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FOREWCRD

This report describes a nonlinear rotorcraft model and associated
computer software vhich has been developed and documernted for HASA, Langley
Research Center, Hempton, Virginia under contract NAS1-14570 (July 197€).
This work has been performed by the Lockheed-Califcrnia Company, Burtank,
California.

P. H. Kretsinger (Lockheed) performed the software irplementation.

-

W. D. Anderson and Fox Comner {both of Lockheec) assisted in prevaration
of the progran.
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REXOR IT ROTORCRAFT SIMULATION MODEL*
Volume II — Computer Implementation
J. 8. Reaser and P. H. Kretsinger
Lockheed-California Company
SUMMARY

This report describes a generalized format rotorcraft nonlinear
simulation called REXOR II. The program models single main rotor vehicles
with up to seven main rotor blades. Wings, two horizontal tail planes,
and auxilisry thrustors may be included to model a variety of compound
helicorter configurations.

Program output is primarily in the form of machine plotted time his-
tories specified 'from a signal list. This list is, in turn, user selected
from a set of computation varisbles used by the program.

LIST OF SYMBOLS

The symbols used in the REXOR II equations are quite numerous. In order to
keep the catalog of symbols to manageable proportions & list of basic symbols
is given, followed by subscripts, superscripts, and postscripts. Nonconform-
ing cases of usage together with complicated or obscure subscripting are fully
annotatéd in the basic list.

SYMBOLS
a arbitrary vector

ag speed of sound, m/s

i, acceleration vector, m/s (ft/sz)

a) longitudinal component of blade first harmonic flapping, rad
[A] generalized mass element matrix

A1,2’3 modal variables

Aln generalized displacement of nth blade, first mode

*The contr:ct research effort which has lead to the results in this report
was finan.ially supported by USARTL (AVRADCOM) Structures Laboratory.



A generalized displacement of nth blade, second mode

A3n generalized displacement of nth blade, third mode
Als cosine component of blade first harmonic cyclic, rad
b number of main rotnr blades; arbitrary vector

B dissipation function

Bls sine component of blade first harmonic cyclic, rad
c blade segment chord, m (ft)

[c] damping matrix -

CD aerodynamic drag coefficient

CL aerodynamic lift coefficient

CM aerodynamic pitching moment coefficient

CP pover coefficient

CT thrust coefficient

CX,Y,Z linear damping, N/m/s (1b/ft/s)

C¢,e,w rotary damping, N-m/rad/s {(ft-1b/rad/s)

01’2,3 blade bending to feathering couplings

C(k) 1lift deficiency function

d infinitesimal increment

dr increment in rotor, radius, m (ft)

de increment in time

d/dt derivative with respect to time

(d/e)O swashplate to feather gear ratio, zero collective
(d/e)1 swashplate to feather gear ratio slope with collective
e pitch horn effective crank arm, m (ft)

EI blade bending stiffness distribution, Nem® (1b-ft2)
fiMR ground effect factor for main rotor



X,Y,2

F
$,0,¥

BPH

8x,Y,2

factor; force, N (1b)

force components along X,Y,Z directions, N (1b)
generalized force about ¢, 8, y axis

feathering mode generalized force

gravity, m/s2 (ft/sz)

gravity components along X,Y,Z directions
gear ratio

generalized force vector

gyro angular acceleration partial product

blade torsional stiffness, N-m® (ib - ftz)

Im, xiz, kg-m2 (slug—ftz)
2

= Im; Yo kg-m2 (slug—ftz)

= In 212, kg-m> (slug-ft2)

iz + zie), kg—m2 (slug-fta)

2

= Im (X," + Z.2), ks-m2 (31ug-ft2)
i i i

2

i

_ 2 2
= Zmi Xi Yi’ kg-m~ (slug-ft°)

- 2 2
= Zmi xi zi, kg-m“~ (slug-ft°)

= Xmi (Y

= Im; (x,© + Yie), kg—m2 (slug-fta)

_ 2 2
= Im; Y, Z,, ke-m (slug=£ft°)
unit vector

unit vector

advance ratio

number of blade radial stations; reduced frequency,
rad/s; unit vector

spring matrix

blade spring matrix element



X,Y,2
¢,69w
IB

v0B

M,z

M
¢

Pivr

spring constants along X,Y,Z direction, N/m (1b/ft)
spring rates ubout ¢, 6, ¢ axis, N-m/rad (ft-1b/rad)
location inboard feather bearing, m (ft)

location outboard feather bearing, m (ft)

radial location of intersection of precone and feather
axis, m (ft)

rolling moment, N-m (ft-1b)

mass of element, kg (slugs)

summed fuselage coordinate mass, kg (slugs)
summed hub axis mass, kg (slugs)

mass of ith particle or blade segment, kg (slugs)

swashplate summed mass, kg (slugs)

pitchi?g moment, N-m (ft-1b); = Zmi, kg (slugs); mach number
generalized mass matrix

generalized mass matrix element

= 2mi Xi, kg-m (slug-ft)

