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PREFACE

The following document was intended to serve as a reference manual
which will enable the reader to gain a quick understanding into the design
and working arrangements of the Space Shuttle Entry and Approach Test
simulation as used on the Simulator for Aircraft Flight Test and Development
Simulation Benchmark. By reading through this report he is expected to
know how to make use of the program and to find his way around in case any
modification/addition is comtemplated. In brief, the main purpose for this
report is to insure a smooth transferability from the originators to the
users with a minimum period of learning and associated delay.

The program was written in Fortran for the SEL 32/55 digital computer
with 48K 600 nsec memory equipped with floating-point hardware and tied to
a functioning mock-up of an aircraft cockpit. Some part of this program
was coded in Assembly language to improve the execution speed. Therefore
the package cannot be transferred to another type of machine without some
re-programming efforts.

Significant contributions to all phases of the simulation and report-writing
were made by the following personnel:

Mr. Richard Hansen, Supervisor
Mr. Steve E. Louton, Engineer
Mr. Larry V. LeDuc, Engineer
Capt. Charles L.. Bozeman, USAF
Lt. Douglas V. Palmer, USAF
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1. INTRODUCTION

The Shuttle software package is a general-purpose real-time
digital computer program that simulates all aspects of the flight:
aerodynamics, flight control system connected to a cockpit for
man~in-the-loop operation. The Space Shuttle mission profile is
composed of many modes. They are very briefly: ignition € 1lift-
off, pitch initialization after about 6 seconds, staging 122
seconds after lift-off (in the neighborhood of 235-nautical-mile
altitude), external tank separation & disposal then orbit inser-
tion. On the way back to earth the mission can be subdivided
into: deorbit phase at 160-nautical-mile altitude, entry mode
starting at 400,000ft, terminal phase starting at 50,000ft and
finally landing and touchdown. The simulation contained in this
report is devoted to the last two phases: Entry (beginning at
10° ft) and Terminal Area Energy Management (TAEM)

Handling quality constitutes the main objective of this
study. It does not address the Shuttle's full mission nor does
it simulate the navigation to pinpoint a landing site. Actual
touchdown will not be simulated because the model does not
include ground effects, the lowering of landing gear assembly
and nose wheel steering. The Space Shuttle simulation described
in this report is designed for training and contractual accept-
ance of procured simulator hardware. It is different from the
Shuttle simulation used by the AFFTC Office of Advanced Manned
Vehicles which is used for development and flight testing of
the Shuttle.
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2. MATHEMATICAL MODEL

By writing the aerodynamic equations, three explicit coordinate
systems are used. They are H-frame (flight-path axes for describing
orbital mechanics), body-axes and earth axes. The choice of
various coordinate systems is made to enhance the relative
computational accuracy of each segment of the model. Tor example,
it makes no sense writing the vehicle rotational equations in any
coordinate system except the ones with an origin residing within
the vehicle itself such as body-axes, stability axes, or wind axes.

The transformation from body-axes to earth-axes is accomplished

with a matrix composed of direction-cosine terms. These direction
cosines are listed below but they are not explicitly evaluated in

the program.

2, = cos @ cos y

»
(]

cos 6 sin ¥ (2-1)

-sin ©

=
1]

M) = -cos ¢ sin Y + sin ¢ sin 6 cos VY

2 = cos ¢ cos Yy + sin ¢ sin 6 cos Y (2-2)

Mq = sin ¢ cos 6

B) = sin ¢ sin Y + cos ¢ sin B cos Y
Mo = ~sin ¢ cos Yy + cos ¢ sin B sin P (2 -3)
N3 = cos 0 cos ¢

The angles 8, ¢ and Y represent the pitch, roll and yaw angles.

Together they are commonly referred to as the Euler angles.

6
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For clarity, the model equations are arranged in groups , each
group describing an aspect of the flight. Subscripts I, I, and L
stand for the three coordinate systems mentioned earlier. VWhat-
ever symhbol not explicitly named can be found in alphabetical

order under Chaptef a .

2.1 Aerodynamic equations: Acceleration terms in body-axis
reference frame are the results of thrust vectors T o Ty' and 7

,-

; The subscript "G" stands for landing gear and even though there

is no engine, the thrust terms are included in the equations for

completeness,
C C
c c C (& s
XP a5 c (se) P (Ge)L CsBF (8BF) CssE (6Sb)
) = Cc + + +
£ m 0 2
C ( G) T
+ %¢ J +
m
Yy - a8 { [Cy (8SB - §SByn,) + Cy 3} ér + Cy (6a) (2-4)
m OF oy ér )
Sk a
TY
+CY (B) } +‘m_
B
Z <08 (€ Cy c : Cy aR sp3
B =-d Ny + "Ny, (8e) + "Nopo (8CF) + Nesp (885D - Gobuon)
T
C Z
+ NGG (6G) + ACN (CNO)] + —

0(h)

Note that the subscript "N" refers to the normal force as opposed
to subscript "n'" which is associated with yawing-moment coefficients.

Resolved into the earth-axes reference frame, these acceleration

terms become, after compensation for the earth's oblateness

4
<« r
A - 0 - ) -—
E = xnil * \Uml + ZBn1 - 3J2g0 (;r) cCOos U sin yu
| YE = X8 +Y + 7
"By L) ‘sN2 (2-5)
% - X 8., + Vol ¢ Zun |
3 p™3 B"3 7

BT
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Where u and J, arc the colatitude (ET - L) and the neasure of ecarth

oblateness respectively. The dynamic pressure q in the above

equations and other related terms such as Macli nunber and the mass
m are defined bhelow.

-— 1 '2
(1=§P‘
T8 AR e S i
~ Mach = » & = sonic speed ( )]
W Wi

Here, VO and “F stand for the vehicle empty weight and fuel weight

respectively. Also the airspeed V, wvhich is normally obtained by

o (2]
VI%“ + V" + U7 car simply be establislied Ly

U
-7)
Cos o - cos b K 2-7

Latitude L and longitude X are derived from the launching-point

coordinate (L, Ag) and the carth's rotation w

tF
J
e E
L-—L0+ -I-_-—-dt

0

t ;

vE A

S e R e

2,2 Orbital & Suborbital Iquations:

Tirst consider the orbital
phase,

let Yy be the angle between the direction of travel and

true north and r the vehicle altitude measured from the cartl. center.

Let (x", yH) be the local plane perpendicular to the line of r

(or zq) such that X is pointing in the general direction of travel

and Yh perpendicular to (xr, zq) to form a right-handed triad (see
ref. 9.1.3) Then

"
rXHI = (rlhl)() + r}%idt ¢ 303
rt +‘77 0 Yp i
v, =y 4| |e== tan L. ¢+ = | dt
HE ,/0 5 Uy

ORI S-S St O
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(t
3 - !
Vi LT :

g+ Zyldt i
QO JO l ll] :
r” t
6R = SR, + ! . g
0 (=W, )dt ;
P H i
g, = {¥%) ¢
r s
E
V'here

r=ry + S8R (S8R measured from sea level)

y = Xg cos vy + Tp sin gy
(2 -10)
¥y = ~Xp sin gy + ¥ cos Yy

e -

VA =ZE {

gt

And the velocity and the gravity terms are obtained as follows i

ra

195

UH cos w”

‘7

g = Uy sin vy (2-11)

\7]3 ‘711

X r.|2 4 P (t,)
g =& |_© - |3 r (8 cos™ u - D - *H
2 (r ) [Engo (;£4 —_—

Next, consider the suborbital phase

By * Yyl ¢ W

B ra'e '3

Rl "EM3 ( 2-12)

Wey = U




where the effective airspecds FEA and VEA are defined in terms of
the north (Wu) and east (hv) component of the wind shears., lNo
updraft/downdraft are included in this model. Values of “u and
Wv are stored at 5,000 foot increments, from O to 100,000 feet

altitude where this simulation starts.

