 ) (fa) J (fa>. yy XX P 

CRAD 

= CRAD (M^ MyYb _ M§Zb). 

Equating Ilka coaffldants and solving for Up), (¿)Q), (¿,R), and noting 

that lyy * IM, have that: 

.,
- 

iï
li

rr
li

n
in

m
im

M
iM

iI
-
-
-
-

 



..in.... . ....nip 

M • CRAD 
X 

■ti ' ( 
My. • CRAD 

(I -I )(«p)(«) \ 
^ a» XX r R I   

+ CRAD / I 
1__ 

yy 

/ (Ixx-Iw)(VÍWQ) ^ «o = 1M . CRAD + —SE U. £-I — 
R \ z CRAD / I zz 

Substituting the program names in Equation (4), yields Equation (1) 

Al-5 

MMMbJ 



A2 - TIME DERIVATIVES OF THE EARTH TO BODY 
AXES TRANSFORMATION MATRIX. M 

The time derivative of the earth to body axes transformation matrix, 

Y (M) can be obtained as follows: 
dt 

(1) let Xb, Yb, Zb and Xe, Ye. Zg denote unit vectors in 

the body and earth system, respectively. 

(2) Assume the unit vectors in Eh have angular velocity 

components about Xb, Yb, Zb of u’p, wq, and (degrees/seconds), 

respectively. 

Then the time derivatives of the unit vectors M^Eb, written in terms 

0f «p, w and uR are (see Figure A-2. 1 for velocity components): 

Ha 
CRAD 

A2-1 





‘ ^ i iii^iui 11.1111.1111111.. 

But the time derivativea of the unit vectora X^, Yb, Z^, can alao be 

expresaed in the Ee system by first transforming into the Ee system and 

then taking the time derivatives. Thus: 

rxl 
L bJi 

- HTi. 
C11 C21 C31 

C12 C22 C32 

Ci3 c23 C33^ 

1 

0 

Lo. 

ii 

'12 

'13 

U mty. 

C21 

c22 

C23 

N.. 
'31 

'32 

'33 

written in terms of the unit vectors X . Y . Zmt have: e e * 

M, C13 X. + C12 T. + C13 Z. 

H, C21 *. + C22 + C23 z. 

H 
■ C31 *. + Cjj ï, + C,3 2. 

A2-3 
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.. 

Since the E system is considered fixed, X , Y , Z = 0. Thus: c 6 c e 

B5' .T^f^i'-p-i.n.nnriTfrj^i 

2. 

dt 

d 
dt 

P*] 

M 

d 
dt 

H, 

11 Xo + C,-, Ÿ + ¢.. Zo e 12 e 13 e 

^11 

¿12 

C1 3 

'2] 

'2 2 

'23 

'31 

32 

'33 
•- JE 

C11 = C21 - C31 U'q 

Since the corresponding expression obtained by the two methods 

represent the saime vectors, have from 1 and 2 that: 

C: 

C12 = c22 WR - C32W Q 

C13 = C23 W R - c33 u Q 

C21 = C31 W p - cu U) R 

C22 = C32 W p - C12 oj R 

C23 = C33 Wp - C13 ojr 

C3l = C11 W Q * C21 W p 
• 

C32 = C12 • C22 WP 

C33 ■ C13 Wq - C23 Wp 

A2-4 



A3 - ORIENTATION OF BODY AND EARTH AXES 

The Euler angles which orient the body axis system with 
respect to the Earth axis system are defined as follows¿ 

(1) A positive rotation (toward Yg from Xg) of \¡> 

(degrees) about the Zg axis, giving a system 
E1(X1,Y1, Z1); 

(2) A negative rotation (The Xl axis up from the 
plane of the Earth axis system) of 9Mab(^ut 
the Y* axis, giving a system E"(x",Y ,z’); 

ti " 

(3) A positive rotation (toward Z from Y ) of - 
degrees about the Xf' axis, giving the Body axis 
system EB(XB,YB,ZB) 

Fifvx« A3. I 
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The transformation, M, from the Earth axis system to the Body axis 

system is given by: 

M = 

cos«/) cos e 

COSi/> SIN B SIN* 
-SIN0 COS* 

SIN0 cos e 

COS4) cos <t> 
+ SIN0 SINfl SIN ♦ 

COSty SIN 0 COS <t> SIN^ SIN 0 COS 4> 
+ SIN^i SIN <t> -COS0 SIN* 

-SIN 9 

cos e sin * 

cos e cos * 

(D 

Thus, a vector espressed in the Earth axis system is given in the 

Body axis system as Vg = MVg. 

Fi rs t Rot at Ion , iji 

e ; 

e3 " e3 

M, 

COSlJ/ SINlj/ 

-SIN^ COSlj) 

L o o 

COSli» + SIN<|/ e2 

SINii; + COSijj e2 

*3' " 

0 

0 

1 J 

Figure A3. 2 
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Second Rotation 

m2 

COS 8 0 -SIN# 

0 10 

SIN 9 0 COS I . 

Figure A3. 3 
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e 
X 

•• . 

• e 

COS í «i - SIN 0 ej 

1 

- SIN • COS t e.1 
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Third Rotation 

Y" • y* 

X,,«X,,,-X B 

Y*» * 

*-Y ' ,Y 

B 

E 
2 ' 

Z" 

e « e"' 
XB X 

®Y " V' “ COS ♦ e " + S N<t>e~" 

eZ * eZ," " -SIN* e" + COS* 
B :Z 

M- 

1 

0 

L 0 

0 0 

COS* SIN* 

-SIN* COS*, 

Figure A3. 4 

Then, M, as defined in Equation (1), is obtained from4he Matrix 

multiplie ation: 

M - Mj M2 Mj 
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A4 - ALPHABETICAL PROGRAM LISTING 
AND CROSS INDEX 

SUBROUTINE 

AERROR 
AMRK 
ATAND 
AUXI 
AUXSUB 
A1 
All (Entry Point ln C4I) 
A2 
A3 
A3I 
BLK DATA 
COSD 
Cl 
C1I 
C2 
C2I 
C4 
C4I 
DUMMY 
DUMPO 
D1 
Dll 
D2 
D2I 
FINTP1 
FINTP2 
FINTP3 
G2 
G3 
G4 
G5 
MAIN 
OINPT1 
OUPT2 
OUPT3 
PLOTN 
PLOT2 
PLOT4 

(Entry Point in PLOT4) 
(Entry Point in PLOT4) 

PAGE NUMBER 

A4-157 
A4-115 
A4-163 
A4-121 
A4-125 
A4-21 
A4-82 
A4-34 
A4-30 
A4-27 
A4-7 
A4-161 
A4-6 7 
A4-64 
A4-76 
A4-74 
A4-84 
A4-81 
A4-149 
A4-92 
A4-44 
A4-39 
A4-52 
A4-49 

A4-137 
A4-139 
A4-141 
A4-11 
A4-13 

A4-89 
A4-15 
A4-4 
A4-9¿ 
A4-98 
A4-100 
A4-145 
A4-144 
A4-143 
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SUBROUTINE 

RESET 
SIND 
STGEZ 
STGE3 
SUBLI 
SUBL2 
SUBL3 
SI 
SII 
TABLE 
TABL2 
TABL3 
TERROR 
ZERO 

PAGE NUMBER 

A4-129 
A4-159 
A4-111 
A4-113 
A4-105 
A4-107 
A4-109 
A4-57 
A4-55 
A4-131 
A4-133 
A4-135 
A4-155 
A4-103 

A4-2 
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