Zmi Yi’ kg-m (slug-f+)

= Zmi Zi’ kg-m (slug-ft)

moments about X,Y,Z arxis, N-m (ft-1b)

blade torsional moment, N-m/m (ft-1b/ft)
number of system particles

angular velocity ebout X axis, rad/s; particle
main rotor pitch moment inflow, m/s (ft/s)

generalized coordinate; angular velocity ebout Y axis,
rad/s



main rotor roll moment inflow, m/s (ft/s)

generalized forcing function

aerodynamic pressure times reference wing area, kg (10)
total nonmain rotor serodynamic loads matrix

tail rotor torque, N-m (ft-1b)

general vector; radius of curvature, ft; angular velocity
about Z axis, rad/sec; notation for (X,Y,Z)

static blade shape

- vector displacement of particle p in X,Y,Z axis system

vector displacement of x,y,z origin in X,Y,Z system

gyro damper coupling ratios

Laplace variable, path of motion of particle p

blade spline length along neutral axis locii, m (ft)

time

kinetic energy, N-m (ft-1b)

transformation of coordinates matrix

velocity in X direction, m/s (ft/s)

potential energy function, N-m (ft-1b); stréin energy, Nem (ft-1b)
air velocity on blade element, m/s (ft/sec)

velocity in Y direction, m/s (ft/sec)

trajectory velocity

velocity in Z direction, m/s (ft/sec)
main rotor coilective inflow, m/s (ft/sec)
tail rotor collective infiow, m/s (ft/sec)

motion in X direction, m (ft); blade span location



4]

t

2]

to
vy
okl
3

1

coordinate direction; sxis; deflection, a (ft); location,
m (ft); cross product

blade radial station of sweep and jog, m {ft)
trajectory path, m (rt)
tail rotor longitudinal force, m (1b)

motion in Y direction, m {(ft)

cocrdinate direction; axis; deflection, m (ft); location, m (ft)

tension torsiorn peck outboard end model coefficients

difference betweer Y direction locations of cg and peutral
axis points of blade eiement, m (f+)

wotior in Z direction

coordinate directicn; axis; ceflection, m (ft); location, m (ft)

relative svashplate vertical displacement with respect to
the hub, = (ft)

tension-torsion pack outbosrd end =mcdal coefficients

teetering rotor undersling, = (ft)

hub set distance above fuselage set, m (ft)
hub set distance above swashplate set, m {ft)
angle of attack, rad

angle of attack with hub set, rad

sideslip angle, rad

blade feathering angle, rad

feathering/pitch-horn bending or dyramic torsion
generalized coordinate dispiacement

blade droop relative to precone angle, rad



blade swveep angle, rad; dynamic stall delay, s
trajectory path angle wvith E set, rad

limit deflection, rad; freeplay, rad; small increment
tail rotor pitchk - flap coupling

downwash factor of ving on horizontal tail

vector notation of 4, 0, ¥

rotation about Y axis, rad

collective blade angle, rad

sijeslip at blade element, rad

air density, kg/lB. (slugs/ft3)

time constant, s; natural period, s

fTeathering axis precone, rad

rotation about X axis, rad

feathering angle, rad

feathering angle of blede el;-ent of nth blade, rad
blade root reference feath:r angle, rad

blade torsion, rad

sum of blade twist and torsion, rad

vake angle of main rotor, rad, (deg)

rotation about Z axis, rad; sideslip angle with hub set, rad
control input axis rotation from swashplate, rad
pitch lead angle, red, (deg)

trajectory path yaw with E set, rad

main rotor apparent airflow anzle, rad

rotational speed, rad/s; angvlar velocity, rad/s;
natural frequency, rad/s



3 partial derivative, derivation

SUBSCRIPTS

a arbitrary coordinate set a

& due to aerodynamics

! arbitrary coordinate set b

BEND associated with .iade elastic bending

BLE tlade element coordinate system

Bln blade reference axis system for th2 nth blade
c asscciated vith pilot control input, chordwize
G associated with center of gravity location
CORR corrective, ~orrection

W referring to downwash

YN _;eferring to dynamic component

E earth axis

ENG associated with powerplant - engine

EST estimated

¥ fuselage axis; associated with blade feathering
FA referring to blade feather axis

rB essociated with feedback

*n associated with fzathering of the nth blade

FR due to frictioax

G referring to gyro or gyro coordinate system
GEN associated with gas generator section of powerplant
G-B associated with gyro control feedback

G3P gyro to swashplate connection



GUB relating to gyro gimbal unbalance

H referring to hub or principal reference axis system
HT ;ssociated with horizontal tail

i referring to inflcw, particle

1B referring to inboard feather bearing location

J spring matrix index

Jog associatea with blade attachment Jjoggle

J associated with gyro end of feedback rod linkage
Jn associated with feedback rod coming from the nth blade
k generalized mass index