1 5 e
Upy = Ug - ¥y

(2-13)

VEA = VE - (r cos L)we - Wv

2.3 lotational ILquations: The moments acting on the vehicle

are estimated about the body axes as shown below, Let L. be the
reference length of the vehicle, Let Jn, Jp and JY be tke dimension-
less numbers of roll, pitch and yaw jet firings and Ln and LY be

the rolling moments due to one roll and one yaw reaction jet

firing, respectively. Then

(2]
. gsb —
Ly = ﬂEV‘ [Cﬁp () + Clp (Rp)] + qSb {[016 + ClF (se)

+ (c2 + C Y (85L - 25°) + C (6SL - GO°)
8 off 6 (2 -14)
8SL, "§SD, &S

A G (8G) 1 (p) + Cl (sa) + CQ (6r) }

RGGG Sa ér

oMb ] Cgon  FF Yy A ¥ s ZB] * gt dy

C C
& m nm .
e (se) (S¢)LLFT
% - o C = bl RIG“T +
Ny = d5p (Lm() (Cy) + asc [Cmo 33 )
’ (2-15)
+ € (6SE - 85SD,.q,) + C (spr) + C (8G)
méSD nNOM mdLP de

T 2 MRl s Uhn, B0t B ¥ (g = R 5,1 ¢ Vipip

10
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- O ; -
N, = qSb™ [C (P,) + C (R,)] + gSb{ [C (ée)
B

5]5‘7— np D n B n

n 860
+ (an + C"B ) (8SB - 25°) + C"B (8SL - 60°)
6981 GSB2 GSB3
+ C (6G) + C_ 1(B) + C (éa) + [C 2 -16
nBGG nB n6a nér ( )

* G C[8]>1 C8r)} + (FCp - Xyp) (m) (2) *+ (Ly)dy
B

Appropriate reaction-jet terms can be added to the MB and NB

equations if later vehicles are so equipped. The mean aerodynamic 5
chord length is represented by ¢ in the above equation. The ‘
symbol X represents the x-axis displacement of center-of-gravity

from an arbitrarily picked reference point. Similar definitions apply to y and Z.

{ - sin 8 - k r
F \AxF+____r_(AxeF) Vsin 'o‘,‘.'

0 “NOM |sin 6|

X = (cgy - cg, )+(

Y = (cgy - CBy )
Y0 ‘uov. (2 -17)

N|

F

= (cg - cg ) + Ne z
Zo Zyom (W_ F
max

Here,eF the angle made by the surface of the fuel with respect to
the Xh axis
1 2p

= ° e -
OF 90° + tan YE ( 2-18)

11




Using the moments LL' MB,and h we can obtain the vehicle angular

accelerations about its own axes - - PB’ QB and RB
Pp = g lp = Ixy(Pghy = Qp) * Igz(Pplp + Bp)
XX

o 2
+ Iyp(Qp™ = Rp™) + QpRp(Iyy = I55)]

Q=L o+ 1., (QR. + P.) = I (P2 - R,2)
T— DBp * Iyy (QgRp *+ Pp xz Pp D
Iyg(PpQp = Rp) + PpRE(I5, = Iyy)]

o 2
(Np = Iyy(Qp™ = Pp™) = Iy (QuRp = Pp)

‘.‘ﬁ:‘"
"
-

+ Iyp(PpRy + Qp) + PRQplIyy = Iyy)l

where the inertia terms are defined as follows

o e
Ix = Iyyx=Ixx = ( = ) Iyx
0 F
W
max
Iy = lyg®lyy * e Iyy
o WF F
max
I, » Igg =g, +[ 'k Is2
0 o F
max
W
I, = I . F |1
i xs ~ ‘xg, (”F ) Xz,
max

& =1 + F 1
XYy XZO (W ) XYF

(2 -19)

(2 -20)
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Fuel consumption and the weight of fuel are described by

‘:]F = -(FT)T ; T = Thrust

(2-21)

t,
W, =W +/Wdt
F Fo 0 F

By integrating the angular accelerations we acquire the angular
velocities PB, QB and RB (also known as the rolling rate, pitching

rate and yawing rate).

o)
]

t .
B PBO +-[; Ppdt

t .
QB = QBO + j; QBdt (2-22)

= Ry, * f;RBdt

2.4 Other Pertinent Equations: Fuler angles namely pitch,

yaw and roll, are calculated below. Notice that this formulation
will not tolerate a pitch angle @ of #90°,

=
]

6 =8, At(QBcos¢-RBsin¢)dt

©
]

t
4> g _/6 [PB + tan O(RB cos ¢ + QB sin ¢)] dt ( 2-23)

<
"

Vo *+ J[ t.[Rp cos ¢ + Qp sin ¢} 4.
0 cos 6

13
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Stability-axis angles, namely angle of attack a and angle of
sideslip B can be computed as

a = tan"1 wn
v

B (2-24)
g.e T (VB cos a)
s
Flight path angle
Y=g =-acos ¢ - B sin ¢ (2-25)

Let WR be the given angle between true north and the RD vector;
then down range and cross range can be computed as:

R = r, [(L - Lr) cos yp + (A - Ao) cos L sin *Rl

(2 -206)
Rx =r, (L - Lr) sin wn + (A - Ao) cos L cos wR]
Equivalent airspeed KEAS and calibrated airspeed LCAS
KEAS = V-V [ 3600 nautical miles
Po 6080
Kcas = [Y1), (KEAS) (2-27)
b

The quantities vy and v, are defined by the following empirical formulae: ;
Yy = f(x) ; x = Mach number (2-28)

v, = f(x) ; x = (.001511) (KCAS)

Vhere f(x) assumes the following form:

14




for x > 1.6

Geometric altitude L and geopotential altitudc:

h = gr + (sin® L) &h

N E

r. +'h

0

she

llate of climb:

(h) = -".’H = -1‘.'1_:

4.
at

RTINS ST

Air density can be approximated as a function of altitude, based
upon standard atmospheric data:

=g}
ghy




3. MAIN PROGRAM

} No efforts are spared to organize the main program in a self-
explanatory manner. DParameters and data are grouped together
according to their roles and the omnipresence of the comment cards
should guide the reader through the program. It is suggested

that subsequent users do not deviate from the existing logical
organization when making modifications/additions, so not to

defeat the purposes. In order to simplify the loading process,

M e i

all parameters and data (including aerodynamic coefficients) are
stored in the main program , thus avoiding the use of COMMON blocks.

As indicated by figure 3 -1, the main program is composed of
three parts: the initialization, the Hi-speed loop (starting from
statement 47), and the EASE subroutine designed to display and
modify any parameter of the main program. EASE was written to
allow interchange of parameters without the use of COMMON blocks.

