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ABSTRACT .
=
/y;ix degree-of-freedom, rigid body equations of motion are des-
cribed suitable for modeling the dynamic characteristics of multistaged
rocket-boosted maneuvering aerial targets such as the DRES developed
ROBOT-X. These equations of motion form the core of a Fortran simula-
tion package called FLISIM. FLISIM is currently installed on a
VAX 11/780 computer and allows for modeling of vehicle thrust and
structural asymmetries, time-varying mass and inertia characteristics,
autopilot control laws, autopilot update rates, autopilot sensor non-
idealities, nonlinear aerodynamic characteristics, variable wind condi-
tions, turbulence, nonstandard atmospheric conditions, stage and indi-
vidual motor failures, different rocket motor types, anérparachute
deceleration dynamics. The FLISIM software package has been developed
in two versions (FLISIMV1 and FLISIMV2) using two different aerodynamic
models. Both are written in VAX 11 Fortran and run under the VMS
Operating System. FLISIM is fully supported with a plotting software
package (PLTSIM) developed around Tektronix PLOT 10 core software.xf
Volume 1 describes the development of the equations of motion.
Volume 2 is the FLISIM software userbook. Volume 3 contains FLISIM

source code listings.
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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 B ) Aerodynamié force vector applied to the
vehicle notﬂincluding thrust forces and
parachute forces.

2, ag Vehicle centre—-of-mass acceleration vector
relative to inertial space.

a Speed of sound (m/s).

b Reference length (span of wing for winged
flight vehicles) (m).

Ch (Total drag) / (qDS), vehicle drag coeffi-
cient.

CD . Cg Partial drag contributions, see Volume 1,

1 1 . ,
Section 3. ’
CL : (Total 1lift) / (qDS), vehicle 1ift coeffi-

cient.

xi
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LIST OF SYMBOLS (cont'd)

CL . CL Partial 1ift contributions, see Volume 1,
1
' Section 3.
aC
CL 3 le (/rad).
o
cﬁ, c§ L, /(qySb), L, /(qySh).
B Ay
ct, o M, /(qpS0), M, /(g 59).
B Ay
Cm s Can Partial pitching moment contributions, see
1
Volume 1, Section 3.
cd, N, /(qySb), N, /{qySb).
B Ay
Cp T/(qDS), thrust coefficient.
Cy mg/(qDS), weight coefficient.
B
Cx XB/(qDS).
B
Cy YB/(qDS).
B
c, ZB/(qDS).
c Mean geometric chord (m).
xii
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LIST OF SYMBOLS (cont'd)

Mean aerodynamic chord (m).

Total drag.

External force vector acting on the vehicle

centre—of-mass.

Body-fixed reference frame with origin at
the vehicle centre-of-mass, see Figure 3 of

Volume 1.

North pointing Earth-fixed reference frame,

see Section 2.2 and Figure 2 of Volume 1.

North pointing inertial reference frame, see

Section 2.2 and Figure 2 of Volume 1.

Launch site reference frame, see Section 2.2

and Figure 2 of Volume 1.

Launcher reference frame, see Section 2.2

and Figure 2 of Volume 1.
Body-fixed reference frame to which nominal

aerodynamic characteristics are referenced,

see Figure 3 of Volume 1. -

xiii
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LIST OF SYMBOLS (cont'd)

FR Structural body-fixed reference frame with
origin at nose datum time, see Figure 3 of
Volume 1.

FT Stand~off Earth-fixed reference frame, see

Figure 2 of Volume 1.

FW’ FWN Wind axes reference frames, see Figure 4 and

Section 2.2 of Volume 1.

g Acceleration due to gravity (m/s2).
g, Nominal sea level acceleration due to gra-
vity (m/s2),
h Vehicle angular momentum vector about
centre—of-mass.
hASL Altitude of vehicle centre-of-mass above sea
level. '
sp Specific impulse of i-th rocket motor.
i
B B . . . .
Ixx’ Iyy’ Vehicle moments of inertia about its centre-
of-mass written as components in FB.
(L, , M, , N, ) Aerodynamic moment components in F_ not
AB AB AB B

including thrust and parachute moments,

about centre-of-mass.

xiv

UNCLASSIFIED




UNCLASSIFIED

LIST OF SYMBOLS (cont'd)

Thrust moment components in FB about centre-

of-mass. *

See Section.S of Volume 1. .
See Section 5 of Volume 1,

Aerodynamic moment vector acting about the
vehicle centre-of-mass not including thrust

moments or parachute moments,

Aerodynamic parachute moment vector acting

about the vehicle centre-of-mass.

Thrust moment vector acting about the

vehicle centre-of-mass.

Vehicle total mass.

Mass of the;i—th airframe component.

Mass of i-th rocket motor less propellant.
Mass of i-th rocket motor's propellant.
Total numbg; of rq;ket moto:s.

Atmospheric pressure.
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LIST OF SYMBOLS (cont'd)

N

Angular velocity components of FB with
respect to FI written as components in FB'
Dynamic pressure, %pV? (Pa).

Position vector of vehicle centre-of-mass
relative to FI'
Position vector of vehicle centre-of-mass
relative to FT.

Position vector of RT relative to FI'

See equation (7,5) of Volume 1; also the
magnitude of the range vector depending on

the context.

Radius of the Earth to the nominal sea level

datum plane (m).

Reference area (projected wing planform area

for winged vehicles) (m2).

Distance the vehicle has ﬁovéduéiong the
launcher from its rest position (see
Section 8.1 of Volume 1) (m).

Xvi
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LIST OF SYMBOLS (cont'd)

Launch rail guide length (see Figure 14 of
Volume 1) (m).

The length of vehicle in front of the
launcher while the vehicle is at rest on the
launcher (see Figure 14 of Volume 1) (m).
Thrust vector.

Atmospheric temperature (degrees Kelvin).
Thrust of the i-th rocket motor (N).

Components of V in FB.

Components of XE in FB.
Components of W in FB.

Airspeed vector.

Velocity vector of the vehicle centre-of-

mass with respect to FI and FE. -

Magnitude of ¥ (m/s).

%

2 2
(UB + WB ) (m/s).
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I

Aerodynamic force components in FB’ acting

at the vehicle centre-of-mass not including

thrust and parachute contributions (N).

Aerodynamic parachute force components in FB

acting at vehicle centre-of-mass (N).

Thrust vector components in FB .
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FR (m) .

Components of BT in FT (see Section 8.2 of
Volume 1) (m).

Components of R in F

B (m) ,

Components of R in FI (m) .

Coordinates of the centre-of-mass of the

empty motor case of the i-th rocket motor in

FR (m),
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LIST OF SYMBOLS (cont'd)

(Xi’ Yi’ zi)

[t sr Gppdyr (Fpg)i)

Coordinates of the centre-of-mass of the

i~th airframe component in Fp (m).
Coordinates of the centre—-of-mass of the
propellant of the i-th rocket motor in FR

(m).

Fuselage reference line angle of attack of

vehicle.
Angle of sideslip of vehicle.
Pitch Euler angle of FB.

Aspect elevation angle of vehicle relative

to Fy (see Figure 2 of Volume 1).

Aspect azimuth angle of vehicle relative to

Fo, (see Figure 2 of Volume 1).
Air density (kg/m3).
Euler bank angle for FB.

Cylindrical coordinate (see Figure 5 of
Volume 1). .

Euler azimuth angle for FB.
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LIST OF SYMBOLS (cont'd)

Euler azimuth angle for

Euler azimuth angle for

Euler azimuth angle for

Angular velocity vector

to FI.
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NOTATION CONVENTIONS

BCC

Generalized aerodynamic derivative notation, 35 le where CA is

a nondimensional aerodynamic coefficient, specified by the sub-
script A, in reference frame FC, s is a dynamic variable, and
the 'e' notation indicates the aerodynamic derivative is eval-

uated at equilibrium,
Reference frame A.

A rotation matrix rotating components of a vector expressed in

FB to the components of the same vector expressed in FA.
Vector quantity X,

Vector cross-product of X and Y.

A matrix X.

X expressed as components in Eye

The transpose of X or the components of a vector X expressed in
the reference frame FT(context will determine which interpreta-

tion is intended).

Indicates a parameter X estimated in the flight control system

algorithms (used primarily in Volume 2). -
A column matrix x. |
xxi
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NOTATION CONVENTIONS (cont'd)

X, A quantity x whose value is computed for an aerodynamic quasi-
. steady equilibrium condition.
, X, A quantity x sensed through the flight control system sensors

(used primarily in Volume 2).

xxii
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1. INTRODUCTION

Since 1979 DRES has been involved in the development of rocket
boosted targets for use by the Canadian Forces (CF) in various high
speed aerial target roles. This work included the development of
ROBOT-5 in a joint US Army/DRES program that undertook to modify the US
Army BATS target for use with the higher specific impulse Cl4 (CRV-7)
rocket motors under the auspices of a joint US-Canadian TTCP agreement,
the development of ROBOT-9, an all CRV-7 free-flight, multistage
ballistic target, ROBOT-X, a maneuvering aerial target (Figure 1), cap-
able of low altitude hold simulating an antiship missile, ROBOT-SX, a
clipped wing supersonic dash ROBOT-X configuration and ROBOT-LRX, a
novel short to medium range supersonic dash aerial target configura-
tion. Of these systems, ROBOT-5, ROBOT-9 and ROBOT-X have flown, while
ROBOT-SX and ROBOT-LRX have undergone wind tunnel testing,

To support the development of these targets computer simulation
models were required that predicted the dynamic characteristics of the
vehicles, modeled the closed-loop characteristics of the control
system, and in general provided the means of modeling all of the rele-
vant characteristics of the flight vehicle in determining perfofmance,
stability and control characteristics. Environmental effects (e.g.
wind, nonstandard atmosphere and so forth) also had to be taken into

account.

No existing software was available to DRES that met these
requirements while at the same time permitting some configuration vari-
ation in terms of mass, aerodynamic, control system, propulsion unit
and environmental characteristics. DRES thus undertook the development

of the required simulation software.

UNCLASSIFIED
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As a result, two main simulation packages have been develope&.
The first, and less sophisticated package was developed in support of
six degree—-of-freedom (DOF) simulation of free-flight rocket boosted
targets (e.g. ROBOT-5 and ROBOT-9) in the period September 1980 to
December 1981 and, since this initial development, has undergone a gra-
dual revision and improvement process that has included addition of
extensive plotting software. This package was designated BALSIM
(BALlistic SIMulation) and is currently resident on a VAX 11/780 com-—
puter at DRES. The initial version of the package is fully documented

in Reference 1.

The second simulation package, referred to as FLISIM (FLIght
SIMulation), was developed in response to the increasing sophistication
of the rocket-boosted targets under development at DRES and in particu-
lar towards meeting the need to have six DOF simulation of "flying"
systems including modeling of the closed-loop control characteristics.
BALSIM has no capability for modeling nonballistic systems, and, in

particular, systems with control surfaces.

The FLISIM"sbftware is based in part on simulation software
developed at the University of Toronto Institute for Aerospace Studies
(UTIAS) in support of the computations carried out for Reference 2.
FLISIM software is resident on a VAX 11/780 at DRES, and was developed
using DEC FORTRAN Version 4.8-276 (an extended version of FORTRAN 77)
and run on the VMS Version 5.1 Operating System. It is available in
two primary versions (FLISIMV1 and FLISIMV2), the differences in the "
two versions consisting solely of differences in the aerodynamic model

formulation. ) ) -

In addition to the FLISIM software itself, there are a number

of associated software packages that may be used in conjunction with
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FLISIM, including a plotting package developed around Tektronix PLOT 10
software, and aerodynamic model generation software. DRES six DOF sim-

ulation packages and associated software are summarized in Table I.

Both BALSIM and FLISIM software have command procedures that
facilitate user set-up and execution in batch and interactive modes.
Both packages, including software, have been successfully utilized
using DEC VT100 (with Retrographics), Tektronix 4112, 4105, 4107 and

4114 terminals.

Tt is the intent of Volumes 1 and 2 to provide documentation of
FLISTM and associated software in sufficient detail to permit users

familiar with FORTRAN to run the program.

Volume 1 documents the simulation model. Section 2 develops
the dynamic model and summarizes its limitations. Section 3 describes
the aerodynamic models associated with FLISIMV1 and FLISIMV2.

Section 4 describes the mass and moments of inertia models. Section 5
describes the thrust model. Section 6 describes the wind and turbu-
lence models. Section 7 describes the atmospheric model. Section 8
describes equations developed to compute a number of auxiliary para-

meters. Finally, Section 9 gives a general software description,

Volume 2 is intended as an essentially self-contained userbook
for FLISIM.

Volume 3 contains source code listings.

UNCLASSIFIED
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2. EQUATIONS OF MOTION

This section summarizes the key features of the dynamic model
programmed into the FLISIM package. The basic six DOF equations are

derived in the following subsections.

2.1 Fundamental Assumptions

Several overall simplifying assumptions have been made in the
derivation of the equations of motion. They are valid for rocket-
boosted flight 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 single rigid body.
Assumption 2 implies that there are no dynamically significant
contributions due to rigid bodies spinning relative to each other,

e.g. rotors.

2.2 Reference Frames, Rotation Matrices and Angular Velocities

In the general case both an Earth-fixed (say FE) and an iner-
tial reference frame (say FI) must be defined. Because of the first
simplifying assumption of the previous section, these reference frames -
are both inertial. Thus let FI be an Earth-fixed inertial reference
frame whose origin is at the centre-of-mass rest position of the

vehicle on the launcher, whose x-axis points to True North, and whose
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z-axis is nominally downwards (see Figure 2). The y-axis follows from
the right hand rule.

FE has axes that are parallel to FI but an origin located on
the sea level datum at the point where the z-axis of F. intersects the

I
datum.

A third, inertial Earth-fixed reference frame that is useful is
the launcher reference frame FLA‘ The origin of FLA coincides with
that of FI with the x-axis pointing in the launch direction and the
z-axis being nominally downwards (see Figure 2). The y-axis follows

from the right hand rule.

A fourth Earth-fixed reference frame which is occasionally

required is FL, the launch site reference frame. As for F the ori-

LA?
gin of FL coincides with FI with the x-axis pointing along the projec-
tion of the initial flight path onto the horizontal plane and the

z—axis being nominally downwards.

