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ABSTRACT

S;x degree-of-freedom, rigid body equations of motion are described suitable for
modeling the dynamic characteristics of multistaged, free-flight, ballistic rockets such as
the DRES developed aerial targets CRV7/BATS and ROBOT-9. These equations of
motion form the core of a FORTRAN simulation software package called BALSIM.
This package allows for modeling of vehicle thrust and structural asymmetries, time-
varying mass and inertia characteristics, variable wind conditions, nonstandard
atmospheric conditions, stage failures, and different rocket motor types. The BALSIM
package has been written in IBM FORTRAN IV and has been tested on the IBM 3033
computer with the H-extended compiler. It is currently being adapted for use with the
VAX 11/780 and Honeywell DPS-8/70C computers.
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LIST OF SYMBOLS

The following is a list of important symbols. Some symbols, which are defined in
the text and are used only once, or are secondary quantities related to a primary quantity
that is apparent from the text or from the notation conventions to follow are not
included. Numbers in parentheses refer to equations.

A Atcodynamic force vector applied to the vehicle not including thrust forces

a Vehicle centre-of-mass acceleration vector relative to inertial space

a Speed of sound

b Refeience length (fuselage diameter for ballistic rocket vehicles)

Ca (Total drag)/(1½/QV2 S)

Cli, (Fin lift normal to fin chord)/( 2QV 2 S)

Sa e

C, LA 8/( ½ QV2Sb)

CIP 2V SC,
b ap 8 ] e

C,6 ;, S C,
0 6f,.

Cm MA8/( V2 QV'S )

.2V aC, I
b Sq8  I e

C. NA/( 12 QV 2Sb)

C, 2V-C,, C
b r

(vii)
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C, YA/ (2 QVIS)

Cyf,,. '(Aerodynan-ic force along y-axis of F8 generated by
pseudo fin)/(½2 V2 S)

Coof• C,,1 . for af,' = 0

(C,,a):,,, -2 C, t.

aa,• e

YP Y e

C• Vz2L/(½ V'S)

(Aerodynamic force along z-axis of F8 generated
by pseudo fin)/(1½ QV2 S)

C.ofn C.:1 ,. for af,. = 0

C 'a %Ccr e
Sa' e

SC:, I e

D Total drag

ein The body-fin interference factor of :he pseudo fin

P External force vector acting on the vehicle centre-of-mass
F8  Body-fixed reference frame, see Figure 2

FB' Modified body-fixed refercnce frame, see Figure 2

F, Inertial reference frame, see Figure 1

FL Launcher inertial reference frame, see Figure 1

F, Structural body-fixed reference frame, see Figure 2

(viii,
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FT Stand-off inertial reference frame, see Figure 1

g Acceleration due to gravity

go Nominal sea level acceleration due to gravity

-h Vehicle angular momentum vector about centre-of-mass

hAsL Altitude of vehicle centre-of-mass above sea level

IP, Specific impulse of i-th rocket motor

XI, !), ... Vehicle moments of inertia about its centre-of-mass written as
components in FB

(LAB, MA 8 , NAB) Aerodynamic moment components in FB not including thrust
moments, about centre-of-mass

(LTr, MTB, NT8 ) Thrust moment components in F, about centre-of-mass

(L0R, MT,, NTB)oR See equation (2.6.1)

(LT8 , Mr 8 , NTB),. See equation (2.6.1)

MA Aerodynamic momeni vector acting about the vehicle centre-of-
mass not including thrust moments

MT Thrust moment veotor acting about the vehicle centre-of-mass

m Vehicle total mass

me,. Airframe mass

(mM'), Mass of i-th rocket motor less propellant

MPL Payload mass

(m,,k), Mass of i-th rocket motor's propellant

N,4 'I otal number of motors

PA Atniospheric pressure

(PB, qq, r.) Angular velocity components of F, with respect to F, written as
components in Fý,

(ix)
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qD Dynamic presure, V V 2

R Position vector of vehicle centre-of-mass relative to F,

R Position vector of vehicle centre-of-mass relative to FT
).T

R Position vector of R, relative to F,
"TI

R See equation (2.9,5)

rE P.adius of the Earth to the nominal sea level datum plane

S Reference area (fuselage cross-sectional area for ballistic rocket
vehicles)

s Distance the vehicle has moved along the launcher from its initial
position [see equation (2.7,3)]

iG Launch rail guide length (see Figure 5)

T Thrust vector

TA Atmospheric temperature

ST, Thrust of the i-th rocket motor

(uB, vH, WB) Components of V in F,

(uBE, vBE, WBE) Components of VE in FB

(uB2 , vB , WB ) Components of W in FB

V Airspeed vector

V "E elocity vector of the vehicle -.e ,tre-, f-maS, ... ;ih re..ect fý r

V Magnitude of V

V/U8 2 + WB2

W Wind velocity vector with respect to F,

(WO, W2, W3 ) Components of W in F,

(x)
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wf,. Pseudo fin airspeed component normal to its chord plane, see
equation (2.4,11)

(XAB, YAB, ZA,) Aerodynamic force components in F, not including thrust
contribution acting at the vehicle centre-of-mass

(XTB, YTB, ZTB) Thrust vector components in F,

(x.o, Y., Zac) Coordinates of the vehicle aerodynamic centre in FR

(Xafin, yaJ1:,, zaO.C) Coordinates of the aerodynamic centre of the pseudo fin in FR

(x,8, ye,, zr,) Coordinates of the vehicle centre-of-mass in FR

(X.m, Y.m , Z.m) Coordinates of the airframe (empty) centre-of-mass in FR

(XT, YY, zT) Components of RT in FT [see equation (2.10,3)]

(x,, y1, z,) Components of R in F,

[(xM,),, (ym,),, (zM.),] Coordinates of the centre-of-mass of the empty motor case of
the i-th rocket motor

(xPL, YPL, ZPL) Coordinates of the payload centre-of-mass in FR

[(XPR),, (y.R),, (zPR)j Coordirates of the centre-of-mass of the propellant of the i-th
rocket motor

a Angle of attack of vehicle [see equation (2.4,6a)]

af.n Angle of attack of pseudo fin's chord plane !see
equation (2.4,12b)]

(3 Sideslip angle of vehicle [see equation (2.4,6b)]

6fln Cant angle of pseudo fin (see Figure 4)

Elevation Euler angle of F.

4•A Aspect elevation angle of vehicle relative to F,

Aspect azimuth angle of vehicle relative to F,

(xi)
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Q Air density

0, Euler bank angle for F,,

Of'. Cylindrical coordinate of pseudo fin (see Figure 4)

tPB Euler azimuth angle for F,8

Co B Angular velocity vector of F8 with respect to F,

NOTATION CONVENTIONS

FA Reference frame A

X Vector quantity X

Xx Y Vector cross product of X and Y

X A matrix X

XT The transpose of X or the components of a vector X expressed
in the reference frame F, (con, will determine which
interpretation is intended)

LX• AX expressed as components in FA

X' A F8 ' variable that is analogous to the var'able X in F8

x A column matrix x

x. A quantity x whose value is computed for an aerodynamic
quasisteady equilibrium condition

I

(xii)
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DEFENCE RESEARCH ESTABLISHMENT SUFFIELD
RALSTON ALBERTA

SUFFIELD MEMORANDUM NO. 1081

A NONLINEAR SIX DEGREE-OF-FREEDOM
BALLISTIC AERIAL TARGET SIMULATION MODEL

VOLUME 1. THEORETICAL DEVELOPMENT (U)

o- by

A.B. Markov

1. INTRODUCTION

In 1979 DRES began development work towards modifying the U.S. army BATS
target for use with the higher specific impulse CRV 7 rocket motors under the auspices of
a joint US-Canadian TTCP agreement. This original work has lead to a number of
DRES initiated activities including the modification of the target to permit multistaging
and the development of an all CRV7, multistaged vehicle referred to as ROBOT-9

* * (Figure 1). As well, support equipment has been developed for target operation in
moderately heavy seas, i.e. ir conditions typical of Canadian coastal waters (the ROBOT
System development history is summarized in more detail in Reference 1).