S P - Initialization: Most data parameters and initial conditions
are on punched cards to allow maximal flexibility on flight conditions
and vehicle configurations. All aerodynamic derivatives are stored
in the form of 16-bit normalized fixed point fractions, The detailed -;

discussion of their handling will be covered under the heading of
"Function Generation'". During the initialization phase the program
will ask the user if he is through with changing parameters before
entering into the next phase, by typing the question "ARE FURTHER
CIIANGES DESIRED?" A "YES" answer will automatically call in the
EASE program. A "NO" answer will set in motion the high-speed

loop.

Not all parameters can be independently initialized. For
instance, Vg is called an "intermediate' variable because it is a
function of wn and UH’ Thus the initial value of VE is determined

once the initial conditions of Yy and UH are specified, and vice versa.

3.2 Hi-Speed Loop: This loop is actuated by an interrupt

which occurs at synchronous, regular intervals At whose duration

was set a-priori. During the time At, the computer must finish

solving one frame of the dynamic equations before the occurrence
16
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, Deactivate Interval Timer and
Initialize Handler

Y
Read from Disc
-Constants and Parameters
-Aerodynamic Derivatives
-Initial values of the state variables

Disable
Interval Timer

i ABORT 57
RE-ENTER /\}0/ requested ?

N

/_L

STOP

l 1) Initialize digital input for
mode control
2) Calculate intermediate parameters
from given values

Set-up and Enable
Interval Timer

Disable Interval Timer

Wait for 2 seconds To be continued next page

Figure 3-1 - Main Program Flowchart
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Figure 3 -1 (Continued)

1) A-D conversion of FCS commands HOLD \ Y
2) Reading of control switches from mode ? | i
cockpit (IC, HOLD, 3DOF, windy
atmogphere, etc...) N
N
4

Lock control surfaces IF corresponding
FCS signals are disconnected

Y
Initialize Time
Counter=0 )
IC Y
m°y 1 %
N Initialize P,Q,R, 6, o & i

Initialize lattitude, longitude,
Uy » \UH , WH and R

Bt

Table lookup of aerodynamic coeff's
1)Calculate vehicle body-axis c. . C C C C C
moments Lp , Mp , Ng 32 Cpm* 00 s “N s vy
2)Calculate P , Q, R
1
To Be Continued

On Next Page
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Figure 3-1 (Continued)

Integration to obtain body rate
of rotation P, Q , R

210

rates é, c.p a.nd‘i‘

Calculate Euler-angle

f

i
4

Integration to obtain 9, @ and ¢

Set accelerations fJB .-

Calculate body-axis

7l Vg and Wy to zero

320

acceleration XB

Evaluate body-axis accelerations Y, , Zg

v

To Be Continued On Next Page
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Figure 3 -1 (Continued)

1) Coordinate transformation to obtain earth-

axis accelerations XE 5 YE - ZE

2) Coordinate resolution to obtain H-frame
accelerations XH 4 YH y ZH

3) Computation of gravity

Calculate H-frame derivatj.ves rfIH 5 \UH

R

2

1)integrate to obtain rUp , q”H

WH ’ L 3 A and SR
2) Calculate r , Uy separately

1) Compute down range, cross range & altitude
2) Compute vehicle ground speeds Ug , Vg and Wg

. N/Windy v Wind model |
WIND=0 We ———— subroutine |
? a




Figure 3-1: Continued

. I8

1) Compute vehicle airspeed components Uga 3 Vpa 5 h
2) Generate body-axis velocities Ug ; Vg ; Wg ‘

e T

Evaluate a and B

| True airspeed V=constari]

5DOF only
e

[Evaluate v >{44

4

1) Calculate p, q , equivalent airspeed, calibrated
airspeed, Mach.

2) Digital FCS processing

3) Examine pulse flags (DEPULSE, DAPULSE
and DRPULSE)

4) Apply pulse to the desired surface

F 5) Digital FCS Processing (bypassed if any surface
is pulsed)

!
6) Examine surface flags (FCSDE , FCSDA , FCSDR,
FCSSB , FCSBF)

7) Set surfaces that are flagged equal to their IC values
( DELIC , DERIC , DRIC , DSBIC , DBFIC)

8) Preparation of output

To be continued on next page
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Figure 3-1: Continued

TIME.GT.
RUNTIME

7

Disable Interrupt

Execute EASE

of the next inteirupt. In order to achieve the real-time (or time-
critical) goal, great care was made to minimize the execution time.
Even so,a number of calculations have to be delegated to the analog

computer such as

-~ Sin/cos functions of angles 6, ¢, ¥, o Zfor instrumentation

- generation of test pulses

In fact, if more equations are to be added into the dynamic model,
some other existing equations must be deleted from the high-speed
loop. An alternative would be solving the deleted equations on
another digital or analog processor. The dynamic model is given

in Chapter II, thus not repeated here. During run time, the operator
can intervene by throwing a number of switches which in turn
activiate a number of interrupts in the digital computer. The
switches are situated in the general cockpit area and they consist of
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- IC Switch: sets the program back to Initial Condition
mode. All information concerning the preceding run is
lost.

- HOLD Switch: also stops execution but all state variable
values are frozen at their respective values reached
prior to activation of the switch. This mode allows
the user to investigate the status of his program in

post-mortem fashion.

- 3 DOF Switch: sets the yaw rate & and the roll rate 6
to zero, the vehicle can then be studied entirely in
the pitch plane, having three degrees-of-freedom: ;,
;, and 6., This mode is useful in planning and perfor-
mance analysis such as plotting the gliding envelope.
In this case, we are interested only in getting from

one point to another point.

- 5 DOF Switch: imposes a nearly constant altitude, constant
total-velocity flight regime . This mode offers a con-
venient way to study vehicle handling quality and
maneuverability. To different people, 5-DOF simulation
means slightly different things. Thus we derive the 5-DOF
situation used in this simulation for reference purposes.

Consider the acceleration equations in body-axes, excluding the

thrust and aerodynamic force on the surfaces.

-~ - } ~ - r
XB UB 0 wB —VB PB
Zy Wy Vg -Uy 0 [ RB_J

L J L J o -
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P § F 1
cy.ch sy.ch ~s6 0

7+ (cy.s0.50 - sPp.cd) (sy.s9.s¢ + cp.co) cO.sd 0

(cy.sB.cod + sy.s¢) (sy.sb.cd - cy.s¢) cb.céd -g
L\ ey _/a L

Inertial-axis —s body-axis transformation

-

Where cy and sy are the abbreviations for cos ¥ and sin Yy respectively, !
For 5DOF, assume that bB = VB = &B = 0 and solve for the acceleration
component Xg i

SaE ZWg + YV et BT cose(v851n¢ - Wgycos¢) L
B . ( 3-2)
B

Us

Equation ( 3 -2) is used in lieu of XB described in equations (2 -4).
The only other changes in the 5-DOF case are

d(Ar)
£

( 3-=3)

and vV = VIC y @ constant

The closed-loop nature of the hi-speed loop is illustrated by the
block diagram of figure 3 -2. This block diagram depicts the main
stream of the calculations and how different groups of calculations
are related to each other functionally.
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\ Figure 3-2: Block Diagram /
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4, FLIGHT CONTROL SYSTEM (FCS)

4.1 Description: In this simulation we investigate the Orbiter

handling qualities under manual control of a pilot. There is no

provision for an autopilot in this program. From the time the Orbiter
' enters the atmosphere at a nominal altitude of 400,000ft to touchdown
| it is not power-assisted except for the Reaction-jet Control System (RCS).
I Thus the importance of the FCS can't be too much exagerated.