A fifth Earth-fixed reference frame which is occasionally
required is that of a reference frame FT placed at some distance from
the launch site. This reference frame is used to compute the aspect
angle of the flight vehicle relative to a designated site. Since the
location and orientation of this reference will depend on the particu-

lar application, it is defined only generally in Figure 2.

Other Earth-fixed reference frames are used in specialized sit-

uations. These are defined as they arise in the text.

Since the aerodynamic forces are most conveniently expressed

with respect to the vehicle, a body-fixed reference frame FB will also
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UNCLASSIFIED 6

be used. The origin of FB is located at the vehicle centre-of-mass.

In vehicles that are axisymmetric, the x-axis is on the axis of sym-
metry 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 3.

A second body-fixed reference frame that is useful in specify-
ing the vehicle's mass, inertia 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 FR 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 FR may be
any convenient location on the nose datum plane, and the x-axis nomi-
nally 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 3).

A third body-fixed reference frame about which the nominal
aerodynamic characteristics are expressed is the reference frame FN.
FN has axes that are parallel to FB but an origin that generally does
not coincide with that of FB'

Other body-fixed reference frames are occasionally used in the

development of the simulation model. These are defined as they arise.

They include the following:

1. FR - A reference frame of arbitrary origin and orienta-

tion attached to the i-th airframe component.

2, F - A reference frame that has an origin located at the
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centre-of-mass of the i-~th component and axes that
are parallel to FB.
3. FA - A reference frame whose origin is at a body-fixed

accelerometer triad and whose axes are parallel to

FBO

4, FTH - A reference frame whose origin is located at the

point of action of the thrust vector of the i-th
rocket motor, and its x-axis is in the negative

thrust direction.

Wind axes FW are used in specifying certain aspects of the
aerodynamic forces and moments acting on the flight vehicle. The ori-
gin of FW coincides with that of FB’ i.e. it is at the centre-of-mass,
and its x-axis is always aligned with the velocity vector V. 1Its
z-axis is in the plane of symmetry and its y-axis orientation follows

from the right hand rule (see Figure 4).

Wind axes FWN are identical to FW except that they have an ori-

gin located at the origin of FN'

In the following, use is made of a number of notation conven-
tions. In particular if Lo denotes a rotation matrix relating the

components of a vector V expressed in FA (gA) to the components of the

same vector in Fp (ZB), then

¥ o= Ly _ (2.2,1)
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The following definitions, geometric relationships and

matrices, will be émployed in the presentation of the equations of

motion.
1. The rotation matrix relating FI and FB:
1 0 0 coseB 0 —31n9B coswB 51an 0
Lyr = |0 cosdy sing, 0 1 0 —sinpy cospy 0 (2.2,2a)
0 —51n¢B cos¢>B 51nGB 0 coseB 0 0 1
L . AL _
©or
B 7]
cgseBcost coseB51an —s1neB
LBI = 51n¢B31neBcost 51n¢Bs1n6351an s1n¢BcoseB (2.2,2b)
—cos¢351n¢B +cos¢BcosxbB
cos¢351neBcost cos¢B31neB51an cos¢BcoseB
+s1n¢Bs1n¢B —51n¢Bcos¢B
= (157 1 (2.2,2c)
1]

where ¢B, GB and wB are the Euler angles defined in

References 4 and 5.
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2. The rotation matrix relating FI and FLA (see Figure 2):

) coseB 0 —31nSB
o o
LLAI = 0 1 0 (2.2,3a)
— —— e 51neB 0 cosGB,
o o)
= [lLAI..] (2.2,3b)
1]

3. The rotation matrix relating FI and FT (see Figure 2):

cosxpT sin\bT 0
Lpp = —sing, cosp,, 0 (2.2,4a)
0 0 1
= [lTI-.] (2.2,4b)
1]

4. The rotation matrix relating FTH and FB (see Figures 3 and
i ,

8 and cf. equation (2.2,2a)):
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-
—coséTH.coseTH. 51n5TH.coseTH_ —s1n6TH.

i i i i i
(2.2,5a) -
LBTH.= coséTH.31neTH.51n¢TH‘ uSlnéTH.SlneTH.81n¢TH. —COSGTH.Sln¢TH.
i i i i i i i i i
+ SlnéTH.c°S¢TH. + C056TH.COS¢TH. -

i i i i

0056TH.Sln9TH.C°S¢TH. _SlnﬁTH.SlneTH.c°S¢TH. —coseTH.cos¢TH'
i i i i i i i

i
- SlnaTH.31n¢TH. - costH.51n¢TH-
i i i i
= [(lBTHi)ij] (2.2,5b)
5. The rotation matrix relating FN and FB:
Loy = I (2.2,6)

where I is the identity matrix. This implies that

L‘NI = LBI (2.2,7)

6. The rotation matrix relating FW and FN’ and FW and FB:

-
cosBcosaf —s:LnBcosaf -sina.

LNW = LBW = sinf cospB 0 (2.2,8a) -
Luc_:-osB51naf —51nBSLnaf cosac
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=*'[1Nw 1 =11 ] (2.2,8b)

ij ij

where the aerodynamic angles ar and B have been interpreted

as an ordered rotation (-B, Or, 0).

- 7. The rotation matrix relating FR and FB:
-1 0
LBR =10 1 0 ] (2.2,9a)
0 -1
= [1BR..] (2.2,9b)
1]
8. The angular velocity of the vehicle with respect to FI
written as components in FB:
B _ T
woo= (PB, QB’ RB) (2.2,10)

9. The angular rate cross-product matrices (Reference 4,

Section 4.6), in F

+
.

B

B 0 —RB QB
W = | Ry 0 ~Py (2.2,11)
—Qp B 0
UNCLASSIFIED




10.

11.

12.

UNCLASSIFIED ) 12

The airspeed vector of the vehicle written as components in

FB:

B _ T
v = (Ug, Vg, W) (2.2,12)

The groundspeed vector of the vehicle with respect to Fy

written as components in FB and FI:

v = (U

Ve v, o, W) (2.2,13a)

£ ’
BE BE BE

I - . . ¢« T
y‘E = (XI: YI, ZI) (2.2,13b)

The aerodynamic angles (see Figure 3):

a. = arctan (WB/UB) (2.2,14)
B = arctan (VB/sz) (2.2,15)
where
A =(U2+W2)%. (2.2,16)
Xz B B T
V= (U,2+V,2+W 2)% (2.2,17)
B B B te

Here a is the angle of attack of the x-axis of FB, B is the
angle of sideslip of the x-axis of FB, V is the airspeed,
and VXZ is the magnitude of the airspeed vector component

along the x-z plane of FB. : )
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The geometric relationships (see Figure 3):

UB = VcosBcosaf (2.2,18a)
VB = VsinpB (2.2,18b)
WB = Vc05551naf (2.2,18c)

The wind velocity with respect to FI (or FE) written as

components in FI and FB:
W=l = Wy, W, W) T (2.2,19a)
B _ T
W = (UB R VB s WB ) (2.2,19b)
g g g

The acceleration due to gravity written as components in

FI (FE):

gE = gI = (0, O, g)T (2.2,20)

The aerodynamic forces (not including thrust forces) writ-

ten as components in F_, F._ and EW:

B’ N
AB = éi = (XA ’ YA ) ZA )T (2.2,21&)
B "B B
N T
A= X, ,Y,,2Z,) (2.2,21b)
S T
W_ o T .
Ay = (D, Y, 1) (2.2,21c)
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17. The aerodynamic moments (not including thrust moments)

written as components in FB and FN:

B T

M, =(, , M4 , N ) (2.2,22a)
g = Bag Mo Nay

- (L, M, N, )T (2.2,22b)

SATAY A Ay

18. The inertia matrix of the vehicle with respect to its
centre-of-mass expressed in FB (see Reference 4,
Section 5.4):

B B B
pre'd Xy Xz
18 = |-1B B _18 (2.2,23)
= xy vy vz
-2 _1B 8
Xz g Z7

19. The total thrust forces written as components in FB:

ol SUNL SN SR (2.2,24)
B B B

20. The total thrust moments written as components in Fot

B _
Mo = (L

T
NT ) (2.2,25)

» Mooy
T TB B

B
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21. The total parachute forces written as components in FB:
A=y, vy, 2, )" (2.2,26)
B B B
22. The total parachute moments written as components in FB:
MY = (L, My, Ny )T - (2.2,27)
B B B
23. Cylindrical coordinates (Figure 5) of the centre-of-mass of
the various vehicle components are as follows:
a) For the i-th airframe components they are denoted (xi,
ri, ¢i)o
b) For the i-th empty rocket motor they are denoted (XRE R
i
TRe, > ®re,’
i i
c) For the propellant of the i-th rocket motor they are
denoted (XPR.’ Tpg. s ¢PR.)'
i i i
24, Cylindrical coordinates of the point of action of the
thrust vector of the i-th rocket motor are given by (XTH ,
i
Tra, > Prm, -
i i
2.3 Newton-Euler Development of the General Equations of Motion

Newton-Euler techniques begin with the fundamental equations

(Reference 4, Chapter 5)
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E=ma (2.3,1)

and
§= M (2.3,2)

a is the acceleration vector of the body centre-of-mass relative to an
inertial reference frame, g is the angular momentum of the body about
its centre-of-mass, E is the external force vector acting at the
centre-of-mass and M is the external moment vector about the centre-of-

mass. F may be written

[J
E=my

B (2.3,3)

where XE is the velocity vector of the vehicle with respect to FI and m
is the mass of the vehicle. An expression for h follows from the fun-

damental relationship

h=[ Irxxzldm (2.3,4a)
mass
or
h=J [gxz+zx(gyxz]dn (2.3,4b)
mass
where r is the position vector of an element of mass dm of the body »

with respect to its centre-of-mass (see Figure 7), Yp is the angular
velocity vector of'FB with respect to FI’ 'e! yhen applied to a vector
represents rate of change with respect to FI and 'o' when applied to a

vector represents rate of change with respect to FB (see Reference 5,

UNCLASSIFIED
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Section 4.3, for a more thorough discussion of vector differentiation).
Equation (2.3,4b) may be written in matrix notation as (replacing

Yp X L by -r x Yp and dropping the subscript 'B' on W, for the sake of

B
brevity)*
S S 28T dm ‘ (2.3,5)
mass
But
B < 0 (2.3,6)

for a rigid body. Since QB is a constant with respect to the integra-
tion in (2.3,5), it follows that

h" =1Iuw (2.3,7)

* Superscripts on matrix quantities refer to the reference frame in
which the components of the matrix are expregssed. Overscore 'n' refers
to the matrix equivalent of the vector cross-product (Reference 4,
Section 4.6):

0 -z ¥y

E =l2z 0 =

-y x 0
UNCLASSIFIED
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where
=) PP (2.3,8)
mass

lB is, by convention, given by (2.2,23).
The externally applied force E is made up of an aerodynamic
component A, a thrust component T, a parachute component éP’ and a gra-

vitational component mg.

F=A+TH+ éP + mg (2.3,9)

The parachute contributions are treated separately for convenience.

Substituting (2.3,9) and (2.3,3) into (2.3,1), the vector force

equation becomes
mp =4+ T+ 4 +mg (2.3,10)
The externally applied moment M is made up of an aerodynamic

component MA’ a thrust component M., and a parachute component HP such

that
§=HA+§T+MP (2.3,11)
Substituting (2.3,11) into (2.3,2) yields
(2.3,12)
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Other than the gravitational force, the dominant forces and
moments acting on the vehicle are aerodynamic, and are largely
determined by its orientation and configuration. It is therefore
advantageous to write the matrix equations of motion with respect to a
body-fixed reference frame. This reference frame is chosen to be FB.
Since the origin of FB and the centre-of-mass of the vehicle coincide,

this choice avoids the introduction of gravitational moments.

Thus the matrix force and moment equations become

*B "B B B B I

mVp + WVp) = A" + I + A; + mly.g (2.3,13)
and
*B , “B,B _ B B B
.12 +_(A_lh —MA+MT+§P (2-3,14)
Substituting for DB from (2.3,7), the moment equation becomes
S T T (2.3,15)

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

m(UB + QBWB - R.V.)

X, + XT + X, + mgl (2.3,16a)
B E B BE AB B PB BI,,
m(V, +RU -PW. )=Y, +7Y. +7Y, +mgl (2.3,16b)
B, © BBy BB~ YT Yp *Yp BI,,

A T P

. )
m(W, +P V. -QU, ) =2 + Z. + Z + mgl (2.3,16c)
By BB BB . B B BI,,
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equations, and similarly for equation (2.3,15) yields

B¢ B s *B *B *B
InyB IszB * IxxPB InyB Ixz B
B B B B ’
2 - 2 - —_

* Iyz(RB QB) + (Izz Iyy)RBQB * IxyRBPB IszBPB
=L, +L, +1L (2.3,17a)

AB TB PB

Be _ Ba 3B 2B B
+ InyB IyzRB xyPB + InyB IyzRB
+ (PZ-R2)+(IB - )PR +I B0 -18ra

XX BB BB Xy B*B

=M, +M., +M (2.3,17D)

AB TB PB

B o B o *B *B *B

IyzQ IzzRB IszB IyzQ * Izz B

B B B
- 2 —

+ (Q2 P ) + (I IXX)PBQB + IszBRB IszBRB
=N, +N, +N (2.3,17¢c)

AB TB PB

for the moment equations.

Kinematic equations are also required for the linear and rota-

tional position of the aircraft.

from

UNCLASSIFIED
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(2.3,18)

The rotational position equations are the Euler angle rate equations

and are derived in (Reference 4, Section 5.2).

kinematic equations of

motion are thus seen to be

The resulting scalar

Xp = 1B111UBE'+ 1BIz1vBE + 13131WBE (2.3,19a)

yI = lBlleBE ¥ 1BIszBE + 1B132WBE (2.3,19b)

éI = 13113UBE + lBlzszE + 1BI33WBE (2.3,19¢)
for linear position, and

éB = Py + Qsing tand, + Rycos¢ tand, (2.3,20a)

éB = QBcosqbB - RBsianB (2.3,20b)

iB = [QBsin¢B + RBcos¢B] seceB (2.3,20¢)

for angular position.

It should be stressed that the variables (U_ , V_ , W, ) in
Bg' Bp' Bg

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
equations developed in Reference 2 where airspeed vector components in

body-axes are used. Also, no assumptions have been made, up to this
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point, regarding vehicle planes of symmetry and the symmetry of the
thrust and aerodynamic forces and moments. Finally, it should be noted
that unlike Reference 2 no assumptions have been made about the mass

and inertia characteristics of the vehicle, i.e. in general

*

m#0

and

A number of simplifications may be made to these equations if
certain symmetry conditions are satisfied. If the vehicle has mass

symmetry about the Xy and xz planes, then
=I =I_=20 (2.3,21) .