To support the development of these free-flight targets, computer simulation
programs were required that predicted the dynamic characteristics of the vehicles. Of
particular importance were accurate predictions of basic performance parameters (e.g.
range and flight-time), wind effects, effect of nonstandard atmospheric conditions and
the dynamic effects of launching from a moving ship on a finite, nonzero length
launcher.
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No existing software was available to DRES that performed all of these tasks
while conveniently permitting some configuration variation. As a result, in the period
September, 1980 to December, 1981, a six degree-of-freedom simulation package was
written, debugged, and tested at DRES. This package was applied to the evaluation of
the CRV7/ BATS and ROBOT-9 performance characteristics and safety-envelopes. It
was coded in IBM FORTRAN and has been used on the IBM 3033 computer with the
H-extended compiler. The package is currently being installed on a VAX 11/780
computer for use with a FORTRAN 77 compiler, and will be adapted for use with the
Honeywell DPS-8/70C computer. The package has been designated BALSIM.

It is the intent of this report to provide documentation of BALSIM in sufficient
detail to permit users familiar with FORTRAN to run the program. Chapter 2 develops
the dynamic model and summarizes its limitations. Chapter 3 describes the BALSIM
package in general terms. Finally, Volume 2 is intended as an essentially self-
contained userbook for the package, and includes a listing of all program modules. p

2. DYNAMIC MODEL

This section summarizes the key features of the dynamic model programmed into
the BALSIM package. The basic six degree-of-freedom equations are derived in the
following sections.

2.1 Fundamental Assumptions

Several overall simplifying assumptions have been made in the derivation of the
equations of motion. They are valid for ballistic rocket vehicles that have rigid structures
and relatively short ranges, i.e. less than 100 km (50 nm).

The assumptions are as follows:

1. The Earth is flat and any Earth-fixed reference frame is inertial.

2. The vehicle is a rigid body.

3. There are no control surfaces.

Assumption 3 may be readily relaxed by adding the appropriate control terms into
the equations of motion.

UNCLASSIFIED
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2.2 Reference Frames, Rotation Matrices and Angular Velocitiez

In the general case both an Earth-fixed (say F,) and an inertiai reference frame
(say F,) must be defined. Because of the first simplifying assumption of the previous
section, these reference frames become identical. Only F, will be used here. Thus let F,
be an Earth-fixed inertial reference frame whose origin is at the launch site, whose x-axis
points along the projection of the nominal launch trajectory onto the Earth's surface and
whose z-axis is nominally downwards (see Fig. 1). T!x,2 y-axis foll:.ws from the right
hand rule.

A second, inertial Earth-fixed reference frame that is useful i5 the L.:uzx-her
reference frame F,. The origin of FL is located at the launch site with the x-axis pointinr
in the launch direction and the z-axis being nominally downwards (see Fig. 1). The
y-axis follows from the right hand rule.

A third Earth-fixed reference frame which is occasionally required is that of a
reference frame F, placed at some distance from the launch site. This reference frame
may be used to compute the rocket aspect angle presentations (e.g. from the training

ship). Since the location and orientation of this reference will depend on the particular
application, it is defined only generally in Figure 1.

Since the aerodynamic forces are most conveniently expressed with respect to the
vehicle, a body-fixed reference frame F, will also be used. The origin of F8 is located at
the vehicle centre-of-mass. In vehicles that are axisymmetric, the x-axis is on the axis of
symmetry and points forward through the nose. Otherwise the x-axis points in the
nominal launch direction. The z-axis is nominally downward, while the y-axis follows
from the right hand rule. This reference frame and some associated aerodynamic angles
are shown in Figure 2.

For cases where the rocket vehicle mass characteristics are axisymmetric, the
aerodynamic forces are independent of the vehicle's roll attitude, and the thrust forces
are axisymmetric, the body-fixed reference frame need not spin with the vehcle. Thus a
reference frame F,' is defined which is identical to F8 except that it does not rotate with
the vehicle about the axis of symmetry. Initially F8 and F,' will coincide.

A third body-fixed reference frame that is useful in specifying the vehicle's mass,
inpr-a and configuration characteristics is a reference frame FR whose origin is located
on a nose datum plane on the vehicle. If the vehicle is axisymmetric, then the origin of F,8

US
UNCLASSIFIED



UNCLASSIFIED /4

is on the axis of symmetry, and its x-axis points towards the rear of the vehicle on the axis
of symmetry. Otherwise, the origin of F., may be any con-enient locaiion on the nose
datum plane, and the x-axis nominally points towards the rear of the vehicle. The z-axis
is nominally upward and the y-axis follows from the right hand rule (see Figure 2).

in the following, use is made of a number of notation coniventions. In particular
if L,,,, denotes a rotation matrix relating the components of a vector V expressed in
FA, (vA) to the components of the same vector in, F,,(v 1), then

v 17= LEA V A(22)

The following definitions, geometric relationships, and matrices, will be
employed in the presuntatiore of the equations of :notion.

1. The rotaron matrix relating F, v'nd F,,:

COS6 8 COSIPB cos. 8 sini 8  - sin_ 1-.

sin+,,sin 0, cost;), sin#8,sinO~sinzp8  I
L ,- co+"cs1 sin+,fCOSeB (2.2,2 a')

cos4BSineBO~cSlB cos+,,sinOsinip, o8 "oe
+- sin+pisin!PB - sin+#5 cosl 5  co#co

= [l~~~j(2.2,2b)

where ai, 0os, and ipB are the Euler angles defined by Etkin (Reference 3).

Theu otation matrix relating F, an F.' follows from (2.2,2a) by substituting yais

is and +, for tp, 0u r and threspectively, and will be denoted L eF',.

2. The rotation matrix relating F, and F,:

cosent 0 - sin 0,,,h

L = 0 L 0 (2.2,3a)

sinBsi 0 cosO

= [l,,1 (2.2,3b)[ ~UNCLAS:SIFJED
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S-3. The rotation matrix relating F, and F,:

COSIPT sinWT (i

LT,= -sinyt costIT C (2.2,4a)

- [IT,,I (2.2,4b)

4. The angular velocity of the vehicle with respect to F, written as components in F,, and
FBu:

COB = (PB, qB, r2)
T  (2.2,5a)

Col' = (0, qB', rx') T  (2.2,5b)

5. The angular rate cress-product matrices tRefer"rnce 3) in F7 and FB':

-r. 0 PB (2.2,6a)

L (41 PB '

0 r 8
C. r 0 0 (2.2,60)

L q•B 0 0

* 6. The airspeed vector of the vehicle written as components in FB and FB':

V'3 = (UB, vB, WB.B) (2.2,7a)

_VB' = (uB, ,S', wn)T (2.2,7b)

7. The gioundspeed vector of the vehicle with respezt to F, written as components in
FB, FB' and F,:

1 UNCLASSIFIED
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= (2.2,8a)

E= (UE", VEE', WE)r (2.2,8b)

8. The aerodynamic angles (see Figure 2):

a = arctan (WBI/U) (2.2,9)

13= arctan (vBi/V,) (2.2,10)

where

V = u+ =,'WV (2.2,11)

V = \/'u" + VB2 + WB2 (2.2,12)

Here a is the aagle of attack of the x-axis of F8 ,f3 is the sideslip angle of the x-axis
of F,, V is the airspeed, and V. is the magnitude of the airspeed vector component along
the x-z plane of F1,.