The Orbiter is equipped with an all-digital fly-by-wire FCS which

insures aerodynamic stability with the help of five on-board computers
(four redundant primary and one secondary). The computers, in turn, feed
{ signals to the actuators of the control surfaces . A picture of the
control surfaces can be found on page 22 of reference 9.2.2.

a/ Elevons ( Elevator-aileron combination): They are full-span
in construction, used for affecting both pitch and roll. This program does
not exercise the inboard and outboard elevons separately.

b/ Rudder / Speedbrakes: The conventional rudder is made up
; of two symmetrical halves which, when deployed, constitute the speed
l brakes.

¢/ Body flap is found on the very end of the fuselage below the
main engines and serves mainly as augmentation to longitudinal trim.

Whenever the control surfaces prove to be ineffective (high altitude, low
dynamic pressures) pitch and roll reaction-jets are fired to guaranty the
orbiter's aerodynamic stability. The yaw reaction jets are used more
often, including the cases just mentioned above.

4.2 FCS Block Diagrams: The pitch, roll and yaw modes of the FCS

are depicted by the block diagrams on figures 4-1, 4-2 and 4-3 in

that order. Let us discuss one of the modes in detail, say the pitch mode
of figure 4-1 . A command from the RHC ( Rotational Hand Command )

is fed through the deadband and pitch shaping networks then compared

with the current Orbiter performance ( a function of the pitch rate Q)

to generate a pitch rate error signal called DPJ. Because of the

coupling effects between the axes, the nose tends to dip during a turn.

To compensate for this, we want an additional negative elevon deflection

b ( trailing edge up , by convention ) and the term R*tany does exactly

this by contributing a negative influence to the elevator command &,
CMD .
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When the speedbrakes are deployed,they force the nose upward by
contributing a moment around the Orbiter's center of gravity ( CG ).
Note how the speedbrake increment ( DSBPC ) signal is used to negate
the unwanted pitch-up by a direct reduction in the pitch-position trim.

The FSC roll channel is represented on figure 4-2. The switches
EARLY and LATE correspond to MACH >1.5 and MACH < 1.5 respectively.
Notice the roll-rate command main path. Starting with the roll stick
position, the signal goes through deadband, shaping and first-order lag
circuits before being added with the integral of the roll-rate trim term

at SUM21. From there,the control signal is sent through SUM 24 where
the roll-rate feedback and other coupling terms are subtracted. All the
feedback signals taken together are called PSTAB (roll-rate stability).
SUM24 is directed to a switch whose poles are marked EARLY and LATE.
The EARLY side of the switch allows only reaction jets to control the roll
channel because, at that time, the Orbiter is still at high altitude. Only
during the LATE stage can the control surfaces perform effectively.

The FCS yaw channel is illustrated on figure 4-3. The rudder pedal
generates a signal which is fed through the dead-band and shaping networks.
Then it is summed with the integrated yaw-trim signal. Before reaching

the actuators proper,this signal is further modified by Mach number and
dynamic pressure . An arrangement similar to the roll-axis channel is
implemented here to allow the yaw jets UZCMD to take over at high altitude
(EARLY). Only at low altitude (LATE) can the rudder work the way it works

on an airplane.

Figure 4-4 describes how the Orbiter's control surfaces are exercised
by different actuators.

4.3 FCS Computer Implementation: In the block diagrams the transfer
functions and filters are expressed in the Laplace s~domain. We could

have used the s-plane if an analog computer were used. Since the FCS
program is done digitally it is advantageous to map the transfer functions

from the s-plane to another complex plane, the z-plane. In simple terms,

z can be defined as z=eST where T is the sampling period. A comprehensive
treatment of infinite-impulse-response digital filters can be found in reference
9.1.6, chapter 4.

It is a known fact that a stable analog filter might or might not map into
a stable digital filter if we just go about replacing the differentials by finite
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differences (backward, forward,or central differences). A more elaborate
process is used in this program to prevent computational instability and
aliasing problems. It is called Bilinear transformation (simple conformal
mapping ) and it is represented by the following transformation:

3 (1-271) @-1)

Consider a first-order transfer function as an example. Given

Hisl £ (4-2)

s +10

Substituting s for z as dictated by equation (4-1)

H(z) = 19
_2 ( 1 - Z—l) + 10
T (1+z71)
//
5 10T + 10Tz}
H(z) = 1 = (4-3)
' 9 -2z 1+ 10T + 10Tz !

In this program the {rame time is T=.04 second. Any first-order transfer
function can be, for our programming purposes, reduced to the form shown

below:

Gl ar Gz*z'l
1 + Gg*z™ "

= (4-4)
X

Similarly we put all second-order transfer functions in the following form
prior to digital coding:
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Y Gy + Gy *z~1 + Gg#3~2 (4-5)
X 1 +G4*Z-r+ G5*Zm2

Thus the z-transform of equation (4-2) finally becomes, after introducing
the proper value for T into equation (4-3)

Hiz) = 21667 + ,1667z"1 (4-6)
¥ - .e8evzl

Computer mechanization of equations (4-4) and (4-5) are done in the form
of function subroutines called FILT1 and FILT2 respectively. FILT1 and
FILT2 stand for first-order filter and second-order filter. For FILT1
the expression comes directly from equation (4-4)

XOLD = Gz*xn_l = GB*Yn-l
For FILT2, equation (4-5) can be put into the format

- G.XX_ + -
Y, G1*%y * Xiodel (4-8)

= x = %
where Xnodel 02 Xn-l G4 Yn-—l = XnodeZ

Xnode2 = G3*X, o= Gs*Y,

Refer to Table 4-1 to correlate an s-domain transfer function to its
z-domain counterpart. Besides the filters, the hysteresis transfer
function also deserves a brief mention. Figure 4-5 depicts the flowchart
of the HYSTER subroutine and it is self-explanatory.

A detailed flowchart of the Shuttle Flight Control System (SHTLFCS

subroutine) is contained in Figures 4-6. The actual listing of SHTLFCS
can be found in Appendix D.
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TABLE 4-1 : Transfer Functions

Transfer Functions
( s-domain)

z-Transform Equivalent
( for sampling period T=.04 sec)

s +10

—

20s
20s +1

s t1
.5s + 1

152
p

s° + 158 + 152

.04
1 I

—z-

.9804 - .9804z !
1 - .9608z"1

.0909 + .0909z ]
1 - .8182z" !

02988 + ,02988z 1
1 - .992z271

.1667 + .1667z"!
1 - .6667z |

.01961 + .01961z" )

1 - .9608z

999 - .999z7 !
1 - .998z°!

1.9615 - 1.8846z 1
1 - .9231z"1

06475 + 1295z + 0647522

1-1.309z"1 + 568322

e - gy v —
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Figure 4-5: Hysteresis Function
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Figure 4-6: SHTLFCS Flow Chart
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Figure 4-6: Continued

| DETR
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Mach €1.5
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To be continued
on next page
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Figure 4-6 : Continued
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DETP

: To be continuedl on next page
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To be continued [on next page
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To be continued | on next page
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Figure 4-6: Continued
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Figure 4-6: Continued
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Figure 4-6: Continued
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Figure 4-6 : Continued
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5. EASE PACKAGE

EASE is an interactive package that allows the researcher easy
access to the Simulation program in the format that is natural to
him. To qualify as a general-purpose package, the program must
readily accept different vehicle configurations and flight condi-
tions which vary from case to case. The list of parameters and
variables can be found in Chapter VI together with their units
and computer symbols. Users of EASE are required to follow two
simple formats corresponding to an interrogation and an input.