If the vehicle mass characteristics are also axisymmetric, then

in addition to (2.3,21) we also have
I° =1 (2.3,22)

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

e __sB_ _ B _ B B )
Py = [-I Pp = (I = I_)RQy + LAB +7LTB + LPB]/I (2.3,23a)

« _ . sB_ _ B _ B B .
Qg = [-I, 0y - (I I, )PuR, + MAB + MTB + MPB]/I (2.3,23b) .

UNCLASSIFIED
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. B B . ' B
R, = [-I_ R, - (Iyy - I PR Ny, +Np + N, 1/IZZ

(2.3,23c)
B B. B )

Applying the axisymmetry assumption (2,3,22) to these equations
. s es - . B _.B
simplifies (2.3,23a) even further by eliminating the (Izz Iyy)RBQB
term, i.e.

3 _ _oB
PB = [ IXXPB + LA + LT + LP ]/Ixx (2.3,24)'

B B B

2.4 Wind Contributions

The equations of motion developed in Section 2.3 have not
explicitly included terms taking into account wind effects, If it is
assumed that the spatial variation of the wind velocity from one point
of the flight vehicle's surface to another is negligible (in many cases
this is reasonable, see the discussion in Reference 2), then the uni-
form gust approximation applies. In this situation, the aerodynamic
and kinematic effects of the wind may be determined by considering its
interaction with the vehicle's centre-of-mass dynamic variables (e.g.

U, , V; , W, ), and by utilizing the fundamental vector relationship
B’ Bg' By

Ve =Y+ ¥ (2.4,1)

Equation (2.4,1) states that the ground velocity vector V. equals the

E
airspeed vector Y plus the wind velocity vector w.

Equation (2.4,1) may be used directly in (2.3,10) to obtain
equations of motion that include wind terms. Alternatively, defining

(UB . VB . WB ) to be the components of the wind velocity vector W

g g g
expressed in FB’ one may substitute
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(=}
I
[
+
(e}

By BB,

V. =V. 4V
By B VB

Wp = Wp + Wy
E g

24

(2.4,2a)

(2.4,2b)

(2.4,2¢c)

into equations (2.3,16) and (2.3,19) to obtain the desired result.

Here (UB, \'

in FB’ and

T
g o Wy )=
g g

T

U, , v Wy, W,, W,)
g

Lpy

B? WB) are the components of the airspeed vector Y expressed

(2.4,3)

Making these substitutions, the force equations that result

are

* [ ]
m (UB + QBWB - R VB-+ 1 W

5 + 1 W, +1 W,)

pr,,"+ * lpr M * lpr |
=X, + + X, + mgl
TV R N BI,,

* L4 * *
m (VB + RplUn = PolWWp + lgy W, + 1L W, +1 W,)

21 BI22 2 BI23
= YAB + YTB + YPB + mngI23
m (g + PV = QqUy 13131ﬁ1 * 113132‘:12 * 1Blsﬁa)
= ZAB + ZTB + ZPB + mglBI33
UNCLASSTFIED

(2.4,4a)

(2.4,4b)

(2.4,4c) -

4____________;::----llllllllllllllllIIllllllllllllllllllllllllllllllllll




UNCLASSIFIED ‘ , 25

and the inertial position equations are

X = 1BI11UB + 1BI“vB + lBI“WB + W, (2.4,5a)
yr = lBIUUB + lBI“VB + 1BI“WB + W, (2.4,5b)
zp = lBIHUB + lBI“VB + lBI“WB + W, (2.4,5¢)

The (ﬁl, ﬁz, ﬁ3) terms represent the dynamic (or shear) effects of the
wind,

It is frequently more convenient to treat equation (2.4,5¢) as
an altitude equation, i.e.

h = 2 (2.4,6)

It is noted that in this formulation wind terms do not arise in

the moment equations (2.3,17) or in the Euler angle equations
(2.3,20),

3. AERODYNAMIC MODELS

The equations of motion developed in the previous section con-

tain terms (e.g. X, ) that represent the aerodynamic forces and moments
B

acting on the vehicle. In the following sections these terms are

defined as functions of the vehicle's state.

Two aerodynamic models have been developed. The first, named

AEROl, is used in FLISIMV1. The second, named AERO2, is used in
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FLISIMV2. Both models make extensive use of quasisteady aerodynamic
modeling techiques based partially on Bryan's aerodynamic derivative
technique. 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 adequate to use this
approach. This is particularly so as both models have features that
are designed to take into account nonlinear aerodynamic characteristics

associated with Mach number and with angle of attack.

No attempt has been made here to generalize these models so
that they apply equally well to all tyﬁes of air vehicles. The models
apply to a broad class of high speed vehicles, including vehicles in
the ROBOT-X class, but certain important effects associated with some
flight vehicles (e.g. aerodynamic coupling effects between longitudinal
and lateral characteristics) have not been taken into account. These
additional features can usually be incorporated with relatively minor

changes to the models.

3.1 AERO]l Aerodynamic Model

The AEROl aerodynamic model associated with the simulation pro-
gram FLISIMV] is summarized in the following. The expressions for the
aerodynamic forces and moments are presented in the reference frame FN
(see Section 2.2 and Figure 3), or, for the drag and lift
FW (Figure 4). Recall that FN is a

body-fixed reference frame about which the nominal aerodynamic

characteristics, in wind- axes

characteristics are expressed. These nominal characteristics must be

transformed to the body-fixed reference frame F located at the -

B!

and F,. are not the same.

vehicle centre-of-gravity; in general, FB N

Sections 3.3 through 3.5 derive generalized transformation
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relationships between F,, and FB’ and F__ and F

N W B’

The nominal longitudinal aerodynamic forces and moments of the

AEROl aerodynamic model, in nondimensional form, are specified by

N N N N N . _ N
CpMy» Cps @gs By Cp  Cp,s €, G ) = Cp (M, Cpy o, B)
a o] i 1
E H
Q.c 1 c
Q_C
N B N £
* CDq(M » Cpo agdsy™ + Cp, (M, Cp, ag)ss
+ Y m,c. o« Yoy + N owm,oc., ali (3.1,1a)
D, » Cpo @ D, ‘Ha» Cps -t
E H
N N N N N . _ N
CL(M ’ CT’ f’ Bs CL ] CL&" CLé ] CLi ) - CLI(Ma’ CT’ af! B)
! E H
Q. 3.c
N B¢ N gC
* O Uy, Cpyapdgg= + G (0, Cp,y ap)uym
q o
+ N ag)by + N owm, e et (3.1,1b)
Ly » Cp» g L, Mgr Cpr %pliy s
l
E H
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N N N N N , _ N
Cm(Ma’ CT’ O B Cm ’ Cm°’ m, °’ Cm. ) Cm (Ma’ CT’ O s B)
q o ] i 1
E H
Q.c a.c
N B N f
* Cmq(Ma’ Cops agdpy + Cm&(Ma’ Cp» ag)py -
+ CN M, C. add. + CN ™M, C., aJi (3.1,1c) -
m a’ T’ Tf'E m, a’ T’ f'7H c
oy, Ty

The model is presented as a function of Mach number Ma’ thrust

coefficient C,, fuselage reference line angle-of-attack a_, fuselage

T’ £?
reference line angle-of-sideslip B and aerodynamic derivatives asso-
ciated with pitching rate QB’ angle-of-attack rate of change &f’ eleva-
tor angular position GE and horizontal stabilizer (or canard) angular

position i The aerodynamic derivates themselves have a functional

0
dependence on Ma’ CT and Uge

The first term on the right hand side of equations (3.1,la),
(3.1,1b) and (3.1,1c) represents the contribution due to static effects
(e.g. af) with control contributions set to zero (i.e. GE = iH = 0).

The model is formulated with control contributions due to an
elevator and an all-moving surface (e.g. a horizontal stabilizer or a
canard). It may be readily adapted to other types of longitudinal con-

trol (e.g. engine throttles) either by interpreting the 8, and/or i

E H

terms differently, or by adding extra control terms.

From a fundamental point of view, the drag coefficient Cg and

the 1ift coefficient CE are actually force components in wind-axzes F

WN®
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N N N N N N
C(M’C’a’ 9C3C:C’C 9C
TfoB Yo, Yy Ys yﬁ)
A R
P b
=N N B~
Cy M, T af)B + Cy (Ma’ T af)ZV
B p
R.b
N B N
+ Cy M, T af)2V + Cy (Ma, CT’ a )d
T o]
A
N
+ Cya (Ma, T @ b )
R
N N N N N N
Co , Cp, ag, B, BCQ’C'Qr, 026,026)
P A R
P_.b
_ N N B
= C2 M, CT’ a )B + C2 M, T’ af)
B p
R b
N N
+ Cg M, T’ af) + CQ M, T’ af)é
r o]
A
v+ W, ., a6
26 T
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N N N N N N
c G, Cp, ag, B, an, c cnr, cn6 , Cna )
p A R
=N, e, e N, oc)P—B]3
n, -a’ "1 %f n + e Gloy
B o
R.b
N B N
*C My Cp agdgg= + C (M, Cpy a8,
T o)
A
+ ¥ M, e al)s (3.1,2¢)
n a’® T’ "f'"R cTe
52

The lateral portion of the AEROl model is presented as a func-
tion of Ma’ CT’ Aey B and aerodynamic derivatives associated with B,
rolling rate PB’ yawing rate RB’ aileron angular position 6A and rudder
angular position GR. The aerodynamic derivatives themselves have a
functional dependence on Ma’ CT and af.

The lateral model is presented with control contributions due
to aileron and rudders. As was the case for the longitudinal model, it
may be readily adapted to other types of lateral control (e.g.

spoilers) by either interpreting the 5A and 6R terms differently, or by
adding extra control terms.

3.2 The AERO2 Aerodynamic Model

The AEROl aerodynamic model defined in Section 3.1 has been
utilized in the FLISIMV1 simulation software, and has proven invaluable
in many aspects of ROBOT-X proof-of-concept development including

design, control law synthesis and flight testing. It was not, however,
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in a form that couldetake full advantage of available ROBOT-X wind tun-

nel data.

As a consequence, the AEROl model was modified. The new model
that resulted has been named the AERO2 model and is utilized by the
FLISIMV2 simulation software. The AERO2 model and the FLISIMVZ soft-
ware were used to check the AEROl aerodynamic model and the FLISIMV1
software. Since this comparison proved very favourable, only the more
efficient FLISIMV1 software has been used extensively on ROBOT-X.

The nominal longitudinal aerodynamic forces and moments of the

AERO2 aerodynamic model, in nondimensional form, are specified by

N . N N N _ AN .
CD(Ma’ Cp» gy agy By Gy s Cp,s Cp ) =Cy M, Cpy iy, ag, B)
o ) 1
E
Q.c a.C
N B N £
+Cp (Mg, Cpy agdyy *+ Cp My, Cpy agdoy
q a
+ N (M., Co, a,)d (3.2,1a)
D a’> T’ TfE T
o)
E
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N . N N N ,_ N .
CpL(y, Cpo gy ags By Cp o Cp,, Cp ) = Cp (M, Cpy dys ag, B)
q foh o) 1 .
E
Qqc a.c
N B¢ N £
¥ CLq(Ma’ Cpr oy * Cr.Mys Cpo og)3y
N, c, @) (3.2,1b)
L » Cp» ag)0g it
8
E
N . N N N ,_ N .
C (M s Cpy iy, @ey By C s C oy Cp ) = le(M » Cp» igs gy B)
q a 6E
Q.c a.c
N B¢ N £
* Cmq(M » Cps 2gdoy * Cpo (Mo Cpo ap)3y
sy o, C., a)d (3.2,1¢)
n » Cp» ag)Op : , +2s
Ok

The main difference between the AERO1l and AERO2 longitudinal

aerodynamic models is that for the AERO2 model, i, contributions are

H
included in the first term on the right hand side of equations
(3.2,1a), (3.2,1b) and (3.2,1c). This was done to allow direct use of

available ROBOT-X wind tunnel data for a number of iH settings, and

thus avoid the AERO1 model's simplified treatment through the use of
the aerodynamic control derivatives Cg . CE and Cg . The available
iH iH iH

wind tunnel data also allowed some B effects to be present in the first
term on the right hand side of equations (3.2,la), (3.2,1b) and
(3.2,1c¢).
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The nominal lateral aerodynamic forces and moments of the AERO2

aerodynamic model, in nondimensional form, are specified by

N . N N N N
Cy(Ma’ CT’ lH’ afs B L] Cy » Cy ’ CY ] Cy ) .
P T 6A GR

P._b
N , N N
= Cyl(M , CT’ i @ B) + Cy (Ma’ CT’ af)ZV
R.b
N B N
+ Gy M, Cps @ )3y + ¢y M, Cpr )8,
r o]
A
+ N M, e, al)b (3.2,2a)
yé s T’ f R . ’
R
N N N N N
CoQ,, €, iy, ag, B, Cp Cﬂr’ C’la , C“a )
P A R
P.b
N . N B
- CQI(M s Cos dpgs g, B) + Gy (4, Cpy a)mom
P
R b
N B N
r o)
A
+ N ag)dy (3.2,2b)
g, (Mgs Cps ag <
52

UNCLASSIFTIED




UNCLASSIFIED 35
N . N N N N
Cn(Ma’ C'I" Ty Ofs B, Cn ’ Cnr’ Cn(5 ? Cn‘5 )
P A R
P.b
- N . N B
= Cn, Moy Cpo i g B 4 CnP(Ma’ Cps @g)oy
R.b
N B N
*C) My, Cpyoagdgg™ + € QL, Cp, oo,
r o)
A
+ CN M c a_)d (3.2,2¢c)
n a®' "T* "f'°R re
Op

The main difference between the AEROl and AERO2 lateral aero-
dynamic models is that for the AERO2 model, iH and B contributions are
included in the first term on the right hand side of the equations
(3.2,2a), (3.2,2b) and (3.2,2c). Use of the B aerodynamic derivatives

CN CN and Cﬂ is not explicit in the AERO2 model in order to take

g g B

advantage of available aerodynamic data.