Analogous angles to a and 3 may be written in terms of F8 ' components by direct
substitution of F.' quantities for F. quantities.

9. The geometric relationships (see Figure 2):raU = Vcosj3cosa (2.2,13a)

VB = Vsinp3 (2.2,13b)

W"' = Vcos/3sina (2.2,13c)

10. The wind velocity with respect to F, written as components in F1, FE, and F,':

W' = (WI, W 2, W 3)T  (2.2,14a)

WU = (u.a, VBg, wB,)T (2.2,14b)

_W"= (uR8 , vsg , WBg )T (2.2,14c)

UNCLASSIFIED
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11. The acceleration due to gravity written as components in F,:

g = (0, O, g)T  (2.2,15)

12. The aerodynamic forces (not including thrust forces) written as components in FB -

and FB':

_A = (XAn, YAn, ZA 8 )T  (2.2,16a)

_A B' = (XAn, YAB', ya,')T (2.2.16b)

13. The aerodynamic moments (not including thrust moments) written as components

in FB and FB':

MA = (LAB, MA,, NAB) T  (2.2,17a)

= (LAB, MAB', MAn') T  (2.2,17b)

14. The inertia matrix of the vehicle with respect to its centre-of-mass expressed in F"
(see Etkin, Reference 3) and F"':

I .B IB, - IBn

IB -- IB I - IB (2.2,18a)

_iB iB iB

_I 0 I 0 (2.2,18b)
0 0 1n'

15. The total thrust forces written as components in F8 and F'"

TB = (XTB, Y TB, ZTB) T  (2.2,19a)

BI = (XTB, YT 8',YT 8 ',, (2.2, 19b)

UNCLASSIFIED
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16. The total thinust rnon-isi as componentE in F,, and F,,':

Nf = (!-TB, MIT,, N;,92) (2 .2,20a)

M`= (LT8, MT,', iNT'I8 )T  (2.2,20b)

2.3 Newton-Euler Developmenit of the Genera! Eqaatians of Motz.-!

Newton-Euler techniques begin vvith the fundamental equations (Reference 3)

F .=na (2.3,1)
and

f =M (2.3,2)

a is the acceleration vector of the body centre .Af-mass reiatiý-e to an inertial rzierev~ee
f-ame, h is the angular momentumo of' the- body abo3rt itsq cent re- of- Y (ass, F is the
external force vector acting at th,- cenrtre-of-rnass and N4 is the exte;rnal norr'ent vector
about the centre-of-mas-s. F may be writteil

F mVýE (2.3,3)

where Vis the velocity vector of the vehich- with respect to F, and m is mass of the

vehicle. An expression for h follows from th~e fundnmental relationship

or
hf [r x r+ r x( w ,,x r)]d (2.3,4b)
0.mass

where r is the position vector of an element of mass cimn of the body with respect to its
* cei~tre-of-mass (see Figure 3), coB is the angular velocity vector 3f F" wit~i respect to F,,

''when applied to a vector represents rate of change with respecct to F, and 'o' when
applied to a vector z'epiesents rate of change with respeci to F, (see keferencr, 4 for a
more thorough discuss on of vector- differefitiation). 7Equation,,(2 3,4b) may be written
in matr~x notation as (r-2p~acing co,, x r by - r x w 8, and dropping the sbcit'B3'
en w,,, for the sake of brevity)*

*Superscripts on matrix quantities refer to the reference frame ii. .-.h-ch the components of the
r matrix are expressed. Overscore '-i' refers to the matrix equivalent of the Vec:Ior cross-product.

V UNCLASSIFIED
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hB = " _ _ r - wB]dm (2.3,5)
But moss

ir = 0. (2.3,6)

for a rigid body. Since c'8 is a constant with respect to the integration in (2.3,5), it ....
follows that

h." = I1 w B (2.3,7)
where

I- = -f r• rdm (2.3,8)
mass

B is, by coinvention, given by (2.2,!8a).

The externally applied force F is made up of an aerodynamic component A, a
thrust component T and a gravitational component ing such that

F = A + T + mg (2.3,9)

Substituting (2.3,9) inte .!.3,1), the vector force equation becomes

mV V = A + T + mg (2.3,10)

The externially applied moment M is made up of an aerodynamic component M,,
and a thrust compoonent M, such that

S
Ia = MA + MT (2.3,11)

Substituting (2.3,11) into (2.3,2) yields

f =M A+ M, (2.3,12) 5

Other th',n the gravwtional frce, the dominant forces and moments acting on
the aircraft art lue to aeradyiiamc c.iuses and aie largely determined by its orientation
and configt ration, it J, accordingiy advantageous wo write the matrix equations of
motion with respect to a body-fixed reference frame. This refe'ence frame is chosen to
be F8 . Furthermore, this choice does riot irtrodtice any gravitational momems since the
origin of F8 and the centre-of-mass of tL. vehicle ,:oincide.

UNC LASSIFIED
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Thus the matrix force and moment equations becomp

m(V_ + •VE) = A_ + TB_ + rnLn, g' (2.3,13)

and
hB + B hR ,_Y,6 +.T (2.3,14)

Substituting for h8 from (233,7), the moment equation becomes

IiBn + iWw• + i = MAB + MH (2.3,15)

Writing out the equation (2.3,13) in scalar form yields

m(r1BF + qB"B, - rBVBE) = XIIR + XT" + mg'P113  (2.3,16a)

m(oE +-- rBuB, - PB WE) = YAB + YTB + mgl 7 3  (2.3,16b)

m(1',, + PB - qju•E•) ZAB" + ZTB + rnIglI 33  (2.3,16c)

for the force equations, ,nd

LP B - J,3 ._, +x, PL I_ lqB - IBrB + iy,(r - q•)
+ (J IB B pY xxB B(3.2,17a)

+ (1,n - I))req, + I,,rrpB - !•qnpU = LA, + Lr,

IxpB + 1Bqj, IYB., j" _ PB + pý qB -- I•,r, + IB (p' - r2)(1-1 (3.2),17 b)
+ (1;z" - l•)PzrB + IJ•ZP q - Ir,.q,, = NIA8 + MT,

- -I•BqB + IZrj - IIpjB Ip.q 8 + r8 + IB(q- p2)xx ý zz rý i~zq, + z XY B B(3.2,17 c)
+ (Iy, - II)pBqB + IxqfrB -- yp~ r = NA, + NT,

for tkc moment equations.

Kinematic equations are also required for the linear and rotational position of the

aircraft. The linear position equations follow from

V = LB V• (2.3,18)
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The rotational position equations are the Euler angle rate equations and are
derived in Etkin (Reference 3). The resulting scaiar kinematic .-quations of motion are
thus seen to be

xJ = 1 B1 uBE 1 B12 ; v'BE + IB! 3 1 WjE (3.2,19a)

6,1 = UB,•u• + lBI2 2 V3E + lI132 WBE (3.2,19b)

SlB= Il~ 3 UBE + 1IB 2 3 VBE + lBI33 WBE (3.2,19c)

for linear position, and

ý,B = p,, + qasin+Btan0B + rBcos+Btan0,i (2.3,20a)

6B = qBcosSB - rlisin#B (2.3,20b)

WE = [qBsindB + rBcos#•Bsec0B (2.3,20c)

for angular position.