EASE can be accessed through the Main program or by setting Control
Switch 12 to .TRUE.

a/ Examples of Interrogation Mode

THETA? What is the current value of 6? (in F25.10 format)

*12AF? What is the integer content of address 12AF?
(In decimal format I25). The asterisk (*)
specifies the integer mode.

436007 What is the floating-point content of address
436002

b/ Examples of Input Mode

OMEGA = ,000072923 Replace the content of OMEGA with
.72923E-4,

*17777 = 50 R-..1.ce the content of cell 17777
wi.n 50 decimal

.25 4 Put .25 (in floating-point format)
into cell 1lFF2C.

1FF2C

¢/ To exit EASE, type an exclamation mark "!" followed by

a carriage return (C/R).

For unusally large numbers or unusually small numbers, check the
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accompanying listing to avoid truncation of the input data. For
example, the I/O fleating-point number is determined at format
F25.10. Any digits beyond 10 places to the right of the decimal
point will be ignored. The user should also safeguard against
entering a value for a parameter that is larger than the largest
allowable for the parameter. For éxample, the pitch rate QB

has a range of +2 rad/sec and is scaled at [QB/2] when appearing
to the Flight Control System. If the user of EASE inadvertently
setsQB = 3, the output of the DAC (digital-to-analog converter)
corresponding to QB is completely wrong.

When a wrong symbol was typed, EASE will respond with "NO
SUCH SYMBOL IS DEFINED TO EASE". There are other interactive
features built into EASE to help the users in case of mistakes.
Here are a few common typing mistakes to serve as examples:

a/ OMEGA = 2,6F1l9

EASE will come up with the message "MEMORY DATA MUST BE
A DECIMAL NUMBER" because there is no provision for EASE
to accept hexadecimal numbers.
b/ *RHO? (even though p was declared a floating=-point in
the main program). The resulting message is

"WRONG INPUT FORMAT".

¢/ BYTE = 377 (even though BYTE was declared as 8 bits)
In that case 255 < BYTE < 0. EASE will

alert the user with the warning "DATA
OUTSIDE RANGE".

The simplified flowchart for the EASE package is contained in

figure 5 -1 for reference purposes.
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Figure 5-1: EASE Flowchart, Executive

Enter EASE Display '""WELCOME TO EASE"
Q RETURN

1) Execute Carriage Return
2) Input 1 Line From CRT
3) Store Line in WORD(L)

4) L=2

Examine Character in WORD(L)
R .

Display "END OF EASE
PROCESSING"

Exit EASE

To Letter Processing

INTGR=, TRUE,

1) L=L+1
2) Examine Character in 23
WORD (L)
To be continued

on t
next page 48
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Figure 5 -1 (continued), Executive
a
() T
blank Y @
!’

N

number

Display "WRONG INPUT
FORMAT"'

i

To Number Address Processing |

Examine Character in WORD(L)

To CRT Outnut Processing

To CRT Input Processing
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Figure 5 -1 (continued), Letter

Processing
@ 1) LETTER=,.TRUE.

2) J=1
3)_TEMP=” "n

TEMP (J)=WORD (L) @

1) L=l+1
2) Examine Character in WORD(L)

RETURN

Display "VARIABLE NAME
EXCEEDS 8
CHARACTERS"

Compare SYMBOL to
LIST(K)

SYMBOL in
LIST (K)

N Display '"NO SUCH SYMBOL IS
DEFINED TO EASE"

Store K For Use RETURN

By Executive




1) NUMB=" *
2) J=1

Figure 5 -1 (continued), Number Address
Processing

310

—+‘JUMB (J)=WORD(L)

1) L=L+1

2) Examine Character in WORD(L) @

<
&

Display '""MEMORY ADDRESS EXCEEDS | ¢

5 DIGITS"

I,

e il
Display ''"MEMORY ADDRESS MUST

S
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Figure 5-1 (continued), Number Address
Processing

SHIFT=5-J

6 i

1) Shift NUMB right by SHIFT Bytes
2) Convert ASCII to Hex
3) Store Hex Address in ADDR

is
Y N
?

@ Display ''MEMORY ADDRESS IS
OUTSIDE OF CORE
LIMITS"

RETURN |
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Processing

Figure 5-1 (continued), CRT Output

I110SV 03 I110SV 01
BlE(Q [B3y 3I12Au0) (z| [eied i98a3u] 313AU0) (T 110SV 03 I1IDSV 03 ®eleq
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Figure 5 -1 (continued), CRT Input
Processing

1) J=1
2) NAMEIN='

1) L=L+1

2) Examine Character in WORD(L)

RETURN

Display "MEMORY DATA MUST
BE A DECIMAL NUMBER'

SRR

1) J=Je1
2) NAMEIN(.J)=WORD(L)




Figure 5-1 (continued), CPT Input

Processing

Y

1) Right Justify Number
in NAMEIN
2) ConvertASCII to Integer

1) Insert Decimal Point
2) Convert ASCII to REAL

Store Integer Value in

Memory Location Specified

by ADDR

Store Real Value in
Memory Location Specified
by ADDR

Store Real or Integer
Data in Proper Data

Array Location
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6. FUNCTION GENERATION PACKAGE (FGP)

Fast function generation constitute the main objective of this
software package so it can successfully support a time-critical
simulation. The package is Fortran compatible making it adaptable
elsewhere if needed. On the other hand, because of speed consideration,
some part of this program were written in Assemble language. Physi-
cally the FGP is embedded into the Main program and considered an
integral part thereof. This leature also helps speed up the execution
time. Aerodynamic data for this particular simulation are composed of
about 40 functions having from one to three arguments. Overall, there
exist more than 4000 data points to be handled by the FGP. If there is
a shortage of memory space each data point could be converted into a
fixed-point quantity, normalized then made to fit into a 16-bit half-word

location. But in that case, the FGP must be greatly modified.

We are provided with data in the form of punched cards,
The card image of a representative two-argument function is shown
below, In this case the function is the pitching-moment coeffi-
cient (or derivative) bias, CM, (a, Mach), which is a function of

the angle of attack and the velocity,

C™MU 45
-, 0085% -,00¢25$ Uelud7 00597 .0037 -,0013% -, U153 -.037?
-, 0553 -, 0083 -.0023 «0047 «0057 <0037 -, 0013 -, 0153
=,0303 -,050%8 -, U073 -, 0013 «0087 «00S57 <0027 -,0033
-, 0165 -,0¢8% -, 0413 -, 0043 V007 0081 0047 -, 00U
- 095 -, 0193 -, 0273 -,0263 .0002 «005¢2 <0132 .007¢
-,0038 -,0158 -,0248 -, 0278 «00S¢

Note that the first card (called the lleader card) gives the deri-
vative name (C)0) and the number of data points (45), Derivative

argument and its breakpoints appear explicitly,

the two arguments are arranged in the order C!

(3

There is no mention of how many arguments are involved,

names must start with the letter "C'" or they will be rejected .

Cnly

when we make use of Cﬂo in the Main program that the type of
For this example,

olays ¥p)
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The FGP is made up of three separate sub-programs, each doing a

specified task. They are: DATASTORE, POINT and DERIVE4. Their
particular roles are described below.