For both the AEROl and AERO2 aerodynamic models, aerodynamic
derivatives that are part of the model formulation may be estimated by
utilizing the best available aerodynamic data sources. For ROBOT-X
£ and B) and
some control (iH) characteristics, and DATCOM (Reference 6) type

this has typically meant wind tunnel data for static (Ma’ a

methods for estimating the remaining characteristics, using available

wind tunnel data wherever possible.

3.3 Transformation of Aerodynamic Moments from FN to FB

In general the vehicle centre-of-mass will not coincide with
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the origin of Fy but will in fact be located at the origin of a second
reference frame FB' Since it is most convenient to write the equations
of motion in FB’ the aerodynamic moments must be transformed accor-

dingly. (No transformation is required on the forces since the axes of

FNand FB are parallel; see Section 2.2.)

A third reference frame FR’ located on the nose datum plane and
on the fuselage reference line (frl), will be used to define vehicle

structural and mass coordinates.
All of these reference frames are illustrated in Figure 3.

Let Iy be the position vector from the origin of FR to the ori-

gin of FN (Figure 6).

Let In be the position vector from the origin of FR to the ori-
gin of FB (Figure 6).

Define

r. - T
ferd

Ion = 5N (3.3,1)

B

LN represents the position vector from the origin of FB to the origin

of FN'

Furthermore, let

A = vector of aerodynamic forces acting at the origin of
FN) -
MA = vector of aerodynamic moments acting about the centre-

of-mass (i.e. at the origin of FB).
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=
It

M vector of aerodynamic moments acting about the origin

of FN.

LBN = rotation matrix rotating FN'components to FB compon-—

ents. e

We have, based on fundamental force and moment mechanics

A% =L A" | (3.3,2)
g -8

- Tolpd My
My = Bl + Loty (3.3,3)

For the typical case, LBN = I (this has been assumed throughout

this report) and thus equation (3.3,3) becomes

But

B _ B N
My = Igh + My (3.3,4)
B _ B_ B |
Ipy = Iy ~ Ip (3.3,5)
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B _ R _ R
Ipy = Lprin ~ Lprim
~ R _ R
= Lpp(zy ~ Ip)
" R )
= LopToy (3.3,6)
Typically —
cos® 0 -sinmw
LBR = 0 1 0
sinmw 0 cosT
B ]
-1 0
= 0 1 0 (3.3,7)
0 -1

. _ T R _ T
Therefore, letting rjy = (¥, vy 2"y Iy = (B Yep z )
we have

I
EBN = YN - ycm (3.3,8)

—(ZN - Zcm)
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Using the matrix equivalent of the vector cross-product, it may also be

shown that

B 0 (ZN_zcm) (YN_ycm) XAN
Ipyd = —(zN—zcm) 0 %) H Y ax (3.3,9)
—(YN—ycm) -(XN—xcm) 0 ZAN
L .
It follows that the aerodynamic moments about the origin of FB
expressed as components in FB are given by
L= (2. -2 )Y, + (yo =y )Z, +1L} (3.3,10a)
AB N cm’ ~ AN N cm’ “AN AN e
My = ~(zy -z )X+ G - x )T+ My (3.3,10b)
N, = ~(v, -y )X, - (x, - x )Y, +N (3.3,10¢)
AB N cm’ AN N cm’ ~AN AN o

These relationships may be made nondimensional by dividing by

YoVic for M,p and %pV?b for L,, and N, to yield

AB AB
(z,~z ) (Y=Y . )
B _ N N, “N7em’ N N
C2 = _._.._.___b Cy -+ b CZ + C2 (3.3,11&)
(z.-2 ) (x,~x )
B oo N Zem’ N W Fem NN (3.3,11b)
m ® g V4 m
(] C
(Y o) G )
B__ N7 N _ N¥w N, N
B - en N A (3.3,11c)
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The relationships (3.3,10a) through to (3.3,11lc) are based on

the assumptions that L., = I and that L_, is given by (3.3,7). As has

BN BR
already been stated, these assumptions are typically the case, and are

made throughout this report.

3.4 Transformation of Aerodynamic Forces
from Wind Axes to Body Axes

The longitudinal aerodynamic forces are frequently available as
lift and drag rather than as force components in FN or FB. Lift and

drag are force components in a reference frame FWN (or FW

Section 2.2) referred to as the wind axes. The origin of FW is fixed

to the vehicle (typically at the centre-of-mass) but has an x-axis that

, See

parallels the freestream airspeed vector V, a z-axis that is nominally

downwards and a y-axis that follows from the right hand rule. FWN is

identical to FW except that its origin is at the origin of F,, (see

N
Figure 4).

In the sense of Euler angles, the aerodynamic angle-of-sideslip

B and fuselage reference line angle-of-attack a_ will carry FWN (or FW)

£
to FN (or FB) (see Figure 4) by the ordered rotations (-B, Aes 0),

i.e,

cosBcoscxf —sinBcosaf —sincxf
LNW = sinfB cosp 0 (3.4,1) b
LiosBs:Lnaf —smBsmaf cosa .

Let the aerodynamic force vector expressed as components in FWN be

given by
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WN N
AT = Dy, Yoo, L) (3.4,2)

Here D and L are the drag and lift respectively, and YWN is the wind

axes side force. Using the relationship
AV - LA (3.4,3)

we may obtain the relationships relating force components in FN to

aerodynamic drag DN and 1ift LN’ i.e.

XAN = —cosBcosafDN —VsinBcosafYWN -+ sinafLN (3.4,4a)

Yoy = —sinBDN + cosBYWN (3.4,4b)

ZAN = —cosBsinafDN - sinBsinafYWN - cosafLN (3.4,4¢)
Nondimensionally, (3.4,4a) through (3.4,4c) become

Cﬂ = —cosBcosafcg - sinBcosafcgN + sinafCE (3.4,5a)

Cg = —sinBcg + cosBcgN (3.4,5b)

Cz = —cosBsinafcg —'sinBsinafcgN - cosafcg (3.4,5¢)

In practice, Cg and Cg models and/or wind tunnel data are fre-
quently available only for symmetric flight, i.e. for B =0. If this
is the case, these relationships simplify to

N N, . X
Cx = cosafCD + 81nafCL . ; (3.4,6&)
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N W (3.4,6b)
y y

N . N N

Cz = slnafCD cosafCL (3.4,6c)

The 'N' subscript/superscript notation, although cumbersome,
has been retained to emphasize that the forces and moments are related
to the nominal reference frame FN' The relationships for body-axes

(FB) components may be derived in an analogous fashion.

3.5 The Aerodynamic Models in Body Axes Fy

As well as correcting the nominal aerodynamic model for actual
centre-of-mass position, the FLISIMV1 and FLISIMV2 software packages
have provision for introducing a number of changes to the nominal model
that facilitate parametric variation. This may be required to provide
a convenient means of modifying the nominal aerodynamic characteristics
to adjust for changes in vehicle configuration (e.g. addition of
equipment that alters drag characteristics) and to obtain a better fit

with flight test data.

In addition, it has been found useful to add a simplified model

of the ROBOT-X parachute dynamics to the simulation software.

Table II summarizes the nominal aerodynamic characteristics
provided by the AEROl model. These parameters form the baseline from
which the aerodynamic characteristics utilized in FLISIMV1 are T

derived.

All of the parameters of Table II are adjusted by a multiplica-

tive factor m and an offset b for the i-th longitudinal para-
loni lon,
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meter. Analogous factors are used for the lateral parameters, To
designate parameters with correction applied, prime notation is used,

e.g. C' .
Dl

Following this adjustment, the nominal base drag coefficient

CN is extracted and corrected by the multiplicative factor
base

fC .

Dbase

This corrected base drag is adjusted for the base drag reduc-
tion that results due to the rocket motor burn by utilizing the para-

meter aCD/a(Ti/Ti ), i.e. drag coefficient reduction due to the
o B :
thrust of the i-th motor.

An excrescence drag (CD ) correction is introduced to the
ex
nominal drag through the factor fC . This factor represents the off-

D
ex
nominal drag contribution, due to excrescence drag, relative to the
zero 1ift, zero base drag coefficient (CD )C = 0.
base

It is only at this point that the FN to FB centre-of-mass
transformation relationships of Section 3.3 are introduced, and this in

turn is followed by the introduction of total nondimensional coeffi-

, B B, B anac® .
L m v 2 n
oS 0S8 [0} 0s 0os oS

cient offsets CD , C

Finally, the parachute system forces and moments are computed
in body-axes FB and introduced into the totals. To summarize, for the

AEROl model we have the following (B = 0 has been assumed):
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B . _ . B
CX = cosaf(CD + CD ) + 81naf(CL + CL ) + CX
os os P
N N X
y y os yP
CB = —gina_(C, + C ) - cosa_(C. + C )+ CB
zZ £f'°D D £*°L L z
os 0s P
(z,, — 2 ) (¥ = ¥.) 1
BN Cam N N Tew N N BB
% b vy b z % 2 2
os P
(z,. — z_) ( X ) .
CB _ __N cm CN' + *N cm CN' + CN + CB +C
m - b'< - A m
0s
(Y"y)v ( "X)' '
BT Ve w0 T Fem N N B,
n b x b y n n
0s
N' .
Cx = —coscxfCD + 51nafCL
P_b R.b
] L 1 t ] 1
AR C LI SPC L - HC L TN oA
y y y, 2V y. 2V ys &  ys R
B p r 8, &
R
Nt .
CZ = —s1nafCD - cosochL
Q.c a.c
N' _ N* B~ N' °f N' N' .
¢y =C. *C 3w Tl *TCp %%t Cp, Iy
1 q ot 6E iy
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(3.5,1a)

(3.5,1b)

(3.5,1¢)

(3.5,2a)

(3.5,2b)

(3.5,2¢c)

(3.5,3a)

(3.5,3b)

(3.5,3c)

(3.5,4)
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N N' N' QBE N' &fg N' | 7 N' .
CLo=Cp *Cp oyt CL& T <:L<5 by + c:Li iy
! E H
P_b R_.Db
N' _ N N' °B N' B, N N
C2 = CQBB + CQ T + Cﬁr 5V + C26 GA + C26 6R
P A R
oo o % %S N
Cn T le o ow T Yo 6E * cm. 1y
a o} i
E H
P_b R.b
N' N N' °B N' °B N' N'
Ch = CnBB *Cow t Cnr vt Cn6 Oy ¥ Cn6 op
A R
N NM
C, =C' -¢C + f c! + Y [8C_./3(T./T.
D, D, base CDbase Dbase i=1 D ot
* fCD (CDO)CD =0
ex base
C! =m C + b
D, lon, D, lon,
N o N
CDb = 0'13Sbase/s
ase
1] —
C O.l3Sba /8
base
C = f C!
Dbase CD base
base
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(3.5,5)

(3.5,6a)

(3.5,6b)

(3.5,6¢)

VT, /T,
max

(3.5,7)
(3.5,8)
(3.5,9)
(3.5,10)

(3.5,11)
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The expressions for base factor in (3.5,9) and (3.5,10) are
based on an empirical formula taken from Torenbeek (Reference 8). It

is valid for subsonic conditions.

The parachute system force coefficients Ci R CB and CB and

y. Z
B B B P P P
, C and C. are derived in Section 3.6. .
I’ mp Up

moment coefficients C

The AERO2 model in FB is identical to the AEROLl model except
for a number of minor changes that are required to accommodate the dif-
ferent form of the AERO2 model as presented in Section 3.2, These
changes arise in equations (3.5,3b), (3.5,4), (3.5,5), (3.5,6a),

(3.5,6b) and (3.5,6¢c). These become,

P.b R.b
1 t 1 t H 1
NN N B LN B N s N (3.5,12)
v Y, yb 2V yr 2V Ve A Vs R
A R
Q.c a.c
N' _ N N' ™B N' °f N'
CD = CDl + CD vt CD. vt CD 5E (3.5,13)
q a )
E
N N N QBE N “fg N
CL, = CL1 + CL ?\-f— + CL' 'ZT- + CL 6E (3.5,14)
q a 8
E
P_b R_b
N' N’ N' "B N' ™B N' N'
CQ = CQ + C2 v + CQ N + C’Q 6A + C2 ﬁR (3.5,15a)
1 P T GA GR .

c =C + Cm 5 +C o +C & (3.5,15b) -
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P_B R.b
) 1 1] t 1
MM B LN B LN s Y (3.5,15¢)
n n_ 2V n_ 2V n A n R
1 P T 6A 6R

In certain circumstances, it is convenient to interpret the

individual aerodynamic parameters associated with the AERO1 and AERO2

models as parameters in the reference frame Fy- The force parameters

transfer directly, but the moment parameters require transformation to

take into account the different moment reference point.