It should be stressed that the variables (uSE, VBE, WEE) in equations (2.3,16),
(2.3,17) and (2.3,19) are the body-axes components of the vehicle's ground velocity
vector. This is not the same as the ecuations developed in Reference 2 where airspeed
vector components in body-axes are used. Also, no assumptions have been made, up to
this point, regarding vehicle ptaaes of symmetry and the symmetry of the thrust and
aerodynamic forces and moments. Finally, it should be noted that no assumptions have
been made about the mass and inertia characteristics of the vehicle, i.e. in general

rh 00

and
jB 0

0 This, too, is an added feature. not present in the equations dev'zloped in
Reference 2.
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A number of simplifications may be added to these equations if certain symmetry
conditions are satisfied. If the vehicle has mass symmetry about the xy and xz planes,
then

If. = I' = I' = 0 (2.3,21)

If the vehicle mass characteristics are also axisymmetric, then in addition to
(2.3,21) we also have

IB = IB (2.3,22)

Applying assumption (2.3,21) to the moment equations (2.3,17a) through to
(2.3,17c) results in the simplified set of equations

B, = [-IXPB -(I, - I•)rBqB + LAB + LTB]/In (2.3,23a)

4B = [-IuqB -(t - IZB)pBrB + MA, + MrB]/II (2.3,23b)

= [-I! 2rB -(IB, - In=)pBq, + NAB + NTB]/I n (2.3,23c)

Applying the axisymmetry assumption (2.3,22) to those equations simplifies
(2,3,23a) even further by eliminating the (I'. - yI,)rqB term, i.e.

BI~ p + LAB + LTI/I nX (2.3,24)

If we now make the assumptions that the thrust forces are axisymmetric, that the
vehicle mass characteristics are axisymmetric, and that the vehicle aerodynamic
characteristics are independent of the vehicle's roll orientation, then we may take

Sa Jvantage of the simplifications that will result to the equations of motion by expressing
qhem in the reference frame FB' rather than in FB. Recall that in Section 2.2 we defined

FB' as being identical to FB except that it does not rotate with the vehicle about the axis
of symmetry. As a result, if

cOB = pBiB+qBJ + r~kB (2.3.25)

is the angular velocity vector of F8 '• relative to the inertial reference frame F, expressed

UNCLASSIFIED
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as components in FB", then the latter condition implies that

PB = 0 (2.3,26)

for all t.

Also in general we will have

qh #: qB (2.3,27a)

r. # rB (2.3,27b)

For the purpose of generating the aerodynamic forces, however, q,• and rA may
be treated as being interchangeable with qB and rn respectively because of the
assumption that the aerodynamic forces are independent of the roll orientation.
However, the resulting aerodynamic forces are now expressed in FB axes rather than in
F, axes.

There are also aerodynamic forces that are generated due to the vehicle's rolling
angular velocity Pn. The latter is not identical to pA, and thus an equation of motion for
pB will still have to be retained.

Formally the equations of motion in FA may be obtained from the equations of

motion in FB by setting PB = 0 in all equations except the PB equation, replacing

(uBE, vBE, WBE) with (uBE, VBE, WýE), (qB, rB) with (qB, rB), (+B, 0,B) with ,

(+A, GA, wA), (MA2 , NAB) with (MB, M.'),(MTB, N•2) with (MTB, M 2 ), (XAB, YAB, ZAB)

with (XAB, YAW, YA•), (XTB, YTB, ZTB) with (Xr2, YTB, Y•'), and applying the assumptions
discussed previously. Finally, the PB equation from the FB equations is retained.

The resulting equations of motion are as follows:

m(fiýE + qwBwA - r~vA2) = XAB + XTB + mgl, 11 3  (2.3,28a)

m(vA2 + rBuBE) = Y'B + Y2 B + mglA, 23  (2.3,28b)

M(-wB- qBUBE) = YAB + Y + mglA, 33  (2.3,28c)
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B= [-Ip + LA, + LTI/I . (2.3,29a)

qA = [- IqA + M,•B + Mr(]/IYY (2.3,29b)

tA = (-IyrA+MB+ MB]/IY (2.3,29c)
x B = I•huBU + lAU2lvAE + 61 3 l W'E (3.2,30a)

y = lAi 2u + lA, 22VAE + IA,32 WAE (3.2,30b)

B lt1 3 UBE + 1B B23VBE + I1r833 WE (3.2,30c)

+ = q~sin+AtaneA + r~cos+Btan0A (2.3,31a)

_0A = q~cos+A - r~sin+B (2.3,31 b)

iB = [qBsin+A + r~cos+B] sec08  (2.3,31c)

2.4 Aerodynamic Model

The equations of motion developed in the previous section contain terms
(e.g. XB) that represent the aerodynamic forces acting on the vehicle. In this section
these terms are defined as functions of the vehicle's state.

Although more sophisticated techniques are available (see the discussion in
Reference 2), for the purposes of rigid body six degree-of-freedom simulation, it is
usually quite adequate to use a quasisteady aerodynamic model based on Bryan's
aerodynamic derivative technique.

No attempt has been made here to generalize this model so that it applies equally
well to all types of aiý vehicles. Rather, its form has been simplified so that it is suitable
for use only with free-flight, ballistic, rocket-boosted vehicles.

The resulting model expressed as aerodynamic force and moment components in
FB is summarized below. No attempt is made to rationalize this model other than to state
that its use has resulted in predicted trajectories that are in good agreement with
measured flight characteristics (see, e.g., Reference 1) of CRV7/BATS and ROBOT-9
vehicles.
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The aerodynamic forces are specified by

XE = -C, q, S (2.4,1 a.)

SYAB = C fPql DqDS + qD S(Cyaf,. + C,•oj,,•)1 ,) d (2.4,1 b)

ZAB = C,,aqDS + qDS(Cajfi, + CýO)f•)pseudo (2.4,1c)

The various quantities in these equations are defined in the notation. It is
important to note that q, is the dynamic pressure given by

q" = ½QV2  (2.4,2)

where Q is the air density and V is the airspeed given by

V = B+ + w•),2 (2.4,3)

Here (u8 , v,, w%) are the airspeed vector components expressed in FB, and in the
presence of nonzero wind conditions will not be the same as (uE,, wE wEE). Rather, they
will be related to the wind velocity vector components in F, [(u,,, vy,, w.,)] through the
relationships

UB = UBE U (2.4,4a)

vB = VBE- VB (2.4,4b)

WE = wBE - Wly (2.4,4c)

The latter may be obtained by consider;ng the fundamental vector relationship

VE = V + W 2.4,5)

i.e. the ground velocity vector V, equals the airspeed vector V plus the wind velocity

vector W.
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C,, is the nondimensional drag coefficient, Cp is the aerodynamic derivative

relating y-force due to sideslip angle P3, C, is the aerodynamic derivative relating z-force
due to angle of attack a, and S is a reference area that is usually the fuselage cross-

sectional area for ballistic vehicles. CD, Cdp, and C., may, in general, be Mach number
and Reynods number dependent, although here they are considered to be only Mach

number dependent. a and P are given with respect to the x-axis of FB, and from
geometric considerations may be shown to be (see Figure 2)

a = arctan(w /uB) (2.4,6a)

/3 = arctan (v/ V..) (2.4,6b)
where

V. = (u2 + w2)1/2 (2.4,7)

Differential equations may be obtained for a and/3 by differentiating (2.4,6a) and
(2.4,6b) with respect to time, with the results

a' = [%/V - f6BN'B/V2]cos 2 a (2.4,8a)
and

/3 =V.- vB(uBfi• + w(UBB)V]/(Vxzcos/3) (2.4,8b)

The last terms on the right hand sides of (2.4,lb) and (2.4,lc) are pseudo fin

terms and are included to permit modeling of aerodynamic asymmetries (e.g. due to
production tolerances). They do not include any ot the effects produced by the vehicle's
nominal fin configuration. The latter have already been included in C", CYP and C,.