6.1 DATASTORE Program : This program performs the following tasks:

- Read aerodynamic data from the card file as described earlier.
- Check the validity of data including the name.
- Rearrange the data in a predetermined order.

- When an end-of-file (EOF ) card is encountered, write the whole
data array on a disc file.

The flowchart for DATASTORE can be found on figure 6-1. We can analyze
DATASTORE program by tracing through the handling of one stability
derivative, say CMO again. When MAIN program calls DATASTORE, it
reads and inspects the first card, also called the Header card. That card
should contain an 8-character derivative name followed by a blank and
followed by a 6-digit integers ( blanks ¥ included). For example

Derivative Columns #16 thru #80

name reserved for comments

—— st Nuic ~

o,
CcCMO 45COMMENTS .
BBBBBDBBBY4S

Number of
data points

One header card is required per derivative by DATASTORE. Anytime

an EOF card is encountered in place of a header card, control is reverted
to the MAIN program. Thus the very last card must be an EOF or the
program will hang up.
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Since all derivative names stored start with the letter ''C",
a test is made of the first character to eliminate any unnecessary
search of the Data List. Only those names previously defined in
the Main program's Data Table ( such as CMp, C}z A O )

B da

are considered legitimate. If the first letter of the header card
isa "C", control is passed to the 'mame list search' portion of
DATASTORE program (beginning with statement #50). In the
event the first character of the header cardisnota ''C",
DATASTORE allows the user the choice of aborting the run
( returning to Main program ) or the choice of correcting the typo-
graphical mistake by inputting a new name on the CRT.

After the derivative name and address have been found
in the tables, DATASTORE returns to the card reader and reads
the information on the cards stacked behind the header card.
The newly arrived data points are stored in the temporary array
called DATA(I), (I=1, LENGTH ). In our example ILENGTH =45
as indicated on the header card earlier. When all the expected data
points are in ( an EOF card is read ) DATASTORE terminates
the reading phase and all the aerodynamic data are written out on
a disc file. Notice that DATASTORE is excuted only once,
during program initialization phase and the disc file will be
utilized by the Derivative subroutines later on.

It should be aware that DATASTORE is a separate program
that must be executed prior to all other programs in the normal
sequence of operation. Also note that DATASTORE program must
be modified and rerun for any change in the length or table arrange-
ment of the aerodynamic data. These parameters must match those
of the MAIN program to insure that the data are stored in the same
relative location where they will be used. Specifically care and atten-
tion should be paid to the following:

- The order and dimension of the data-table declaration statements

- The DATA statements for variable SIZE and NUMBER




- The ASCII variables in NAMELIST

- The order of the data table ACW (Address Constant Word) array.
These parameters effect the proper ordering of the data table
in the array which is dumped to disc.

6.2 POINT Subroutine : This subroutine, which is called by the Main

program, performs all the preliminary tasks prior to final interpo-
lation. One call to POINT subroutine is required per argument list

and a representative calling sequence applicable to our present example
might appear as follows:

A 1 v | »

CALL POINT (ALPHA , ALPHAPT(2) , ALPHAPT(1) , ALPHAT(1), ALPHAT(3))

CALIL POINT (MACH, MACHPT(2) , AL.PHAPT(1), ALPHAT(1) , ALPHAT(3))

¢ ' y ? ¢<

The outgoing arrows are added to visually indicate arguments needed
by the subroutine for processing the calls and, conversely, the in-
coming arrows show that information is being returned to the Main
program. Two calls are made to POINT subroutine because in our
current example , CMO is a function of two arguments, o and Mach.
Let us inspect one of the calls above.

ALPHA = an argument, the present value of a

ALPHAT(3) = starting point of a list of breakpoints associated with
the independent variable a. This list consist of
floating-point values.

ALPHAPT(1) = returns to Main program as an integer value
(called "pointer'') indicating the smallest breakpoint
adjacent to the argument a, say o; . This information
will be used during subsequent interpolation.
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POINTER > -LIM

—

B [
<§Eiroutine POINT —-- —> Acquire argument value
b L IR Load current POINTER

~(10)- :
e I
J Update BREAKPOINT

corresponding to |
| current POINTER

BRKPT) > ARG ¢
-~ LOMPAaTEe™\ (BRKPT)< ARR
@é—— ) ‘@\

(BRKPT) to L
ARG .~ l
l i/ Update BRKPT |
- (BRKPT) = ARG ———
’POIN’I‘ER:POIN’!‘ER-lJ
N
L9>N®}$“$YT ompare . e g
HY s \ ) =PNINTED
Compare Qoxy POINTER ;o POINTER=POINTED+1 |
POINTER to> = A
-LIM -~
. POINTER < MAXBPKPT

S ——

POINTER ¢ -LIM POINTER = !
|_POINTER+1

| POINTER= -LIM| Compare

‘ — N\(BRKPT+1) t =7
| (BRKPT+1)=ARG AV(BRKPTq) < ARG
"

(RRKPT+1) ) J ARG il
|
jmvx (BRKPT+1) - (BRKPT)

FRAC ARG~ (BRKPT) /DIVL

TFRAC = 0]—

Notes: Abbreviations used:

Y

BRKPT = Breakpoint number RETURN to
-LIM = 1, the first brkpt “\Main program

MAXBRKPT= no. of brkpts of

an argument,
ARG=value of the argument
(BRKPT)=the value of the argument Figure 6-2 : Subroutine POINT
corresponding to BRKPT
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3 ALPHAT(1) = returns to Main program representing the
distance, FRAC = (a-0q;)/(054q - %)

Finally, ALPHAPT(2) contains the number of breakpoints
associated with the argument. In this case there
are 9 breakpoints as declared by a DATA state-
ment in the Main program.

When subroutine POINT is entered, a test is made to compare the
argument ( a in this instance ) against the extrema of the argument
values (a] and og here ). Should a<ai then we set the pointer

ALPHAPT(1) to 1. Conversely whenever a>ag we set ALPHAPT(1)
to 9. A simplified flowchart of the POINT subroutine can be found
in figure 6-2.

6.3 Derive Subroutine: This section was written using the FUNCTION
approach instead of the standard SUBROUTINE approach in order
to reduce program length and minimize the transfer of arguments

between different programs. There exist four DERIVE functions :
DERIVE1 , DERIVE2 , DERIVE3 and DERIVE4. Together they can
handle any function having from one to four arguments. A sample

use of DERIVE1l is as follows:

FUNCT = DERIVE! (DATATABLE , MACHT)

where DATATABLE is the starting location of the memory table
containing the data which were were placed there earlier by the
DATASTORE subroutine. MACHT is an argument table containing
FRAC in the first word (see figure 6-2 for the significance of FRAC),
the breakpoint pointer in the next half-word and the number of Mach

breakpoints in the last half-word.

MACHT | FRAC |
|
r e

|

POINTER ]4 MACHT LENGTH
i i

—
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5 By arve

For our existing example, the pitching derivative bias CMO
appears at last, on the right-hand side of an assignment statement

CMO = DERIVE2 ( CMOT, ALPHAT , MACHT )

e R 2 S T B ST
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7. REPRESENTATIVE SOLUTIONS

No simulation can be completely trusted unless it has undergone
preliminary STATIC and DYNAMIC CHECKS. It is imperative that
such checks be carried out before the very first production run and
especially if the simulation is just started up after some lay-off
time. Check conditions need not be unique; any reasonable set of
conditions will suffice. However, some considerations should be given

to checking conditions commonly encountered in the flight regime.