Again assuming B = 0, the results are summarized in the

following:

Zy — Z_ - ,
N cm . N'
-(—— )(—cosafCD1 + 31nafCL1)
c
U o) c Ay o+ N (3.5,16)
————— (-sing - cosda + C 3.5,
z £D, 'L, m,
Z. - 2z
N cm Nt . N'
( —=) ( cosafCD. + 51nafCL.)
c a a
N Fom v R T
(**—g“*——)(—31nafCD& - cosafCL&) + Cm& (3.5,17)
Z,. - 7
N cm N' . N'
(—— ) ( cosaCp + sina C. )
c q q
N~ *em . N' B, N' Nt
0——E§—~“—)(-51nafCDq - cosafCLq) +C (3.5,18)
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B Zy 7 Zem N' N' |
C = —( ) (~cosa C + sina C. )
mﬁ P f D6 f L‘5
E E E
- X ' ' f
+ (fy*-—9m)(—sina CN - cosa CN ) + CN
= £ D6 £ L5 m6
E E
B N 7 %cm N' . N'
Cmi = —( 5 )(-cosafCD' + 31nafCLi )
H H H
%N~ xcm . N' N! N'
+ (———_g——-“)(—sn.nafCDi - cosafCLi )+ Cmi
H H
Vo — Y ' '
B _ XN Cmy o . N' N' N
CQ- = ( 5 )¢ sinoCp, cosafCL.) + CQ.
o a a a
Ya ~ Y '
B _ N Cmy o s - N N’
C21 = ( 5 ) ( 51nafCD1 cosafCLl) + C21
Y — Y
B _ N Cmy , . N' N' N'
C2 = ( 5 ) ( 51nafCD coscxfCL ) + 02
q q q q
Yg 7 Y ' 1 '
CB = ( N Cm)(—sinoc CN - coso CN ) + CN
26 b f D6 £ L6 26
E E E
Yy — ¥
B — N cm ) N' - ] N'
Cgi = ( N ) ( s:.l.ncxfCDi cosa Li ) + Cﬂi
H H H
Zyy — 2 1 T 1
¢; = Cg—Bey + ¢
B E B B
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(3.5,19)

(3.5,20)

(3.5,21)

(3.5,22)

(3.5,23)

(3.5,24)

(3.5,25)

(3.5,26)7
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z,. ~ 2
B _ /N cm, N' N'
CQ = ( B )Cy + CQ (3.5,27)
P P P
Z.. ~. Z. - )
B _ ,°N cm, N! N' - = e
, C}l = ("“‘“—b )Cy + C2 (3.5,28)
r r r
zZ. - Z . . - - - T
8 - et N (3.5,29)
25 b Vs %5
A A A
B 2N 7 Zem N'! N'
C = ( )C + C (3.5,30)
s b Vs %5
R R R
Yy - ¥ [ ]
B _ N cm, .. . N N
Cnl = —( 5 ) ( c:osochD1 + smachl) + Cn:. (3.5,31)
Yg — ¥ 1
B _ N cm, N . N' N'
Ch. = ~( p ) (-cosaCo, + sina Cr ) + C_, (3.5,32)
o a o a
Yy ~ ¥ ) B ' ) ' A T)
B _ /N cmy N . N N
Cn = (—---———-b ) ( cosafCD + SlnafCL )+ Cn (3.5,33)
q q q
Yy - Y ' t '
B - oA Ty osac 4 sina ) + N (3.5,34)
ng b f D(5 f L(5 Ny
E E ) E E
Yy - Y
B _ N Yem N' . N N
Cni = (-—-—b )( cosa Ly + SlnafCLi ) + Cni (3.5,35)
H 1y H H
- X ] 1
Ci - —(——xN—b—ﬂ)cfr + (3.5,36)
B B B
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. { _ |
g e Y, | (3.5,37)
D ’ P p
- X ' '
cﬁ - _(fy_g__gm)cg + cﬂ (3.5,38)
r r T -
- X 1 '
B oo Fem W N (3.5,39)
ng b s ng
A A A
X 1
cB - —(XN cmy NT N (3.5,40)
ng b Vs ng
R R R

It is interesting to note that in the process of transforming
moments expressed about FN to equivalent moments expressed about FB’
longitudinal and lateral coupling terms arise. For example, in equa-

tion (3.5,33) although the coupling aerodynamic derivative Cg (yawing

q
moment due to pitching rate) is usually negligible, the (yN - ch) term

can be significant if the lateral centre—of-mass is significantly off
the nominal position Yy This intuitively makes sense in that if the
lateral centre-of-mass position is significantly away from the drag and
1lift points of action, then a significant yawing moment could result
relative to FB (recall that FB has an origin that is located at the
centre—of-mass). The other coupling terms may be interpreted in a

similar fashion.

3.6 Parachute Aerodynamics

The equatiéhs of motion presenféd in Sections 2.3 and 2.4 con-

tain terms (e.g. XP ) representing the forces and moments genérated by
B
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the parachute system. The model for these forces and moments is sum-—

marized in this section.

The model that has been utilized is relatively simple and is

intended only to model the main dynamic characteristics associated with

the ROBOT-X parachute system deployment. A number of assumptions have

been made in its formulation, as follows:

a)

b)

c)

d)

e)

Tension acts at aft end of vehicle at the centre of the
fuselage. : C -

The parachute is either fully inflated and deployed or is
fully stowed (i.e. instantaneous deployment dynamics).
Line dynamics are negligible (the parachute lines are ade-
quately described by a single straight line along which a
tension force T, acts).

The tension vector IP is perfectly aligned with the air-
speed vector at all times. Thus the angles that IP makes
with the fuselage reference line can be described ade-

£ and B.

The aerodynamic torque generated by the parachute is negli-~
gible.

quately by the aerodynamic angles a

Let a reference frame FP be defined with its origin at the

nominal parachute attachment point to the vehicle and with its axes

parallel to those of wind-axes F... Then we have

W
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XPB cosafcosB cosaf51nB ~sino. —TP
YP = sinp cosB 0 0 {(3.6,1)
B
ZPB 31nafcosB —51naf51nB cosa, 0
or
XPB = —cosafcosBTP (3.6,2a)
Y, = nTPsinB (3.6,2b)
B

ZP = —TPs1nafcosB (3.6,2¢)

The parachute deployment moments may be computed with the know-

ledge of (X, , Y, , Z
PB PB P

mechanics, we have

) and the geometry.
B

From fundamental vector

gI,PB = Zpp ¥ Ip (3.6,3)

where Inp is the position vector of FP relative to FB. We have

(3.6,4)

Mo o ~
(wel
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(3.6,5)

(3.6,6)

(3.6,7)

(3.6,8)
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or
Lg = ~z_Yp - V% (3.6,9a)
B B
M-z X 4+ (1. -x )z (3.6,9b)
P P B cm’ °P *
B B .
ey X+ (x - 1Y (3.6,9¢)
P cm PB cm B PB T

This-completes the description of the dyhamic model of the

parachute systemn..
The aerodynamics are modeled as

b = CDDqDSD (3.6,10)

for the drogue parachute, and

p = cDMquM (3.6,11)

for the main parachute.

These equations are readily implemented in the ROBOT-X simula-
tion. The main limitation arises in that as the vehicle slows down and
adopts a near nose down attitude, GB = w/2, and the @B and ¢B Euler .
equations (2,3,20a) and (2.3,20c¢c) have singularities. Unless a singu-
larity-free attitude representation (e.g. quaternions) is used, the

simulation should be stopped prior to reaching the singularity.
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4. MASS AND MOMENTS OF INERTIA MODEL

The equations of motion have been written so that variations in
the vehicle's mass and inertia characteristics are permitted. Compon-
ent methods are used to compute the total vehicle mass and moments of
inertia. The components considered are Nc airframe components, NM
vehicle rocket motors (less propellant) and the rocket motor's propel-
lant. Of these components, only the propellant characteristics are

considered to be variable with time.

The model has provision for defining the mass, centre-of-mass,
and moments of inertia characteristics of each of the components. The
moments of inertia characteristics are defined with respect to an arbi-
trary, component-fixed reference frame'FR . By utilizing an appro-

i
priate moment of inertia transformation, these are transformed to the

component-fixed reference frame Fp . Fy has an origin located at the
i i
centre-of-mass of the i-th component and axes that are parallel to FB.
The moments of inertia expressed about FB may be readily transformed
i ] ,
to equivalent moments of inertia expressed about FB if the orientation

of FB relative to FB is known (Figure 6).
i

The main assumptions that have been made in the formulation of

this model are as follows:

1. Only the rocket motor propellant characteristics are con—

sidered to be variable with time.
2. The propellant centre-of-mass position of the i-th rocket

motor relative to FR (see Figure 3) does not change signi-
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ficantly during the rocket motor burn. This would be the
case in rocket motors that are not end burners.

3. There is only one type of rocket motor.

4, The rate of change of a particular moment of inertia of the
i-th rocket motor relative to the motor's centre-of-mass

during a rocket motor burn is constant.

Under these conditions, expreséions for the vehicle mass and
inertia characteristics have been developed as summarized in the
following. The subscripts used to reference the different components

are as follows:

1. 'i' or 'Ri' - i-th airframe component, not including rocket
motors (if no risk of confusion exists, the
'R' is dropped).

2. 'PR! — rocket motor propellant.

3. 'RE!' ~ rocket motor less propellant, i.e. rocket

motor empty.

Since all component positions are given with respect to FR
while the moments of inertia are with respect to FB, the inertia
expressions involve incremental position terms describing the cartesian

coordinates of each component relative to FB.

For a component denoted generically by &, these incremental

position terms may be written in FB as

AXE =X xE (4,1a)
AYE =Y " Yem (4,1b)
UNCLASSIFIED
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AzE =3z - zE » {(4,1c)

Here (XE, ya, ZE) are the cartesian coordinates of the centre-of-mass

of the E-component in reference frame FR, (xcm’ Yem? zcm) are the car-

R
AZE) are the cartesian coordinates of the centre-of-mass of the E&-com-

tesian coordinates of the vehicle centre-of-mass in F. and (AXE’ Ayg,

ponent in reference frame FB‘ The sign changes take into account the

fact that FR is related to FB through a 180° rotation about the FB

y-axis.

The expressions for the mass and inertia characteristics are as

follows:

N NM

C
m= yom o+ Nyme + L (mpp)s (4,2)
i=1 i=1

N N. NM

c M
Xom = [i§lmixi * mpg igl(xRE)i * igl(mPR)i(xPR)i]/m (4,3a)

NC NM NM
Tom = LI my; +mp T (pgdy + I (mpp) . (yp) 1/m (4,3D)
i=1 i=1 ~i=1
Nc NM NM
Zom = L2 mzs +mpp T (2pp)y + § (mpp);(zpp) 1/m (4,3¢)
i=1 i=1 i=1
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N N,
T = zc (B, vy + Azl o+ ZM (a®
xx_:.L=1 wx’i T WAV Zir im1 xxREi
N
B " g -
+ (I )i} + 0 {(mpp) & [(AYRE):'{ + (AZRE):%’L]
PR i=1
+ (mPR)i [(AYPR)i + (AZPR)gl} (4,4a)
N N
2 = Zc {(IB ). +m. [(Ax)2 + (Az)2]} + ZM [(IB )
vy i=1 yy’'i i i i i=1 YYRE i
N
B M 2 2
+ (I PR)i] + igl {(mRE)i [(AXR_E)i + (AZRE)i]
+ (mPR)i [(AXPR)?L + (AZPR)J?.]} (4,4b)
N N
B _ ¢ ,,-B , . MooB
N
B M 2 2
+ (IZZPR)i] + igl {(mRE)i [(AXRE)i + (AYRE)i}
+ (mpp) s [(AXPR)i + (AYPR):?L]} (4,4c)
UNCLASSTIFIED
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N, N,
B B
izl [(Ixy)i m Ax.Ay.] + ié‘l [(IXYRE)i
N
3 M
Ty s) ™ (L) Llmge) s (o) Uy
(mpg) ; (Axpp) 5 (Aypp) 4] (4,4d)
N(': NM
B B
i§1 [(Ixz)i - miAxiAzi] + igl [(IXZRE)i
N
B M
(IXZPR)i] - i}=:l [(mRE)i(AXRE)i(AZRE)i
(mpg) 3 (Axpp) 5 (Azpp) ;] (4, 4e)
Nc Nﬁ
B B
i§1 [(Iyz)i - mAy Az, ] + igl [cxyzRE)i
B i
(IYZPR)i] - i§1 [(mRE)i(AyRE)i(AzRE)i
(mpg) 3 (Aypg); (Bzpp) ;] (4,41)

Because it has been assumed that the only mass changes are due

to propellant burn, in these expressions the only time variable quan-

tities will be (mPR)i an§ (XPRi’ yPRi’ ZPRi)' As has already been
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indicated, 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, then (xPRi’ yPRi’ zPRi) are not time variable

and only (1;1PR)i need be considered. The latter is related to the z
specific impulse of the rocket motor through the relationship

(Reference 7)

(mpp) 5 = -Ti(t)/(ISpig) (4,5)

where g is the acceleration due to gravity, Ti(t) is the thrust of the
i-th rocket motor as a function of time t, and IS ig the specific

i
impulse of the i-th motor,

Under these assumptions and with (4,5), ﬁ, the moment of

* L .
inertia time derivatives, and (xC » Vem? Zcm) may be readily computed.

m
For the sake of brevity, an exhaustive set of equations will not be

given. Typically we have

Ny
m= Y [~T, (£)/(I_ )] (4,6)
i=1 Py
Ny
X, = {i§1 [iTi(t),/(ISPig)] (XPR)i - x_ m}/m (4,7a)
NM . »
Yoo = LI [T,/ (T 8)] (ypp); = voumi/m  (4,7D)
i=1 P;
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Ny

= {iéi [—’i_.‘i(t)/(Ispig)l~§2:PR):.L -z, mi/m (4,7¢)

N N
*B c . . M .B
T = 2 iglmi(_AinCm vhzzo )t izl(IXXPR)i
NM . L ]
v L 2y -y o+ (Bag) 5]
to(mpp); [(Bypp)d + (Bzpp) 2] + 2(mpp) ;s [=(Aypp) .y o
+ (AZPR)iécm]} . (4,8a)
*B NC M . NM OB
Tey = iglmi("xcmAyi ARyt iEl(lxyPR)i
Ny
+ izl{(mRE)i[—x o Aype) cm(AXRE) )
tomppdy (Baepp) s (Aypp) s + (mpp)d [-x o (Aype) .
ycm(AxPR)i]} (4,8b)

In general it will not be convenient to specify the moments of
inertia of the individual airframe components, empty rocket motors and
the propellant of the rocket motors in, respectively, component refer-

ence frames FB.’ FBRE. and FBPR. whose axXes are parallel to FB'
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Rather, it is assumed that the component moments of inertia are speci-
fied in the generalized reference frames FR s FRE and FPR whose axes
i i i
are orientated in a fashion that makes for the convenient specification
of the moment of inertia of the i-th component (e.g. an orientation for 4
which data is available or a principle axes orientation for which

cross-—-moments are zero).

Knowing the Euler angles rotating F F and F to,

R.’ "RE. PR,

i i i
respectively, FBi, FBREi and FBPRi’ it is possible to transform the
component moments of inertia in FR , FRE and FPR to component moments

i i i
of inertia in FB. These transformed moments of inertia may then be

used directly in the moment of inertia equations defined previously

(e.g. the term (I}Bry):.L in equation (4,4b)).

This process is illustrated for airframe components, The rela-
tionships for the empty rocket motors and the propellant are identical
with subscripts 'i' or 'Ri‘ replaced with, respectively, 'REi' and
'PR.'.

i

Let LBR be the rotation matrix rotating components expressed

i
in FR to components expressed in FB . FR is related to FR through

i i i
50 éi), and FR to FBi through (2.2,9) (note

that the axes of FB are parallel to FB). It may be shown that
i

(Reference 4, Section 5.4)

the ordered rotation (¢i, ]

j=

= iLBR.l ‘L‘RB. (4’9)
1 1
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and (cf,

=BR

L

Leg = (L

B

equation (2.2,5a))

-cosd

R.COSGR.