- The jsei-do fin terms are defined as follows:

Cyo,= - CLa;,, 6 f,, sinai,, (2.4,9a)

oCo. =-CLhaf, ctOm, (2.4,9b)

y Cfi, = - efi. CLaIn sin+,,- (2.4, lOa)

Czafi, = - efi CLafncos CS,. (2.4, lOb)
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w.= WB cOSf, + VBsin~f,. (2.4,11)

afn= arctan (wvj./uB) (2.4,12)

Here CL,,fi is the lift slope of the fin, 6p, is the cant angle of the fin, +,. is the
angular cylindrical c3ordinate of the fin, ef.. is a body-fin interference factor and af,. is
the angle of attack of the fin. The fin geometry coordinate system is summarized in
Figure 4.

The aerodynamic moment expressions are defined similarly to the aerodynamic
force expressions, as follows:

LAB = C1 ,ppq 8Sb 2/(2V) + C dfln6fs.qDSb (2.4,13a)
- YARnoMZc¢g - ZABnomy..

MAB = ZA8,,,.(x.c - xc,) + CmqqBSqDb 2/(2V) (2.4,13b)

+ XABzCR + qDS(CZa..afn + Czoj3 ,)pseud.o(X•c.- x")

NAB YABn.om(Xc - xQ,) + Cn rBSq.b 2/(2V) (2.4,13c)

+ XABYC9 - qDS(C•f•f. + CYoofs)pseudO(xo.0 1 _ - xo8)

In these expressions YA•nom an' ZA•.o, are givc n by (2.4,1b) and (2.4,1cC without
the pseudo fin contributions, (xo8, y•, z,,) are the coordinates of the vehicle centre-of-
mass in the vehicle st.uctural reference fra• ie F, (see Figure 2), (x.,, y,,, z.,) are the
coordinates of the vehicle aeroctyr.amic centre in FY, (xCfn., yacfn,, Zacfn) are the
coordinates of the aerodyna-;c centre ,f the pseudo fin in FR, b is the reference length
(usually the fuselage diameter for ballistic x ehicles) and the aeretlynamic derivatives CP.
C,6f.n, Cmq, Czýa.ij, C Cyaf,. are defined in the notation list.

The aerodynamic forces and moments may also be written as components in FB by
making an identical set ef substitutions into (2.4,1) and (2.4,13) as used in converting the
equations of motion written in F. to those written in F t'. It is important to note that
certain simplifications result because of the underlying assumptions used in developing
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the FB' equations, i.e. no pseudo fin terms may be included and yA and zA axes
characteristics are identical.

F,)r tbe sake of brevity, the aerodynamic force and moment expressions in FA willnot be given here.

2.5 Mass and Moments ef Inertia Models

The eqaations of motion have been written sc. tiat variations in the vehicle's mass
and inertia charactcristics (due to rocket motor propellant burn) are permitted.
Component methods are used to compute the total vehicle mass and moments of inertia.
"The components considered are the vehicle airframe, the vehicie payload, the vehicle
rocket motors less propellant and the rocket motors' propellant. Of these components,
only the propellant charactL-istics are considered to be -,ariab!e with time. Finally, the
assumnption has been made that the payioad, the rocket motors, and the propellant are
point masses.

Under these conditions the expDessions for the vehicle mass and inertia
characteristics are summarized below. These equations are given for the reference
frame FB. Position coordinates are with respect to the vehicle structural reference
frame FR. The subscript: used to reference the different components are as followG:

1) 'em' - airframe (empty)

2) 'PL' - payload

3) 'Me' - rocket motors less propellant

4) 'PR' - rocket motor propellant

N, is the total number of iocket motors. Other variables used are defined precisely in
the notation.

The expressions for the mass and inertia characteristics are given by
(txj = xj - x,., AyZ -- y4 - y,, and so forth)

N,
m = too, rMPL + R [(mM,), + (mPR),] (2.5,1)
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=B IB." + Mem(Ay2m AZ2 + mPL(AyPL + /AZ2L

NJM M.[AM)2+(M.22+ 21 (2.5,2a)
+ * (M'jAM) A 3 6 i + (MPR),[(A&YPR), (AzPR),I

=B IBy + Mem(A&X2m+AZ + MPL(LIX2L + 2z)

N, (2.5,2b)
+ ~ (~)1AM~+(z)J+ (mpiR)A(AxpR,), + (AZPR).]

I ~ n. ,~+Te(AX2m + Y2 + MPL(LjXPL + Ay2L

14M (2.5,2c)
+ (M"")i[(AXMo)! + (Ay.Mý)2] + (mRjAP)2 + (AYPR),2I}

IB Mo ~AXem AVe,, -MPL AP AP

N, (2.5,2d)
--I (%'me)i(Axm.).(Aym,). + (mpR)i(AxpR), (AVPR),}

=B Mom AXem AZGm _ mPLAxLZP

N, (2.5,2e)
17 {(MM,)-(AXM,)(AZM,)i + (MPR)L(AXPR)i(AZPR),l

=B - mAYernAZem - MPL AYPL AZPL

Nm (2.5,2f)

I{(rnM,) ,(AYM,)i(AZM,)E + (MPR),(AYPR),(A&zPR),}

NM
Y. = {flM..Ym + MPLXPL + *1[(Mmme),(xe). + (kMPR),(xPR),]I/m (2.5,3ab)

Nm

ZCR = JMm~ + MPLyPL + I (m.e)i(Zme), + (mPR),(ZPR)i]}/M (2.5,3 c)
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Because it has been assumed that the only mass changes are due to propellant
burn, in these expressions the only time variable quantitieF wvill be (m,"),, (XPR,, YPR,,
ZpR,). If we further assume that the propellant burns in such a way that the centre-of-
mass of the propellant of a given rocket motor does not change significantly (e.g. as
would be the case in rocket motors that are not end burners), then (XPR,, yPR,, ZPR,) are
not time variable and only (rhpR), need be considered. The latter is related to the specific
impulse of the rocket motor through the relationship (Reference 5)

* (flP)~= T,(t)/(I3 ~g) (2.5,4)

where g is the acceleration due to gravity, T,(t) is the thrust of the i-th rocket motor as a
function of time t, and I.i, is the specific impulse of the i-th motor.

Under these assumptions and with (2.5,4), rh, the moment of inertia time
* derivatives, and (ýC, i,,) may be readily computed. For the sake of brevity, an

exhaustive set of equations will not be given. Typically we have

NM
ii =i I [-T,(t)/(Ip,,g)] (2.5,5)

B= -2mo,(Ay,,ý,, + Az,,,e,) - 2 mL(Ayg,, + Az,,C)

NM
+ 1 {- 2 (mm.), [(Aym,),l) y + (AZM'), 4g] + (rhPR), (2.5,6a)

(A + (AzPR)y, - 2(m,,R),[(AyPR).,g + (AZPR),ticR}

*~ ~ *~=mem (icRAyem + AXemS'cj + MPL(xC 8 AyPL + Yc'&~XPL)

NM
- {-(mM),['kC(Ay•,l), + c(Ax•)] -,- (riPA), (2.5,6b)i=lI

(AxPR),(AyP•), - (MPR), [icg(AyPR), + /cR(AXPR),]}

Nm
{. =E [2 - T,(t)/(Il,)gj(x,,), - x:grh}m-m (2.5,7)
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The mass and moment of inertia characteristic formulations expressed in the
nonrotating reference frame F,' follow from the F8 expressions by incorporating the
simplifying assumptions used for writing the 17' equations of motion (see Section 2.3).
In particular, we have

I = I'. = IH. = 0 (2.5,8)

and IB = I (2.5,9)

Equations (2.5,8) and (2.5,9) are just the resuit of the mass and inertia
axisymmetry assumption used in developing the FB' equations of motion.