7.1 General Procedures

The STATIC CHECK for the rotational equations could be
performed as follows: an initial flight condition is established by
fixing Mach number, dynamic pressure and angle of attack at pre-
selected values. Input variables, angular rates, Euler angles, control
surfaces, etc., to each of the equations are then perturbed one at a
time or in pairs to excite particular terms of the equations to be

checked. The outputs should be scrutinized for trends and for possible
wrong signs. ’

By choice of certain parameters we can isolate each portion
of an equation to see if it gives the correct answer. A case in point S

is illustrated by considering

+ _ @g8Sb 0 b }
P, = (Cy Put+C, R )=-2 *+C, B+ C, Ba+y; br
B Ix [ tp B IR BT 2V za Yo Loy
Ixz Iy = I')
+ T (Rg+PpQy) +{~Tx ) QmRy (7-1)

If we set PB Qg =0 and B=8, =6.=Ixz =0 we can ob‘serve the

change in roll rate as a sole function of the yaw rate, or Py = f(RB).

By resetting different parameters, we can gradually examine the influence

of each of the terms in the PB equation, remembering to take into 3

account the sign of each term.

64




A similar procedure is used to check the aerodynamic coef-
and Cy as functions

ficient equations for Cy, C., Cyp, Cpy, C
of a , B, Mach number and control surface configuration.

DYNAMIC CHECKS should be attempted only after the user
is fully satisfied with the static tests. Again a few checks are sug-

gested herein for illustration purposes. They are neither unique nor
exhaustive. To test the dynamic behavior of the rotational equations,

a stable flight condition is picked and initialized by setting o, B,

GeTRIM ; 6rTRIM 2 aaTRIM , V.and h ( TRIM conditions are selected

so that the initial moments are zero, i.e., a and B remain unchanged).
Each surface (65 , 6., 6,) is pulsed separately and the resulting
aerodynamic responses on Pp, I.DB , Qp QB » Bg ., 1.2}3 ARCOE RN E
acceleration terms NZ & NY , 8, o and ¥ are recorded on a strip-
chart and compared to known correct responses. The suggested shape
of the bidirectional ramp shown below could be used for forcing
function (detlection varies from #5° for subsonic region to +20° for

Supersonic region)

v

8 1

“ 0

mg + + 4

ow 1 / time (sec)
N O

+ A

g

o

Q

It is recommended that this test be conducted on a daily basis to

verify the operation worthiness of the equipment. DYNAMIC CHECKS

should be carried out on the translational (orbital) equations also.

If all ‘aerod.ynam.ic effects are nullified by zeroing C, , CY » Cy» Lp: Mg,
NB » Pg, Qg , Ry at the same time fixing o, B, 6, ¥ and v, the
vehicle can then be considered as a point mass. Additional checks of the

orbital equations are also performed by initializing Cc and Cy such
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that the aerodynamic effects of these equations can be assessed.
It should be noted that dynamic checks for handling qualities are
normally performed in five degrees-of-freedom. Dynamic checks
for performance (point-mass) are performed in three and six
degrees-of-freedom.

The control system mechanization is checked by varying
the input variables (control stick, rudder pedal, angular rates,
angle of attack, Mach number, dynamic pressure, etc) and
observing the control surface responses.

The cockpit instruments, switches, control stick and rudder

pedals must be checked for proper mechanization (magnitude and
sign).

7.2 Static Checks

The values being established for Static Check can be
completely arbitrary but they must be reasonable. For instance,
we can't choose a test value for a=-10° because the Shuttle will not
operate in that range. On the other hand one can pick a test value
of a=28° or a=30° and one value is as good as the other. In this
program the Orbiter can assume either the ENTRY phase or the
TAEM phase, Each phase should be tested individually.

7.2.1 Equations-of-Motion Checks: By setting certain flags
the FCS can be effectively bypassed to allow us to check only the
equations of motion. Specifically, to disengage the FCS, reset the flags
concerning aileron and rudder and trim the elevon 6et =-16.33°

Then establish the following initial conditions

Mach = 3 a =20 q =150
h = 99480 V =2970 S = 2690
b= 78.06 ¢ =39.57 W, = 155,000
Ix = 600,000 Iy =1, = 5.5%106 Ixz = 105
% = 65% Z = 29.06% SpF = -5
bsp = 25° Gear in Up position be = <16,33°

With the above IC's, equation (2-19) become,
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) I, -1 I . qSb
P =( )QRB+_X&R+PQ + [c +C,  6)8
B ‘II—Z“X B T (Bg*+PpQp) i ( tg " Oty e)
+ + 6r | + S b2 + L
Cl&aaa Clér r] ZSVt; (CzPPB CflR RB) . L53)

Substituting known quantities into (8-2)

P_=. R_+ P + 52, -.00168-. *(-
o= 1667 (Ro+ PLQ_) + 52.495 [( 00168-.00001 %(-16.33) ) 8
+.000547 6, +.00022 & | +.68986 (-.261P; +.073 R}, (7-3)

Next we manipulate the state variables to obtain a number of
conditions. The series of checks appear lengthy at first glance,
but they are necessary , because each set of conditions allows us
to verify a different part of the set of equations of motion.

= = e = . g=0°
a/ For PB— QB 0 ; RB .4 rad/sec; B=0 1

Ixz =0 resulting in  Pg = .0201 rad/sec2

b/ For @, =R =0 ; B=§=6,=0 ; Py =1.
Ixz =0 Py = -.1801

c/ For P = Qg =Ry =0; B=-5% ; 6,=56,.=0
Iy =0 Pg = .3990

d/ For PB=QB=RB=O;6a=10°;B=5r=0
Iy, =0 P = .2871

e/ ForPB QBzRB=O;5P=200’B=a:O
ey = © Py = /2310

f/ For PB=0;QB=RB='4 5 B:Ga:q_=
feo S0 Pp = .1534
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In the next two cases, g) and h), Ixz is not set to zero but to 10°
as indicated earlier,

g/ For Pp=Qg=Rp=0;8 =10°; B=68.=0

Rp = .0058 Resulting in Py = .2881
= - = . = . = Y . = =
h/  For Pp=1;Qg=.4;Rg=0;8,=10°;8=6.-0
Rp = -.3541 P_ = .1148
H B

Still under the IC's imposed earlier, calculate the static test concerning
the pitch acceleration. According to equation (2-19)

gsSc

+ +
Iy B Iy [Cmo *Cme

2
- 55°)]+ 23%% (ch Qp) (7-4)

Qg -(-—z-————)PBRB+—— (R -P%) +

(8

C + €
mepp; BF Mgspy SB

Plugging in the inertia terms

e =2 2 2
QB = .8909PgRy +.0182 (RB - PB) +2.903 [-.023 + ACme = .OOOSIGBF

+.00028 ( &g - 55°)] +.0193(-2.3Qg) (7-5)

As a consequence
o o s = = = . = - o . = O
i/ For PB-QB—RB—O, b =0 ; 8y 55 5SB 25

Whereupon the check value for the pitch acceleration is

Qp = -.0838 rad/sec’