1 1

coséR'51n6R.
i i
+31n6R'cos¢R.

i i

sin¢R
i

COS&R.SlneR.COS¢R.
i i i
—51n6R_31n¢R‘
i i
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T
R.) (4,10)
i
R R
(Ixy)i (Ixz)i
R R
(Iyy)l (Iyz)i (4,11)
R R
(Izy)l (Izz)i
sinéR‘coseR. -sinBR'
i i i
—51n6R.31n6R_51n¢R —CQS?R.Sln¢R. (4.12)

1

+cos6R.cosq§R

—51n6R.51n6R-cos¢R

1

_0056R.Sln¢R

i i i i

1 i . -

. —coseR.cos¢R'
i i i

i i

The equations that have been presented for the mass and moment

of inertia characteristics extensively utilize component centre-of-mass

locations (xi, Yio zi).

(xi, s zi) (Figure 6) represents the compon-
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ents of the vector 3 expressed in reference frame FR.
tor position of the origin of the component centre-of-mass reference

r. is the vec- -
=i v

frame FR relative to FR (Figure 6). The orientation of the axes of
§ o

FR relative to axes of the structural reference frame FR is given by -

i

the ordered Euler angle rotations (¢R . GR . GR ), i.e. a rotation
i i i -

¢R about the x-axis of FR’ a rotation eR about the y-axis of the
i _ - Ui
reference frame resulting from the first rotation, and a rotation GR
i
about the z-axis of the reference frame resulting from the second

rotation.

As a consequence of the way that the FR and FR have been
i

defined, the order selected for the Euler angle rotations relating FR
i
RV’

and F_, and the definition of the cylindrical coordinate system of
Figure 5, the Euler angle ¢R also corresponds to the angular cylin—
i o

drical coordinate. This formulation reduces the total number of para-

meters required without affecting the generality of the formulation.

The cartesian coordinates (Xi’ Yo Zi) may be obtained from the

cylindrical coordinates (x ) through the relationships

R.* TR, ®R,
1 i 1

X; = Xp (4,13a)
i
y; = rR.COS¢R. (4,13b)
i i : B} .
z, = rR.31n¢R. (4,13c)
i i ,
UNCLASSIFIED
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It is emphasized that the x~axis cylindrical and cartesian coordinates

are identical.

5.  THRUST FORCES AND MOMENTS MODEL

In Section 2.3 the equations of motion are written in the
reference frame FB with the thrust forces and moments written, respec—

tively, as ( » Yoo , Z ) and (L, , M, , N.. ). In this section these
XTB TB TB TB TB TB

terms are examined in more detail.

The force terms (XT » Yoo , Z,. ) depend on the time domain
B Tp T
thrust characteristics and the physical location and orientation of the

rocket motors. This data must be know a priori to the simulation
and is provided as input data to the computer program in the form of a
thrust versus time look-up table and a number of parameters associated

with the full definition of the rocket motor configuration,

The thrust moments require a somewhat more detailed examina-

tion., They are considered to consist of two components:
1) A moment due to the location and orientation of the thrust
vector Yelative to FB (see Figure 8),
2) A moment induced due to fixed vanes or nozzle grooves onto
which the exhaust jet impinges.

Thus we have

(5,1a)
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M. = (M.) + (M) (5,1b)
TB TB cm TB nz

N, = (N.) + (N ) (5,1c)
TB TB cm TB nz

These characteristics are rocket motor specific. It is assumed
that such data is available for the rocket motors used in the simula-
tion. 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 (L. , M, , N ) as given
TB TB TB
by (5,la) to (5,1lc).

An assumpfion 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 m and the exhaust velocity vector relative to the vehicle XE
are large. However, for vehicles in the class of ROBOT-X using short
burn duration 70 mm (2.75 inch) rocket motors, these effects are negli-

gible and will not be considered further in this report.

Tn order to obtain the body-axes components of the thrust
forces and momehts, a transformation is required taking the thrust vec-
tor and transforming it into components in FB, then using these com—
ponents and the location of the point of action of the thrust vector
relative to F_ to compute the thrust moments. The folloﬁing summarizes

B
this analysis.

Only the case for one rocket motor of arbitrary orientation

relative to the fuselage reference line (FRL) is considered. The
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results for several rocket motors follow with an algebraic summation of

each motor's contributions.

A reference frame FTH is defined in Figure 8. FTH has its
i i
origin located at the point of action on the airframe of the thrust
vector of the i-th rocket motor, and its x-axis in the negative thrust
direction. The orientation of the axes of FTH relative to the axes of
i
the structural reference frame FR is given by the ordered Euler angle

rotations (¢THi’ eTHi’ GTHi)’ i.e. a rotation ¢THi about the x—axis of
FR’ a rotation eTH about the y-axis of the reference frame resulting

from the first rotation, and a rotation 6T about the z-axis of the

H.
i
reference resulting from the second rotation. A further, important

constraint is that the rotation ¢TH corresponds to the angular cylin-
i

drical coordinate of the point of action of the thrust vector of the
i-th rocket motor relative to the fuselage reference line (see

Figure 5).

Since the orientation of FB is related to the orientation of F

. I S = R
by a m rotation about the y-axis of FR (see equation (2.2,9)), it may

be shown that the rotation matrix EBTH relating components of a vector

i , ,
expressed in FTH to the components of the same vector expressed in FB
is given by
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_C056TH.COSGTH. SlnéTH.CoseTH. —31n9TH'
i i i i i
LBTH.= C056TH.SlneTH.SIn¢TH. _51n6TH.SlneTH.S1n¢TH. —COSGTH.Sln¢TH. (5,2) -
i i i i i i i i
+ 31n5TH.cos¢TH. + 0055TH.COS¢TH.
i i i i .
COSGTH.SlneTH.COS¢TH. _SlnéTH.SlneTH.COS¢TH. —COSGTH.COS¢TH.
i i i i i i i i
- SlanH.Sln¢TH. - C086TH.Sln¢TH.
i i i i

From the definition of F it follows that the thrust of the

THi
i-th rocket motor is given by
TH,
T, T = (T, 0, OOF (5,3)
and the nozzle moment of the i-th rocket motor is given by
Ty T
(nTi )nZ = (—ani9 O’ O) (5,4)

Using (5,2) and summing over all the rocket motors, it follows

that

Ny

Xp = 'g Ti0056TH.COSBTH. (5,5a)
B i=1 i i
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NM
Yo = Y - Ti(C056TH.SlneTH.Sln¢TH. t sinbpy, cosér ) (5,5b)
B i=1 i i i i i
Zp = y - Ti(coséTH'31n9TH'cos¢TH. - 51n6TH.Sln¢TH.) (5,5¢)
B i=1 i i i i i
and
NM
(LT )nz = .Z L Z.COS6TH.COSBTH. (5,6a)
B i=1 i i i
NM
My ), = g - an.(COSGTH.SlneTH.Sln¢TH. + sindgy, oS¢y, ) (5,6b)
B i=1 i i i i i i
NM
Ny ) = g - an.(c°55TH.SlneTH.COS¢TH. = sindp,, sing.. ) (5,6¢)
B i=1 i i i i i i

What remains is to compute the thrust moment (M. ) generated
P 5T, cm

by the i-th rocket motor due to ‘the displacement of its point of action

relative to the vehicle centre-of-mass. Let gBTH be the vector from

the vehicle centre-of-mass to the origin of FTH (see Figure 8), (XTH ’
i i

yTHi’ zTHi) are the coordinates of the origin of FTH. in FR’ and (Xcm’

Y om?® Zcm) are the coordinates of the vehicle centre-of-mass in F
(§T_)
i

R
om 1S given by

(ETi)cm = EBTHi X Ii (5,7)
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or
B _ B B
Yr = Zpmg L; (5,8)
1 . 1
where 2 is the matrix equivalent of the vector cross-product

BTH.
1
(Reference 4, Section 4.6). Using the definitions of the previous

paragraph and Figure 8, it may be shown that (cf. equation (3.3,9))

0 (Zrg = Zeq) Oru, ~ Yew
"B ) i i
IptH, ~ _(ZTH. - zcm) 0 (XTH. N Xcm) (5,9)
i i i
T(YTH. - ch) _(XTH. - xcm) 0
i i
From (5,5), (5,8) and (5,9), it follow that
Ny

Ly Vo = 2 [Cagy = 2 )T (cOSdqy sinbpy sindqy
B i=1l . 1 i i i

+ SlnéTH.Sln¢TH.) - (yTH. - ycm)Ti(COSGTH.SlneTH.COS¢TH.
i i i i i i

—'SlnéTHi51n¢THi)] (5,10a)
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NM
M) = Y [-(z - z_)T.cosb,... cosd
TB cm 121 'I'Hi cm’ 1 THi THi
T (Rpy T Ep) Ty (cosdpy sin®, cosdn,
i i i i
- SinéTH.Sin¢TH.)] (5,10b)
i i
NM
W J e = .E [=Crpy, - Yem) T3 0088y cosOy,
B i=1 i i i

t o Ggy, %)y (cosdyy sind, cosy,
i i i i
+ sinéTH cosq&TH )] (5,10c)
i i

All the terms that are required to specify the total thrust

moments (LT . MT , NT ) as given by equations (5,1a), (5,1b) and (5,1lc)
B B B
have now been specified.

As was the case for the mass and moment of inertia formulation

)

of the previous section, the cartesian coordinates (xTH s yTH . zTH

of the point of action of the thrust vector of the i- th rocket motor

are more conveniently specified in cylindrical coordinates (xTH » T

TH,’
i
¢TH ) (see Figure 5) through the relationships
Yru. = Tg cosqbTH (5,11a)
i i i
21y, = Tru, S0y (5,11b)
i i i .
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The x-axis cylindrical and cartesian coordinates are identical.

6. WIND AND TURBULENCE MODELS

The equations of motion developed in Section 2 include terms
that take into account wind effects. In Section 2.4 it was indicated
that those terms could be written as wind velocities in FB or FI (FE).
It is generally more convenient to define the wind velocity vector in
terms of components expressed in FI (FE), that is

W= W,i

- IE;E + Wz-i

+ W,k (6,1)

B B

where we note that in the definition of FE and FI used in the report
(see Section 2.2), the components of the wind velocity vector expressed

in FE are identical to those expressed in FI'

In general, W will be a function of both position and time,
that is

W= ﬂ(xE, Ygs Zg> t) (6,2)
It is common practice to separate this vector into two components, a

mean wind and a zero-mean random turbulence component (Reference 2).

This separation may be written
W(xg, vgs 2gs ©) = Wy, g, 2g, B) + ¥(xp, ¥g, 25 8 (6,3)
Here KM is the mean wind and w is the turbulence component of the wind.

The mean wind is frequently assumed to be time-independent, i.e. (6,3)

may be written
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Wxg, Y, 2g, ) = Wy, yp, zg) + ¥(xg, yg» 2p, t) (6,4)

The wind models that are provided as part of the simulation
software are based on (6,4). The standard models are provided as a
matter of convenience. They are not exhaustive but they do provide a
framework around which users can customize the wind models to their

particular requirements.

A detailed review of wind modeling in flight vehicle response
study is given in Chapter 2 of Reference 2. This is the basis of the

wind models that are defined in this report.

Three standard mean wind models are provided as part of the
simulation package. Model 1 consists of a neutrally stable atmospheric
boundary layer wind speed model with speed and direction jets superim-
posed. Model 2 is the simplest and consists of constant, generally
nonzero wind components. Finally, Model 3 consists of mean wind char-
acteristics that are user defined based on altitude dependant look-up
tables. Linear interpolation is used to obtain wind velocity charac-

teristics between look-up table data points.
For all three models the mean wind vector is given by
HM = —WHCOSC%E - WH31nClE + WV&E (6,5)
where WH is the horizontal mean wind, speed WV is the vertical mean

wind speed, and { is the direction from which the wind is coming

measured relative to True North (see Figure 9).
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6.1 Detailed Description of Model 1

For a neutrally stable atmospheric boundary layer (ABL) (this
is usually the case with higher wind velocities) the mean horizontal

wind speed altitude profile is approximated by (Reference 2)

v# = ﬁ—)n (6.1,1)
G G : .
Here WN = wind speed for neutral ABL -
WG = wind speed at the top of the ABL
h = height above the ground
hG = height above the ground of the top of the ABL.

Typical values of hG and n for several terrain typeé are given in the

following table (Reference 2).

terrain hG (meters) n
smooth (water, prairie) 300 0.16
woodland 400 0.28
city - 500 0.40

These neutral profiles result in mild wind shears and will

i 1

generally not lead to great control difficulties. Severe wind sheafg
may be modeled by headwind and tailwind discontinuities superimposed
onto this profile. This technique will be adopted here by adding
hypertangent profiles. In particular, two half jets of the form
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WJI = Wil[l --tanh{(h - hil)/AsHl}] ) (6.1,2)
WJz = Wiz[tanh{(h - hiz)/Ast} - 1] (6.1,3)
will be added. Here WJ s WJ = wind speed contributions of the first
1 2
and second jets respectively; Wi , Wi = inflection point heights
1 2
above ground level for first and second jets respectively; and AsH s
1
AsH = depth of shear zones for first and second jets respectively.

2

In this model the total horizontal mean wind speed is given by

WH = WN + WJ1 + WJ2 (6.1,4)
Equation (6.1,4) is qualitatively plotted in Figure 10%., If the over-
all mean wind is a headwind, then if hi > h, the model approximates
an increasing headwind discontinuity and if hi1 < h, the model approxi-
mates a decreasing headwind discontinuity. As AsHl, Ast approach zero
these approximations approach true headwind and tailwind discontinui-

ties. ’ o
The mean wind direction may be modeled similarly.

In the northern hemisphere the wind direction tends to turn in
a clockwise direction with height if we are looking down onto the Earth
(in other words [ increases with height). The total change in direc-
tion of this turn from the bottom to the top of the ABL is usually
between 10 and 45 degrees, but has been measured to be as much as

180 degrees.

* Note that in general W (0) # ~W; (0) and thus W (0) # 0.
1 2
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‘A family of turning profiles whose parameters may be adjusted
to be representative of modest to abrupt direction changes of the wind

that a flight vehicle might encounter can be defined as follows:

L=20, + th + Z’Jl + CJZ, h < h, (6.1,5a)
C=20, * KChG + CJI + CJZ, h > hG (6.1,5b)
CJ1’ Cjz aré analogous to WJ1’ WJ2 and are given by
CJI = Cil[l - tanh{(h - hcil)/Asc1}] (6.1,6)
CJz = Ciz[tanh{(h - h iz)/AsC } - 1] (6.1,7)
Here Ci , L. = inflection point values of the direction perturbation

i
2
magnitudes of the first and second direction shift jets respectively;

hC . hC = inflection point heights above ground level for first and
i, i
second direction shift jets respectively; and ASC , ASC = depth of

shear zones for flrst and second direction shift Jets respectlvely.