For the sake of brevity, the expressions for the F,' mass and inertia characteristics
will not be given explicitly.

2.6 Thrust Characteristics

In Section 2.3 the equations of motion were written in the reference F8 with the
thrust forces and moments written generally as (XT8 , YTB, ZT8 ) and (LT8 , MTB, NTB)

respectively. In this section these terms are examined in more detail.

The force terms (XT8 , YT8 , ZT8 ) depend on the time domain thrust characteristics
and the physical location and orientation of the rocket motors, This data must be known
a priori to the simulation and is provided as input data to the computer program in the
form of the thrust versus time look-up tables. The transformations used are summarized
in Appendix 2.

The thrust moments require a somewhat more detailed examination. They are
considered to consist of two components:

1) A moment due to the location and orientation of the thrust vector
relative to F8 (see Figure 4),

2) A moment induced due to fixed vanes or nozzle grooves onto which
the exhaust jet impinges.

Thus we have

L,, = (LT,),, + (L,,),- (2.6,Ia)
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MTV (MT0X1 + (MrB)n. (2.6,1 b)

NTB .(Nr,) + (N -)..- (2.6,1c)

These characteristica are rocket motor specific. It is assumed that such data is
"available for the rocket motors used in the simulation. It then follows that once the
orientation and location of the rocket motor thrust vectors relative to the vehicle are
specified, enough information is available to determine (Lr,8 , M;B, NT"') as given by
(2.6,1a) to (2.6,1c) (a detailed treatment is given in Appendix 2 of Volume 2).

An assumption that has tacitly been made in this description of the thrust effects
is that Coriolis forces and moments on the vehicle generated by the rocket motor exhaust
are negligible. This need not always be the case, particularly for the moments, if the
exhaust mass flow rate rh and the exhaust velocity vector relative to the vehicle V,, are
large. However, for vehicles in the class of CRV7/ BATS and ROBOT-9 using short
burn duration 70 mm (2.75 inch) rocket motors, these effects aie negligible and will not
be considered further in this report.

2.7 Vehicle Kinematic Restrictions While on Launcher

The presence of the launcher during the initial portion of the flight places a
number of kinematic constraints on the vehi-,e's motion. This section considers these
constraints for a rail launcher such as was used for CRV7/BATS and ROBOT-9 (see
Reference 1).

The hasic geometrical quantities are defined in Figure 5 1 he equaticns of motion
while the vehicle is on the rail are presented for the followirg assumptions:

* 1) The veh-cle is inechanica.iy coizctrained froir. tippirg Ltb-Iw-:rds or
forwards by the guide T-bolt until t.he T-bolt cleais the launch :•,j
(i.e. the vehicle is initially constrair.ed to movc along the ;,-axi. of
reference frame F.). In the case of CRV7/BAI'S Pnd ROBOT-9
there is also the launcher cage constraining the vehicie for part of its
travel on the launch rail (see Reference 1).

2} The quantity s, represents the distance the vehicle must move in the
,A-di, ecikn of F,, benote the gt.iii, i'-boi, dlear, Ehe iauncý rail. The
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bolt is assumed to be back far enough on the vehicle so that no

sigaificant tip-off may occur after it is clear of the rail and prior to the
whole vehicle coming clear'.

3) The vehicle may not move backwards on the launcher rail (i.e. i, is
never less than zero).

Under these assumiptions it follows that if the distance that the vehicle centre-of-
mass has travelled •,:• less than or equal to s5 , then the vehicle is physically constrained
,o move only in the launch rail direction, i.e. for s < srG we have

PB = qlf = r8 = v 3 = w 1= 0 (2.7,1a)

LB >1 0 (2.7,1 b)

vB = VB(0) (2.7,2a)

wB = wB (O) (2.7,2b)

PB = PB(0) (2.7,2c)

qB = qq (O) (2.7,2d)

rB = rB (0) (2.7,2e)

The nonzero cor'Citions (2.7.2a) to (2.7,2e' allow for a nonstationary launcher,

i.e. as would be tile case for a launch fýorn a ship in linear and angular motion.

The quantity s is defined precisely as

A _ Xj)2 2 ys v/(x,- x10) + (y, - y~o) + z1  (2.7,3)

where (x1 , y,, z,) are the vehicle centre-of-mass coordinates in F, and (x,., y,,, 0) are the
centre-of-mass coordinates when the vehicle is at rest on the launcher prior to first stage

ignition.

For s > sG, the governing equations are the unconstrained equations of motion
developed in Section 2.3.
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2.8 Wind Model

The aerodynamic model presented in Section 2.4 includes the wind velocities in FR
(FR') as (u,,, vB,, wB8) [(uA,, vB,, wA)], and has tacitly assumed that there is no variation
of the wind velocity from one point to another. This is equivalent to assuming that the
wind induced aerodynamic loads are determined by its velocity rate of change acting at
the centre-of-mass of the vehicle, an assumption referred to as the uniform-gust
approximation (References 2 and 3). This approximation is equivalent to assuming that
the wind velocity spectral content significantly affecting the vehicle response is at
wavelengths that are greater than the significant vehicle dimensions (Reference 3). This
assumption is reasonable when considering the rigid body dynamic response of flight
vehicles, particularly for smaller vehicles such as ROBOT-9 and CRV7/ BATS.

The wind velocity vector components relative to F, are most conveniently
expressed as components in F,, i.e. (W1 , W2, W3 ). These components may then be
related to the wind velocity components in FR with the rotation matrix LB, as given by
(2.2,2a), i.e.

(UB,, VB" Wn")T - LRI(Wi, W2, W3=) (2.8,1)

The simulation package has provisions for inputting (W1, W2 , W3) as functions of
altitude. This allows modeling of wind velocity atmospheric boundary layer effects,
vehicle encounters with jetstream regions, and so forth. As well, since meteorological
winds aloft data is usually given as a function of altitude, simulation of measured wind

conditions is facilitated.

2.9 Atmospheric Conditions

Since the ROBOT-9 and CRV7/ BATS vehicles have the capability to achieve
altitudes well above 9000 m (30,000 ft), an atmospheric model is required that takes into
account variations in density (Q), temperature (TA), pressure (PA), and the speed of
sound (a) as a function of altitude above sea level (hAs,).

The models used are bas-ed on the U.S. standard atmosphere (1962), as is common
practice in aeronaatical ,sgineering, and are valid xithiu the troposphere, i.e. for
hAsL t 11, IGO m (36,000 ft) (see Reference 6). They are given by
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"TA = 288.15 - 0.0065 hASL R (2.9,1)

PA = 101300.(TA/288.15)5 25 5  (2.9,2)

Sa = 20.0463 VTA (2.9,3)

Q 0.00348454 PA/TA (2.9,4)
where

R = r•/(hASL + rE) (2.9,5)

TA is in degrees Kelvin, PA is in Pascals, a is in meters per second, Q is in kilograms per
* meter cubed, hASL is in meters, and rE is the Earth's radius to the sea level datum,

* r, = 6.3567658 x 106 m (2.0855531 x 107 ft).

From the factor R it is also convenient to compute the variation of the
acceleration due to gravity as a function of altitude, i.e.

Sg = goR2 (2.9,6)

where g. = 9.80667 m/s 2 (32.1741 f/s 2).