3 = = - . s - > = (o}
j/  For Pg=Qg=Rp=0 ; 8, =-16.33% ; 6__ = 16.3
- 9g0 5 =
6SB . 25 QB i 'o0831
= - = . L o ., = -0

k/  For P =Qp=R_ =0 ;6. =-16.33%; 6. = -5

&p = 87.2° Qp = .072
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1/ For Pg = Rp =0; Qy_ .5 & =16.33% bgp = -5°
Qg - - .0222

m/ For PB= QB = 0; RB - .4 5 ée = ‘16.330; 6BF= —50

o [
8sB= 25 QB = .0029
n/ For P,=1.;Qg=0; Rp=.4 ; & = -16.33°
= o- = o . =

Next let us turn our attention to the yaw acceleration by making use of
equation (2-19) again

fo a1 3
o Ixly S g Sb
Bp = ( >PBQB i (PB‘QBRB) s e

@ be)g+C, Oba
n n
IZ IZ 8 866 ba

ol g
gShb
+ (Cnérér + Cnérslﬁl)ér] + 2VIZ (Cnp Pp+ CnRRB) (7-6)

Rp = -.8909PRQp + .0182(Pg-QgRy) +5.727 [-.00096 8 + . 00001 6,

+(-.00042+.000016 [8] )6, ]+ .0753 [ .01P - .91Ry ]

Carrying on with the test

o/ ForPB=QB=0;RB=.4;B=6a=6r=0
I, =0, we obtain Rp = -.0274

p/ For Pgp=1. ; Qg=Rg=0; B=065=6.=0
Iy, =0 Ry = .0008

al For Pp=Qg=Rp=0;8=-50;6 =5.=0
Iy =0 Rp = .0275
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I =0 R_ = -.0481

Xz B

t/ For PB=1.;QB=.4;RB=0;B=63=6r=0
Iy, =0 R = -.3556

Now we again impose a value of 105 on IXZ

u/ For PR =Qp =Rp =0 ; 8 =20° ; =86 =0
P = .5761 rad/sec? Ry = .0116

v/ ForPB=O;QB=RB=.4;6a=20;B=6r=O
Py = .5913 Ry = -.0184

7.2.2 FCS Checks : Set ALTITUDE = 92,800t ; VELTRUE = 2960 ft/sec :

TURNCORD = . TRUE. (to allow the FCS to maintain the nose level
during a turn) and Rudder Pedal Position RPTASOP =0. Then proceed
to parts a) and b) below.

a) Pitch Plane Test (ENTRY Phase) : Fix the Pitch RHC ,
PRHCSOP = -10° and Qg = 2°/sec. Then the elevon deflection, the
final object of our Pitch-plane test, should be & =-6.42°, The cal-
culation of intermediate variables leading to 8e is left to the reader.

b) Roll and Yaw Test (ENTRY Phase) : Establish the Roll Stick
Position RRHCSOP = 16.15° and also the following conditions

PRHCSOP = 0° Py = 5%/sec
v = 30° Rp = 19/sec
6 = 20° a = 15°
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We should obtain these final results

S o
Ga 2.66

8 = -1.9°

and Yaw-jet Command DRJET = .63 (dimensionless) corresponding
to the firing of two reaction jets (UZCMD=2).

Now we are ready to test the FCS in TAEM phase. Assume
ALTITUDE = 48,600 ft and VELTRUE = 1017 ft/sec. This will result in
Mach=1.05 and §=2001b/ft2 . Proceed to parts c) and d) next.

¢) Pitch-Plane Test (TAEM Phase) : Choose PRHCSOP =-10° ;
RRHCSOP = 0° ; RPTASOP =0° ; Qg = -2°/sec ; Ry = -2%/sec and

©=30° . With the above initial conditions we should command the
following responses:

"

-.79
.365

Pitch -jet command, DPJET
Pitch command signal, BCSL

d) Roll & Yaw Test (TAEM Phase) : Select the conditions listed
below.

PRHCSOP = 0° RRHCSOP = 11.15°
RPTASOP = 11.125° Py = 2°/sec
o = 30° RB = 5%/ sec
6 = 20° NY = .25g
o o S =
a =15 Rg = 0

Look for the following results out of the FCS

8 = 971"
a

= (o)
5.= 22.09

DRJET = -10.68 (4 jets)
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7.3 Dynamic Checks

Again, two principal parts of the program are tested semi-
independently of each other. We choose to test the simulation in
5DOF's only, by setting FIVDEG=.TRUE. . In 5-DOF mode the
Shuttle flies at a constant altitude at a constant axial velocity.

To disturb the equilibrium (or steady-state) conditions, we introduce
a forcing-function of short duration and observe the system response.
The triangular -waveform forcing-function shown in paragraph 7.1 is
generated on the analog computer and patched into an A-D convertor.
It has its peaks at 1 . Once converted into a digital quantity, this
waveform is further modulated to give the proper pulse amplitude
(for example *16° for & pulse). During each test only one surface
is disturbed. All other surface deflections are returned to initial-
condition values or set to zero. Both the equations-of-motion test
and the FCS test use the same standard conditions for altitude,

true airspeed, weight, surface area, inertial coefficients, Euler
angles and trim surface deflections, namely

Iy = 6%10° %= .65 Vo = 2970
Iy 5.5%106 F=0 g = 150
1, = 5.5%10° 7 = .2907 Mach = 3
Iy = 0 h = 99,480 S = 2690
Ty 109 Wq = 1.55%10° b = 78.03
c = 39.56 L. = 107.5

The following angular conditions are also arbitrarily imposed

&p = 25° ®(0) = 0° L(0) = 0°
Spp = -5° ¥(0) = 0° A (0) = 0°
a (0) = 20° 8(0) = 20° 8, = 0°
8(0) = 0° b = -16.33° 8 = 0°




i

-

7.3.1 Equations-of-Motion Tests : Three runs are made , all with

the following conditions:

FCSDE = FCSDA = FCSDR = .TRUE.

Various output quantities are fed to the DAC's and appear on the strip
charts as analog signals. Under the best circumstances the traces can
be read at an accuracy of 1% and thus can be used as a qualitative
check only. Distinguish the three runs:

- Case a: 6, is pulsed with a triangular wave (see page 65)
having +16° peaks . See figure 7-1.

- Case b: §, is pulsed with the same waveform resulting in

the traces on figure 7-2.

- Case c: 6. is pulsed with a triangular signal having +20°
peaks. Consult figure 7-3 for the airframe responses.

7.3.2 Flight-Control-System Tests: The FCS tests helps to verify the

end-to-end performance of the simulation. Since we operate at Mach 3
and since rudder pedal inputs are bypassed by the FCS at Mach > 1.5,
there is no need to pulse the rudder surface. In the two remaining
test cases, a full stick input is applied to the aileron in one case and
to the elevon in the other case. The testing is intended not only for
dynamic system response, but also in assisting in the discovery of
possible FCS discontinuities or errors. Both cases are made with the
following conditions:

FCSDE = FCSDA = FCSDR = .FALSE.

As before, the system response is observed through the use of strip-
chart recorders. The two cases are perturbated in the following manner:

- Case d: 6eRHC is pulsed with a triangular wave having peaks at

$20° . See figure 7-4.

- Case e: 6aRHC is pulsed by the same signal. See figure 7-5.

It should be noted that in both cases the Flight Control System must
be allowed to stabilize the airframe for approximately 3 to 5 seconds
before applying the disturbances. In this manner the pitch axis will
settle to a trim condition, reducing the inter-axis interaction.
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