Figure 11 presents the qualitative characteristics of the hori-

zontal mean wind direction profiles. If hC > hC , an increasing (

il i2

with height direction shift occurs and vice versa for hC < hC
) il iz

To this point, updrafts and downdrafts have not been consi-

dered. These may also be modeled with hypertangent profiles.

UNCLASSIFIED




UNCLASSIFIED ) . ) . 77

Consider Figure 12 where the geometry of the updraft/downdraft
region is defined. This may be thought of as a model downburst cell.

The vertical mean wind velocity model will then be given by
W, = W,k (6.1,8)

where
WV = Wvo[tanh{(xE - X )/Asvl} - tanh{(xE - in )/Asvl}]
1 2

. [tanh{(yE - yEi )/Asvz} - tanh{(yE - yEi )/AsV 11 (6.1,9)

2
1 2

The terms of this profile are defined analogously to those of the pre-
vious hypertangent profiles. The profile is plotted qualitatively in
Figure 13.

Physically the updraft or downdraft velocities must be zero at
the ground. Terms which cause WV to go to zero as h approaches zero
may readily be added to (6.1,9) (e.g. by multiplying (6.1,9) by
tanh(ch) for suitably chosen ¢ > 0). Other physical characteristics,
such as outflow near the ground level in a downdraft, may be included
by appropriate combinations of (6.1,8) and the horizontal wind pro-

files.

6.2 Detailed Description of Model 2

The mean wind speed for Model 2 consists of constant components
given in a reference frame FLW (Figure 9). The orientation of the axes

of FLW may be obtained from FE (FI) through a rotation wLW about the
z—axis of FE (FI).
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We have

Wy = WILWMELW * WszMlLW * W3LWMI»‘LW (6.2,1)

Equation (6.2,1) may be transformed to provide the mean wind vector

expressed in FE (FI) components. The result is

Hy = Wopde * Wapdp + Wopkp (6.2,2)

where

Wiy = WILWMcosxpLW + WZLWMSln¢LW (6.2,3a)
Wy = —WiLWMSInwLW + WZLWMcoswLW (6.2,3Db)
Wy = W;LWM (6.2,3c)

The equations (6.2,3a), (6.2,3b) and (6.2,3c) are used in the

simulation software.

6.3 Detailed Description of Model 3

As has been indicated, Model 3 consists of look-up table data
given as a function of height above sea level (hASL) fully defining the
mean wind characteristics. The input data consists of NW data points

defining the following:

) (6.3,1a)

Wy =Wy (g

H. H,
i
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G; = Ty (hygp) (6.3,1b)
wvi =;WCi(hASL) - (6.3,1c)

Linear interpolation is used to determine values between data
Yoo s . C L o . [ ST e

points,

Equations (6.3,la) through (6.3,1lc) inclusive may be related to

FE (FI) mean wind components through equation (6,5), i.e.

W1M = —WHcosC (6.3,2a)
WzM = —WHsinC (6.3,2b)
wsm = WV (6.3,2¢)

Equations (6.3,2a) through (6.3,2¢c) are used in the simulation

software,

6.4 Turbulence Model

The term w arising in equations (6,3) and (6,4) represents
zero-mean atmospheric turbulence. The simulation package has provision
for modeling the three components of the turbulence velocity vector
through the definition of three turbulence time histories, one for each

component of the turbulence vector.
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These time histories are user-defined. They may be created
using an appropriate method for generating random time histories. One
such method, described in Reference 9, consists of filtering white
noise to produce turbulence records whose spectral characteristics are

representative of. atmospheric turbulence.

The turbulence model used in the simulation software assumes
that the three user files have a zero-mean and a standard deviation of
1 m/s. Program input parameters include the definition of the desired
standard deviation. This may be used to alter the intensity of the

turbulence without changing the basic input files themselves.

The turbulence files are defined with respect to FE for

models 1 and 3 and with respect to FLW for model 2.

6.5 Miscellaneous Wind Model Remarks

The absolute intensity of these wind phenomena may be related
in an imprecise way to the hazard posed to flight vehicles. One clas-
sification scheme for reporting wind shear in the atmospheric boundary

layer (relevant to aircraft, see Reference 2) is as follows:
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Category Vertical
Shear Magnitude
(ms-1/30 m)

__ Light 0 - 2.5

Moderate 2.5 - 4.5

Strong 4,5 - 6.0

Severe >6

It is stressed that the effect of such shears on a flight vehicle
depends on many factors unrelated to the shear magnitude itself. These
include airspeed, configuration, engine response characteristics, and
the presence of other meteorological factors. The last may, in fact,
lead to somewhat misleading situations. For example, if a flight
vehicle encounters a downdraft cell of 4 ms-! strength at 100 m alti-
tude, the mean vertical shear of the downdraft will be 4/100 =

0.04 s=*. In terms of the vertical shear of the horizontal wind which
results from the divergence of the downdraft, the equivalent average
value is 1.2 m/s per 30 meters. Such a vertical shear on its own would
not be considered significant but in combination with the downdraft and
the aircraft's low altitude may still cause significant control diffi-

culties.
Downdrafts that have a vertical wind velocity greater than

3.6 m/s (12 fps) at an altitude of 91 m (300 ft) AGL are considered to
be downbursts (Reference 2).

UNCLASSIFIED




UNCLASSIFIED 82

7. ATMOSPHERIC MODEL

Since the flight envelope of most flight vehicles spans a large
altitude regime, an atmospheric model is required that takes into
account variations in density (p), temperature (TA), pressure (PA), and
the speed of sound (a) as a function of altitude above sea level
(hygp) -

The model used is based on the US standard atmosphere (1962),
as is common practice in aeronautical engineering, and is valid within
the troposphere, i.e. for hASL < 11,100 m (36,000 ft) (see

Reference 7). It is given by -

TA =.288.15 - 0.0065 hASLR (7,1)
5 2558
P, = 101300(T,/288.15) ° : (7,2)
A A
- %
a = 20.0463 (T,) (7,3)
p = 0.00348454 PA/TA (7,4)
where
R = rE/(hASL + rE) (7’5)
TA is in degrees Kelvin, PA is in Pascals, a is in meters per second, p -

is in kilograms per cubic meter, hASL is in meters, and Ty is the
Earth's radius to the sea level datum, rp = 6.3567658 x 108 m -
(2.0855531 x 107 ft).
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For altitudes between 11 and 20 km, this model continues to be
valid if the temperature TA is set to 226.65°K (-56.5°C). This corre-

sponds to the isothermal region of the stratosphere.

From the factor R it is also convenient to compute the varia-
tion of the acceleration due to gravity as a function of altitude,

i.e,
= 2
g =gk (7,6)
where g, = 9.80667 m/s?* (32.1741 f£/s2),
Provision has been made in the simulation package to vary the
temperature and pressure (and thus the density) from the standard

values by allowing altitude dependent deviations from standard condi-

tions,

8. AUXTLIARY PARAMETERS AND EQUATIONS

This section describes a number of auxiliary dynamic, kinematic

and control system paramters and equations that are used in the simula-

tion software,

8.1 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 vehicle's
motion. This section considers these constraints for a rail launcher
such as that used for ROBOT-X.

UNCLASSIFIED




UNCLASSIFIED o 84

The basic geometrical quantities are defined in Figure 14. The
equations of motion while the vehicle is on the rail are presented for

the following assumptions:

1) The vehicle is mechanically constrained from rolling while
on the launcher by guides until the guides clear the launch
rail (i.e. the vehicle is initially constrained to move

along the x-axis of reference frame FLA)‘

2) The gquantity Se represents the distance and vehicle must
move in the x-direction of FB before the guides clear the

launch rail.

3) The vehicle may not move backwards on the launcher rail

[ 3
(i.e. U, is never less than zero).

BE
Under these assumptions it follows that if the distance that

the vehicle centre-of-mass has travelled, denoted by s, is less than or

equal to S then the vehicle is physically constrained to move only in

the launch rail direction, i.e. for s < s, we have

G
. =Q, =R, =V, =W, =0 (8.1,1a)
Bg By By By By
U. >0 (8.1,1b)
B
E
V. = V. (0) (8.1,2a)
By By
W. = W. (0) (8.1,2b)
B By ,
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PBE = PBE(O) (8.1,2¢)
QBE ="'QBE(0) (8.1,2d)
RBE = RBE(O) (8.1,2e)

The nonzero conditions (8.1,2a) to (8.1,2e) allow for a non-
stationary launcher, i.e. as would be the case for a launch from a ship

in linear and angular motion.

The quantity s is defined precisely as

@ = Loy = w004 g -y e 221" (8.1,3)

e}

where (xI, Vs 2 ) are the vehicle centre-of-mass coordinates in F and

(x I » Y1 oo 0) are the centre-of-mass coordinates when the vehicle is at .
o

rest on the launcher prior to first stage ignition.

For s > S the governing equations are the unconstrained equa-

tions of motion developed in Section 2.3,

It is emphasized that this is a simplified model that only con-
siders the gross effects of the launcher constraints on the system
during the launch process. A number of potentially important effects
have not been modeled. These effects include the tip-off dynamics,
i.e. effects that arise when the vehicle centre-of-mass is in front of
the launcher but the aft portions of the vehicle are still under the

influence of the launcher.
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These effects become more important for launch from a moving

platform, e.g. as would be the case in a ROBOT-X launch from a ship.

8.2 Aspect Angle Equations

For aerial target and flight test applications, it is fre-
quently necessary that the vehicle's aspect azimuth (EA) and elevation
(EE) angles be known with respect to an observer at FT (see Figure 2).
This section presents equations for EA and EE‘in terms of the location

and orientation of FT relative to that of FI.

It is assumed that the x-y planes of FI and FT are parallel,
i.e. that FI may be rotated to FT through a rotation wT about the
z—axis of F_.
I
Let the vector position of FT relative to FI be BIT’ and that
of the vehicle centre-of-mass relative to the origin of FI be R (see
Figure 15). It follows that the vector position of the vehicle rela-
tive to FT is given by
R.=R-R : » (8.2,1)

or in matrix notation

T 1. .1
Rp = LpgR = LygRyp o 8.2,2)

where LTI is the rotation matrix rotating vector components in F, to

components in FT’ and is given by (2.2,4a). -

Equations (8.2,2) may be written inAgcalar fdrm as
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X = (xI - xIT)cosq)T + (yI - yIT)s:Ln\pT (8.2,3a)
Yo = "(XI - XIT)sin\bT + (yI - yIT)coswT (8.2,3b)
Zq = 21 T Zoq (8.2,3¢c)

From the definition of EA and EE in Figure 2, it follows that

EA = arctan (yT/xT) (8.2,4a)
EE = arctan (—zT/xT) (8.2,4b)
8.3 Vehicle Acceleration

The accelerations that are present on the flight vehicle are
frequently required, e.g. in modeling accelerometer inputs to the

flight control system computer.

The inertial accelerations sensed at the centre—of-mass may bhe
derived from (2.3,16a) through (2.3,16¢c), i.e.

a_ = (X, + + X, )/m + gl . (8.3,1a)
xy Ay TR T ¥py BI,,
a =(Y, +Y., +Y,)/m+gl - (8.3,1b)
Vg T A BI,,
a =(2Z, +2, +2Z,)/m+ gl (8.3,1c)
2y Ay T Ty T %y BI,,

where (a_ , a_, a_ ) are the components of the vehicle inertial accel-
*3 Jp  Zp

eration vector a expressed in FB.
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Equations (8.3,la) through (8.3,1lc) may also be written

a_ =T, +QW, - RV
XB BE B BE B BE
ayB = VBE + RBUBE - PBWBE
a =W. +PV. -QU
z, "By BBy BBy

(8.3,2a)

(8.3,2b)

(8.3,2¢)

Both the inertial and gravitational forces are proportional to

the vehicle's mass. If these terms are grouped together, the resulting

expressions represent accelerations that would be sensed by instruments

located at the centre—of-mass, i.e, at the origin of FB. The result

is

®
cm B 13

cm

z
cm B 33

or -

V)
Il
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+
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N
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8
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’n !n ’

These are often written as load factors nx 2
em  Yem cm

fss]
4
o
~
(1]
|

, | (8.3,5a)
Xom Xp BI,, _

=]
Il
]
~
gQ
|
—~

(8.3,5b)
ycm YB BI

n -a_ /g +1 (8.3,5¢)
zCm zB g BI,,

where the z-equation for load factor has been negated to conform with
the convention typically used in aeronautics, i.e. a flight vehicle

pull-up is a positive n,
cm

In general, the accelerometer triad will not be at the vehicle
centre-of-mass, and thus the sensed accelerations must be corrected for
apparent accelerations due to angular rate and position. Let Za be the

position vector of the reference frame FA relative to FB. FA is a
body-fixed reference frame whose origin is at the accelerometer triad

and whose axes are parallel to FB. In reference frame FB’ L, may be

expressed

5, T xAiB + yAiB + ZAEB (8.3,6)

.—— In general it may be shown that the acceleration at FA (§A) is
related to the acceleration at FB through the relationship

(Reference 4, Section 5.1)

8, " 3g tug XL, + ZgB Xr, tuxyx £y (8.3,7)
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Since the vehicle is assumed to be a rigid body,

L, =0 (8.3,8)
and this term drops out of (8.3,7). Substituting the equivalent matrix

relationships into (8.3,7), solving for centre-of-mass acceleration,

and dividing by g, the resulting scalar equations may be shown to be

n, =mn, * [XA(Q§+R§) - yA(PBQB-RB) - ZA(PBRB+QB)]/g (8.3,9a)

cm s
nycm = nyS + [_XA(PBQB+RB) + YA(P%+R]23) - ZA(QBRB—PB)]/g (8-3,9b)
nzcm = nZs + [x, (PoRA-Qp) + v, (QpRp+Pp) — 2, (PR+QR) 1/ (8.3,9¢)

where n, o, ny and n, are the accelerations sensed at FA (normalized
s s s

by g) and n, is defined as a load factor in the conventional aeronau-
s

tical sense (i.e. the negative of the z-acceleration sense in FA)'

Equations (8.3,9a), (8.3,9b) and (8.3,9c) are important if a
very accurate estimate of acceleration at the centre-of-mass is

required (e.g. in strapdown inertial navigation algorithms).