Provision has been made in the simulation package to vary the temperature and
pressure (and thus the density) from thc standard values by allowing altitude dependent
per cent deviations from standard conditions.

2.10 Aspect Angle Equations

For target and fi:'ght test applications, it is frequently necessary that til vehicle's
aspect azimuth (LA) and elevation (1,1 angles be known -.ith respect to an observer at F,
(see Figure 1). This section presents equations for LA and LE in terms of the ;ocation and
orientaiion of F, relative to that of F,.

It is assumed that the x-y planes of F, and F, are parallel, i.e. that F, may be
rotated to F, through a rotation y, about the z-axis of F,.
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Let the vector position of F, relative to F, be Rr, and that of tne vehicle centre-
of-mass relative to the origin of F, be R (see Figure 6). It follows that the vector
position of the vehicle relative to F, is given by

RT = R - Rr, (2.10,1)

or in matrix notation

R T = LrRR - LrTRR-, (2.10,2)

where LT, is the rotation matrix rotating vector components in F, to components in FT,
and is given by (2.2,4a).

* Equations (2.10,2) may be written in scalar form as

XT (xI - XTI)COSIjT + (Y1 - yT,)sintPT (2.10,3a)

Yr = - (x1 - xrj)sintPr + (y1 - YTI)COSrPT (2.10,3b)

zT =zI - Zr, (2.10,3c)

From the definition of 1, and 4, in Figure 1, it follows that

4, = arctan (yr/Xr) (2.10,4a)

IE = arctan (- zT/ XT) (2.10,4b)

3. BALSIM SOFTWARE DESCRIPTION - GENERAL

The dynamic model described in the previous chapter has been implemented in the

BALSIM simulation package. All coding was carried out using IBM FORTRAN for the
* H-extended compiler. The package has been debugged and tested on the IBM 3033

computer, and has been used to predict the dynamic characteristics of the CRV7/ BATS

and ROBOT-9 vehicles.
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The software is currently being installed on VAX11/780 and Honeywell
DPS-8/70C computers.

The software consists of a MAIN program plus nine subroutines making up
approximately 885 FORTRAN source statements. There are no subroutines or
functions, other than these, that are not available in standard FORTRAN on-line
libraries.

The software userbook is given in Appendix 1 of Volume 2 with a source
language listing of the package.

P

3.1 Software Capabilities

The dynamic model implemented with the BALSIM package has already been
discussed in detail in the previous chapter. Its limitations will not be considered further
here.

The package was developed with the objective of providing a convenient basis for
inputting the characteristics of multistaged rocket vehicles and predicting their dynamic
rigid body characteristics. By appropriately modifying the input data set, it provides for

1) nominal and off-nominal vehicle mass, inertia and thrust
characteristics,

2) different motor types,

3) Mach number dependent aerodynamic characteristics,

4) structural production tolerances,

5) system failures (e.g. stage and fin failures),

6) moving launchers,

7) user specified initial conditions,

8) user specified payload characteristics,

9) tabular output in either metric or ELiglish units, and

10) multiple case runs.

As well, with minor software modification, response calculations may be stored
on disk for subsequent use with other software (e.g. plotting software).

UNCLASSIFIED
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3.2 S(ftware Limitations

LA its curre-nt form the software is not intended for use in the following types of
simulations:

1) Bzllistic rocket vehicles with control surfaces.

2) Winged flight vehicles.

3) Non~rigid vehicles,

4) Simulations where the inertial flat Earth approximations am invalid.

3' Vehicles wihere the stagi:ug process involves phys~cally releasing, rocket
motor scagcs.

Lirrnitations (1) and ý5) may be removed with relatively n'Jnior alturb1 ions to the

dynamic mok-del of Chiapter 2 with coirepponding changes to the software.

3.3 Numerical Integrati-c Algorithm

TM' numerical integratinn 31gorithm us(-,A to solve thbý system ef ordinary
differential equations dcscribing the velhicle's dynamics is a fixed step-size, fL.rth orL'er
Runge-Katta methed (sec Reference 7). Pr.,visii.n hos bcen made for "J,- specification
of two step sizes, one for use du~ring racket mnx'or burns,~ ane, the other ;or use during
coasting flight. The Yatter technique was fou-.d to cons.h2: ably reduce CPU time in
certain simulations.

3.4 Soj'lware Testing ani Executioni Tirles

The BALSIM package has beer used extensively to rcitthe performance and
dynamnic characteristics of the CRV7/ BAVfS and ROBOT-S, vehicles. These predictions
have been used to define the nominal. dispei~ion 3ad Wat Ny-envelope characteristics (see
References 8 and 9) of these vehicles,

Flight test data obtained early in the development of CRV7/ BATS (see
Reference 1) was used to updatc and validate the aerodynamIc model that has be~n
employed. More recent com-arisons -with flight test data havL also pro-e.) to be
satisfactory (also see Reference 1).

UNCLASSIFIED
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BALSIM predictions have also been evaluated for consistency by comparing
results obtained using the equations of motion written in F,, with those written in Fe',
with satisfactory results.

The execution CPU time of the package will depend on the computer used, on the
step sizes chosen, and on the duration of the flight time simulated. For dtl.e (BM 3033
computer, the following CPU exýcution [t-,-,,5s ,cc bstivWd Ior simulations of the
ROBOT 9 vehicle using a 0.05 second integration step size, and a 1.0 second tabulated --

output increment:

1) Foi 8 cases averaging 108 simulated' flight seconds per zase. thM
"execution CG1U dine wa- 343.4 seconds, yielding a 0.4 seconds CPU
execution time -cr simu!dted flight second ratio. -

2) The compilation CPU time with the. H-extended compiler we
25 seconds.

3) The linkage editor CU time was 1.6 seconds.

This ccmpletes tthe generai description of the BALSIM software package.
Detailed user related data iE given ';r Volumre 2.

4. SUMMARY

Six degfee-of-freedom, rigid body equations of motion suitable for modeling the
dynamic characteris, ics of multistaged, free-flight, ballistic rockets have been 1 igorcusiy
developed, and have been implemented in a FORTRAN software pavkage ca!led
BALSIM. This package allows for modeling of vehicle thrust and structura!
asymmetries, time-varying mass and inertia characteristics, variable wind conditions,
nonstandard atmospheric conditions, stage failures, and different rocket motor types.

The EALSIM package haa been successfully used to predict the performance and
dynamic characteristics of the CRV7/1BATS and ROBOT. 9 vehicles both with and
without moving launchers. It will be adapted for use with the VAX11/780 and
Honeywell DVS-8 computers in the near future.
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9. cjz
WZ Wfin = WBCOS~fin + vBsinfB

(A L6 afin = arctan (Wf in/UB)

1JJR FR

CYLINDRICAL
COORDINATES OF
POINT A
ARE (XA, rA' +A)-

-fin XA

PSEUDO

FIN

LII
A

dfin IS MEASURED I
"RELATIVE TO THE LOCAL
PLANE OF SYMMETRY
AND IS REFERRED TO AS k
THE PSEUDO FIN CANT ANGLE R

(see DDFIN in Appendix A)

JR

A A +A

T-BOLT I

FIGURE 4

VEHICLE CYLINDRICAL COORDINATE SYSTEM
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s= distance vehicle has moved
along launcher rail relative
to rest position

VEHICLE
CENTRE-OF-MASS LAUNCHER

WHEN AT REST
ON LAUNCHER

S/" T- BOLT

-GROUND

FIGURE 5

VEHICLE KINEMATIC CONSTRAINTS WHILE ON

LAUNCHER GEOMETRY

UNCLASSIFIED



*UNCLASSIFIED SM 1081

(IIq

Ci)J

w I-

-J-

00

* I >0

00

-. 0-W

OMI-

UNCILSSIFIE



B - 4 UNCLASSIFIED

This Sheet Security Classification

DOSLI.U:NT CONTROL DATA - R & 0
ISecut I% cleslific 'ion jf ,i.|o. ,odV of •ol"Irlct and Indexing annotmion mnust be entered when the overall document is cleeafoiqdl)

ORIGINATIN.3 ACTIVITY 2a. DOCUMENT SECURIT CLASSIFICATION I
Defance Research Establishment Suffield UNCLASSFID

Ra.ston, Alberta 2b GROUP

i3 DOCUMENT TITLE

DA NonliTear Six-Degree-Of-Freedom Ballistic Aerial Target Simulation Model (U)

4 DESCRIPTIVE NOTES (Type of report end incluslve dates)
Suffield Memorandum

3,, AUTHORIS) (Last name. first name, middle Initial)

Markov, A.B.