In terms of the structural datum reference frame FR’ (xA, Yy
zA) may be written

X, = (g - X ) (8.3,10a) i
A
Yo = YR " Vem (8.3,10b)
A
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z, = -(zRA - Zcm) (8.3,10c)

where (xR » Vg o 2g ) are the coordinates of the origin of reference

A A A
frame FA in FR.
8.4 Homing Beacon Geometry B

The simulation software has provision for modeling a nondirec-
tional homing beacon (NDB) in order to simulate a homing signal for an
autopilot automatic direction finder (ADF). The homing angle n is

defined in Figure 16 and is given by

n=v%., ~¥g 0sn<2m (8.4,1)
where
wrel = arctan (AyI/AxI), 0 < ¢rel < 2w (8.4,2)
AxI = XIb - X[ (8.4,3)
e
AyI =¥y T ¥p : (8.4,4)
be

The location of the beacon relative to FI is given by the vec-
tor Ebe where

=x. i_.+y i+ + (h - ) k (8.4,5)
Soe T *1 H1 L™t Opsr hbeASL I
where h is the elevation above sea level of the origin of FI and
ASL
hbe is the elevation above sea level of the NDB.

ASL
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It is noted that this model assumes that for the homing dis-—

tances of interest, a flat earth assumption is valid.

If more sophisticated homing systems are utilized (e.g. TACAN

or LORAN C), then a more elaborate homing model would be required.

8.5 Servo Dynamics Model

The simulation package models servo dynamics as a first order
lag, and takes advantage of the fact that the flight control system
updates the commanded servo position once every At seconds. At is the

autopilot update rate.

The resulting models for throttle position GT’ elevator posi-
tion 6E’ horizontal stabilizer (or canard) position iH’ aileron posi-

tion &, and rudder position &, are given by

A R
- ~At, /T,
5. = (6. - 6.5)e T e C (8.5,1)
T T, " °r T -2
) —Ati/TéE )
8 = (aEi - 8;9)e + 8 (8.5,2)
-t /T,
. s . C H . C
ig = (1Hi iy Je +ig (8.5,3)
-At, /Ty
5 =B, -8%e Aygc© (8.5,4)
A A, A A 2>
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—Ati/Té

R c

5. = (6. - 86.%5e A (8.5,5)

where the subscript 'i' on a control position indicates the value of
the actual control position at the beginning of the i-th At interval, a
superscript 'c' on a control position indicates the commanded control

position for the i-th At interval, and
At, =t - £, (8.5,6)

Here t is time and ti is the time at which the i-th time interval

begins. Equations (8.5,1) through (8.5,5) are valid in the time inter-
c c . ¢ c c

val ti <t < ti + At. GT . 6E » iy 6A and éR are assumed to be

updated at the beginning of each At interval.

The actual control deflections that result are limited to

values appropriate to the physical limits of the servos.

If higher order or nonlinear features (other than limiting) are
important to the vehicle dynamics, this model may be modified to take
such effects into account with a corresponding increase in the com-

plexity of the model.

9.  GENERAL SOFTWARE DESCRIPTION

The simulation model described in the previous sections has
been implemented on a VAX 11/780 computer located at DRES. It has been
named FLISIM (FLIght SIMulation) and has been developed in two versions
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(FLISIMV1 and FLISIMV2) using, respectively, the AEROl and AERO2 aero-
dynamic models of Sections 3.1 and 3.2.

Both FLISIMV1 and FLISIMV2 are written in VAX 11 Fortran
Version 4.8-276 and run using the VMS Version 5.1 Operating System.

Both make use of IMSL subroutines (Reference 10).

FLISIM is fully supported with a plotting software package
developed around Tektronix PLOT 10 core software. The plotting soft-
ware has been used successfully on a number of graphics terminals
including DEC VT 100 (with Retrographics), Tektronix 4105, 4107, 4112

and 4114 terminals.

FLISIM has been designed to be highly modular in order to
facilitate user defined changes. This is particularly important in

certain areas (e.g. in the flight control system modules).

FLISIMV2 size and performance are similar to FLISIMV1. The
input aerodynamic files required for FLISIMV2Z are generally of con-

siderably greater size.

A version of FLISIM is currently being implemented as part of
the DRES real time simulation facility (SIMFAC). This version will be
geared to real time operation and will, as a secondary benefit, lead to
a more efficient code for use on the VAX 11/780 as well as on the SIM-

FAC computer. The SIMFAC version will run in a UNIX environment.
Both FLISIMV1 and FLISIMVZ2 have VMS command procedures to -

facilitate compilation and execution, and to provide a user-friendly

environment.
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The FLISIM software was designed not only to provide a six
degree-of-freedom simulation capability but also to provide the high
degree of flexibility required in applications requiring its use as a
flight control algorithm and flight vehicle design tool, and in para-
metric and monte carlo simulation of flight vehicles. The software has
been used very extensively and successfully in these roles in support
of ROBOT-X design, development and flight test and, to a lesser degree,
in other DRES RPV and drone activities., In the course of these appli-
cations there have been many changes introduced to improve the utility
of the software, to enhance its modularity and remove identified bugs,

and to develop user-friendly command procedures.

The high degree of flexibility that has been built into the
software also results in a software subset that is of some complexity.
This requires a concentrated initial effort by new users in order to
become familiar with the software and its various options and features.
It has been the DRES experience that users familiar with the VMS
Operating System and Fortran typically required 3-4 weeks to acquire a

good working familiarity with the software.

The IMSL subroutine DGEAR (Reference 10) is used to solve the
twelfth order nonlinear system of differential equations. DGEAR allows
a number of solution modes as determined by its input parameters,

These include an Adams-Moulton predictor—corrector method and Gear's

backward differentiation method (Reference 11).

For simulations in which speed of computation is essential,
DGEAR is not particularly efficient, in part due to its variable step
size and complexity of options. A fixed step size fourth order Runge-
Kutta method is usually satisfactory for flight vehicle simulation

applications and could be used in place of DGEAR.
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The simulation includes features that model £light control
systems that discretely update control and navigation parameters. The
update time At is user-defined thus facilitating parametric evaluation
of the effect of various update intervals on flight control system per-
formance, and allowing for the introduction of lags associated with

"stale" sensor data and flight control computer computations.

In summary, the main features of the FLISIM simulation software

are as follows:

a) Time varying mass and moment of inertia characteristics.
'b) Time varying thrust characteristics.

c) Two standard aerodynamic models that allow input of the
characteristics of a wide variety of flight configurations
based on predicted, wind tunnel and flight test aerodynamic
data,.

d) Modeling of ripple rocket firing characteristics.

e) Modeling of control dynamics of flight vehicles that have
any combination of throttle, elevator, all-flying stabi- -
lizer or canard, ailerons and rudder.

f) Modeling of digital autopilot control algorithms including
discrete sensor and control command updates.

g) Modeling of sensor nonidealities including sensor lag and
bias.

h) Modeling of variable wind characteristics including dis-
crete gusts, wind shear and turbulence.

i) An atmospheric model based on the standard ICAO atmo-
sphere. : N

j) An input data file conveniently structured for parametric
and sensitivity variation of critical thrust, mass and

aerodynamic characteristics.
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k) An interactively structured command procedure that allows
convenient variation of autopilot control algorithms and
control gains, and wind and turbulence models,

1) An interactive plotting package developed around Tektronix
PLOT 10,

A detailed userbook for the simulation software and the asso-

ciated plotting package has been developed and is given as Volume 2.

Volume 3 gives source code listings.

10, SUMMARY AND FUTURE WORK

Six degree—of-freedom, rigid body equations of motion have been
described suitable for modeling the dynamic characteristics of multi-
staged rocket-boosted maneuvering aerial targets. These equations form
the core of a Fortran simulation package named FLISIM. FLISIM is cur-
rently installed on a VAX 11/780 computer at DRES, and has been exten-
sively utilized in ROBOT-X flight control algorithm development, mis-

sion profile definition, and in comparision with flight test data.

The FLISIM package is currently being adapted for use in the
DRES real time simulation facility (SIMFAC). SIMFAC has been con-

figured around a Masscomp 5500S minicomputer operating in a UNIX envi-

ronment.

The current software, although flexible in its implementation,
is relatively slow and is thus unsuitable for use in real time. As
part of the SIMFAC implementation, steps are being taken to modify the

code for efficient execution in a real time environment. These modifi-
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cations will also improve the efficiency of the VAX 11/780 code which

is used strictly in applications that are not real time.

In order to facilitate broader application of the simulation
package, in the longer term modifications are under consideration that
will remove some of the assumptions and restrictions applicable to the

current versions. These modifications could include the following:

a) Removal of the flat, nonrotating Earth assumption.
b) Addition of the capability to model internal rigid rotors.
c) Modeling of fall-away rocket motor stages.

d) Modeling of different types of propulsion systems.
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TABLE I

SUMMARY OF DRES SIX DEGREE-~OF~FREEDOM

AND ASSOCIATED SOFTWARE PACKAGES

NAME

DESCRIPTION.

REMARKS

BALSIMV3

BALSIMVS

FLISIMV1

FLISIMV2

PREAERI

.{PREAER2

MICONSIM

Free flight, ballistic 6 DOF package.
Vehicle constrained to launch rail
until T-bolt clears.

Free flight, ballistic 6 DOF package.
Geared to rocket-boosted systems.
Vehicle has guide bolt but it is not
modeled as a T-bolt.

Maneuvering vehicle 6 DOF package.
Geared to rocket-boosted aerial
targets, but readily configured to
other propulsion methods.

Modular structure allows complete
modeling of control laws, autopilot
nonidealities and sensor nonideal-
ities.

Wind, turbulence models incorporated.
Servo dynamics model incorporated.
Nonlinear aerodynamic model

(Model AEROL).

As above except that the nonlinear
aerodynamic model is Model AERO2.

Aerodynamic model generation program
for FLISIMV1, DATCOM methods.

Aerodynamic model generation program
for FLISIMV1, hybrid DATCOM/wind
tunnel test data methods.

Real time ROBOT-X mission controller
training program.

Used on ROBOT-5,
ROBOT-7F,
ROBOT-7R, ROBOT-9.

As above.

Used on ROBOT-X,
ROBOT-LRX,

ROBOT-9.

Modified version
used in MMLE study
(Reference 3).

ROBOT-X

Used on ROBOT-X,
ROBOT-LRX, R2P2,
HULK.

Used on ROBOT-X in
conjunction with
wind tunnel test
data.

Uses simulation
files generated by
FLISIMV1 and
FLISIMVZ,
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TABLE I

SUMMARY OF DRES SIX DEGREE-OF-FREEDOM

AND ASSOCIATED SOFTWARE PACKAGES

(continued)
NAME DESCRIPTION REMARKS
NATMOD Natural mode program (open-loop or ® Makes use of aero-
closed-loop). dynamic files gen-
Generates system eigenvalues and erated by PREAER1
eigenvectors, or PREAER2,
e Used in ROBOT-X,
R?P? and HULK.
TRIMV1 Determines steady-state trim ® Makes use of aero-
conditions. dynamic files gen-
erated by PREAER1
or PREAER2,
e Used by ROBOT-X,
R2P2,
PLOTBALSM|e® Plotting package for BALSIMV3 and ® Developed around
BALSTIMVS. ' PLOT 10 subrou-
tines.
PLTSIMV1 Plotting package for FLISIMV1 and ¢ As above,
FLISIMVZ,
RBTPLOTV2|® Plotting package for PREAER] and ¢ As above,
PREAERZ.
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TABLE II

AERO1 AERODYNAMIC MODEL BASELINE PARAMETERS

LONGITUDINAL LATERAL
i VARTABLE i VARTABLE
1 c 1 c
D1 yB
2 Cy, 2 clB
3 cg 3 cﬁ
: p
4 c 4 c
D
q 7P
5 c, 5 o]
q p
6 cN 6 cN
m n
q p
7 C 7 c
% a
8 CL& 8 c1r
9 cN 9 cN
me n
[¢ ] r
10 c 10 c
Dy Ve
E A
11 c. 11 cN
L 1
5 5
N P N A
12 c 12 c
O O
13 c 13 c
Dy Ye
H R
14 c 14 c
Ly s
H R
15 cN 15 cN
m. n6
1H R
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Figure 4
DEFINITION OF WIND AXES
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VEHICLE CYLINDRICAL COORDINATE SYSTEM
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NOTES (i) The origin of Fg is at the vehicle centre-of-mass.

(ii) ‘The origin of Fy is on the vehicle datum point and does not move.

(iiil) The orientation of Fy is related to the orientation of Fy through 180° rot. ion
about i g.

{iv) The axes of Fy and Fp, are parallel to Fg.

{v)] The origin of 'FBi and Fg, are at the centre-of-mass of the i-th airframe
component. ,

{vi) F‘Ri is of arbitrary orientation. FRi is obtained from Fy through the ordered
Euler rotations (¢Ri, O, O, )

Figure 6
GENERALIZED COMPONENT REFERENCE FRAMES AND GEOMETRIES
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Figure 7
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Figure 9
WIND DIRECTION ¢ DEFINITION
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Figure 10
HORIZONTAL MEAN WIND SPEED CHARACTERISTICS FOR MODEL |

(Taken from Reference 2)
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Figure 11
HORIZONTAL MEAN WIND DIRECTION CHARACTERISTICS FOR MODEL |

{Taken from Reference 2)
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UPDRAFT- DOWNDRAFT CELL

Figure 12
UPDRAFT-DOWNDRAFT CELL GEOMETRY

(Taken from Reference 2)
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Figure 13

UPDRAFT -DOWNDRAFT MEAN WIND SPEED FOR MODEL I

(Taken from Reference 2)
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Fg is a body-fixed reference
frame defined in Figure 3.

F_a is a launcher fixed

reference frame whose

initial orientation s = distance vehicle has moved

coincides with Fg along launcher rail relative : .
to rest position

VEHICLE
CENTRE-OF-MASS
WHEN AT REST
ON LAUNCHER

| ]
T T T I T T T TR TR NN RN TR Y GROUND

Figure 14
VEHICLE CONSTRAINTS WHILE ON LAUNCHER
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Figure 16
HOMING ANGLE GEOMETRY
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