6 DOCUMENT DATE 7a. TOTAL NO. OF PAGES 7b. NO. OF REFS-- _ " FebrLary 1984 91 9

8.. PROJECT OR GRANT NO. go OnliGINATOR'S DOCUMENT NUMBER(S)

21V10 SM 1081

SCONTRACT NO. 9b. OTHER DOCUMENT NO.IS) (Any vther numbers that may beSassigned thoG document)

10. DISTRIBUTION STATEMENT .

11. SUPPLEMENTARY NOTES 12. SPONSORING ACTIVITY
DRES
Ralston, Alberta

13 ABSTRACT

Six degree-of-freedom, rigid body equations of motion are described

suitable for modeling "he dynamic characteristics of multistaged, free-flight,

* ballistic rockets such as the VIES developed aerial targets CRV7/BATS and

ROBOT-9. These eqiiations of m'tion form the core o' a FOPTRAN simulation soft-

ware package called BALSIM. This peckage allows for modeling of vehicle thr'!st

and structural asymmetries, time-iarying =vss and inertia characteristi-;s,

variable wind conditions, nonstandard atmospheric conditions, s.age failures,

and differeat rocket motor types. The BALSIM package has becn ",ritten in IBM

FORTRAN 1I and has been tested on the IBM 3033 computer with the H-extended

compiler. It is currently being adapted for use wit.h the VAX11/780 and

* Honeywell DPS-8/70C computers. (U)

* *--- SIS

".94?,



nThis -~-' ty Classifizoti-

Aerial Target3
CRX' /BATS
Flight Dynam~ics
ROBOT- 9
Stability anJ Control
3ix, degree-of-f ,-eedom simnulat ion

INSTRUCTIONG

I ORIGINAl INO AC;TlVsTY 'ntsti tMe name and areiress of the 9.OTHER ý"OCUMFFýT NUMBER(S) If 'he document has been
III gilumit soi ~~ii~itoo the i1Lotument assigned any other documbot numbers eiather by the orijbinsatr

2a DOCUMENT SECURI rY CLASSIFICATION Enter the 'qv~rallorb hspnr)aloetrhirum rs.

security clamssification o'ý the document including spsaclel warning 10 DI,ýrRIBUTIO.\l S1 AfEMENT Enter any limitations on
foirms whiellilfe appiccitsle further crissnitiination of tihe document, o~the'r than those impoied

by security classification, using standard statements such as
lis GRtOUP I wer security roerlassificenton group nurmber. TP** three

%poopti iii itilmo nr~li Apper~dit 'M' of this ORB Sect-jii'ty qsgulations (1l "Qualified req~uesters may obtain copies of this
documt~rit from their defensce d~lcumentation center

J 0OCJMF N I TITLI: Lis,,,i ihe complete doca*meAIl title in aisi
1 1011111 ltfi'ti,. T" 'ý ". Mi 11Cd-1es should be unclausiftad! If a (21 "Annouri:einent and disseminatiorn of this document

ScOf~ISCrIP11 lifýII~CIVC ittit cannot bto SeILa.ad without classifi is no: authorized withCut prior approval fron-
I tmit. show tile ldssiticetion with the usua~l one caprtak~atter originating activity."

.1 birvdtin II prf-ithsesimms~inolyfolowig te ttle11. S JPPLEMEN ,ARY NOTES Us., for additional ex, l'-'atosr'.
4 ')[ SCRIPT lyE NOTES Eisler the c-itogory cs& document. a no'es

,-htIscai oport technical note or technical latter If appropri
'It. i'nui' the typo- (A document, e.g. interim, progress, 12 SPONSORING ACT;%/!-.Y En'ter the npý a of the departircwfistal
staoittr ry. ainnuel or fInil Give the inclusive date.s when a project osffice or laboratory Wpn5r)ring the ris~arch and
%oi L-ic reiporting per.otI is coveted divalopment. Inciwde address

5 AUTHOR1SI E,.tijr the' iuma(s) of euthorht' as shown on or 1J A3STRACT Enter an abc~ract giving .Ir-ei arid facturu'
mi tho dociuineil Ewots iti,t nei'r, firist nains, minirdle initial sumrr~rV of the document, even tiolugh it may 31so apvgar
If ii, ltitry, show railk This name of the~ principal author is an elsewhere in thea body of the doscument itself It is highly
absislute mirt'mum reqiiiritinent deasirAble that thri abstzect of cla~siflata civicuments be unclassi

tied. Each paragraph of the abstract shav' owt' oith t'n
6 DOCUMENT DATE Erste! the date it~ionth. year) of iiidic~tion of the se.--urity classifisation of II, ioaarrna~io.

Est.,z lshIT~nin approval for publication of the document, in the parogirwh (ui;;,ss 'h* document itse~t is unciatsifiril
represented as irS), IS'. iC), (A), or (U)

hi TC5TAI NUMB:-R 'rF PAGES 1h. total page count ah~uld
ifivvri ..o misel pagoin iiio,% Wncedural, a , enter the number The leng~th aý the 3,1litract fiboulo 4Ae limited to 1'0 singfe-spaced
)Ipngss Irrititinmiug it-orination standard typewritten lines 7-/# inches ion;

t0 NJUMt3f If Of~l I* LRtUJ E") Entet the total number of 14 KEY WOROS Ki v worls Te ittzhnicaliv rmeaningfusl terms or
*ffo iriiiii .11 tr lnit., l'-ii tstwil' short 4ý.wirixa~iss e characterize a rlnctimarilfind court he helft)uI

in calwtnginpg the doci.moni Key words ihould hit soitor ted so)
ii "OltI Oft1 (iAN t NUMBER fIt aporopriatts, einter the that no %scuoity cles%ifictiion is reclisized Identifier%. %uch as

-iippir ribhi 'It itýsl1 %,-1, intl ivioolimifnt pr otir Is. graut number eqiuipmnsht morlal idesignatsion. trirle Fiamrs military project codfe
"fit-i' VIiiu Iitu fil, (it -mmlt kviis wrilt tar nitme, geographic .ocstion, may ha used as lary wo ifs but will

* ~ ~ ~~~8 t , CONT14ACT NUMBER If Ai!opropriatit minen the applicabletifllwdbanniciooftihilcott

i-vit ir ut fit' vshith Itht hi rotum.sn, .ves written

I i~ ORIGINATOWtS 0OCUMUNT NUMBER(b) Enter the
of sisal reioctiini'ii iiitomoi by t'which the drtoument w'iil be
*ttttiinilsl ti (nt r orirltri by' the origiiiatinir) activity This
it, tube' tout bt ha tntici i- ) this doctonent