LAG associated with lead-iag damper

LT signifying limiting value

m tlade mode index, spring matrix index

MR associated with ma2in rotor

n blade number index

HA referring to tlade segment neutral axis

HEW newly determined value

NO normal {to airflow) component

HR pertaining to nonrotating value

OB referring to cutboard feather bearing location

OLD value from previous time step

P associated with propeller; perpendicula: blade component
PH referring to pitch horn

r generalized mass index

R referring to rotor axis system
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associated with blade feather reference value

referring to control gyro feedback lever moment

referring to blade spanwise velocity; general mode; static;

structural; snaft

referring to blade segment shear center

referring to swashplate
command to swashplate
referring to swashplate limit stop

steady component

referring to blade sweep angle location

associated with trajectory path relating to E axis;
tangentia’ blade component; blade torsion; blade twist

associated with the tail rotor

initial or trim value

associated with blade twist (built in)

relating to control gyro unbalance
associated with unsteady component
associated with vertical tail
associated with the wing

relating tc compcnent in X direction
relating to component in Y direction
relating to aerodynamic component in
relating to component in Z direction

relating to aerodynanmic component in

Y direction

Y direction



1,2,3
1S
1/4 ¢

3/4 ¢

BPHn

¢

e

v

SUPERSCRIPTS

I

T
(-)
(")
(+)
()
(-1)
(=)
POSTSCRIPTS
(i)
(n)

{nought) associated with collective value, coordinate axis
value, with respect to principal reference axis, blade
root summation

with respect to blade modes 1, 2, or 3

first harmoriic component shaft axis feathering

with respect to blade 1/4 chord

with respect to blade 3/4 chord

associated with the feathering mode of the nth blade
relating to comrcuent in the ¢ direcction
relating to component in the 8 direction

relating to component in the y direction

referring to inertial reference

matrix transpose

(bar) average quantity

(prime) slope with respect to blade span
(dot) time derivative of basic quantity
(double dot) second time derivative
matrix inverse

vector quantity

blade radial station index

blade number index

11



1, INTRODUCTION

The presentation of the REXOR II software in this volume follows the
multilevel hierarchial design of the program modules. A skeletal chart
showving the major computational paths is presented in Figure 1.

sl

The modules are discussed as follows:

e Section 2 — MAIN — Level 1 Executive
e Section 3 — FLY — Level 2 Executive

e Section 4 — ACCEL — Level 3 Executive
® Section S — GFORCE — Level L Executive
® Section 6 — MASSSP — Level L Executive

The design of REXOR I1 at the executive level is besed on the classical
techrique input-process-output. The process can be characterized as a signal
generator, with the output being a defined set of time-varying functions
(signals) and the input "lock being what is necessary to define the physical
model and control the process. The characterization of REXOR Il as a signal
generator provides a mechanism for extensive output processing. The signal
set generated can be identified as input to a variety of output processors.
Examples are:

e Printed time histories

o Graphic displays

e Harmonic analyses

e Frequency content analysis (FFT)

REXOR II provides run-time output abilities in printed form and CALCOMP
plots of selected signals. Deferred signal processing is provided at a
tradeoff cost, the cost being the peripheral storage required to save the
signals for processing later, If the peripheral storage allocated for signal
data is other than SCRATCH (i.e., disappears after the run), then an economic
recovery mechanism is automatically provided if the central computer should
fail during execution.

It should be noted that the concept of deferred processing does not have
to be restricted to the type of signal analysis. The procsssing environment
is also optional. A time-sharing computing environment with foreground access
to the saved signal set presents an added dimension of effective use of infor-
mation to a costly computer model such as REXOR II.

12



REXOR )i

LEVEL3

Figure 1, - Skeletal hierarchial chart.
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2. MAIN — LEVEL 1 EXECUTIVE

The MAIN program is the REXOR II level 1 executive control program. The
level 1 hierarchical chart presented in Figure 2 shows the separation and
collection into input-process-output functions. The input routines include
actual data-read routines, as well as certain data preparation and initializa-
tion routines. A flow diagram is presented in Figure 3. The loop structure
depicted provides multiple case processing. The determination of a case to
be processed is made in the input routine, READIN. The software development
presented here is in relation to an IBM installation. Slight variations are
required to effect the CDC overlay structu-e. These are discussed in
section 2.7. The generalized coordinate system is defined for each case by a
small set of input indicators. These indicators and required rclationships
for program control are described below.

Generalized Coordinate Selection

The elements ¢. .2 generalized coord vector are determined by the iser
via input. The total system consists of subsystems which will be identified
with some physical entity.

e

: )
b 2

IREF

qR;‘
Each subsystem can be optionally included by proper identificati~n at the sub-
system level or in some cases, at the coordinate level, i.e., the selection of

coordinates within a subsystem can be made. Required inputs and associated
relationships are presented below.

NTOTLx1

2.1.1 Blade subsystem

e Input
NB N, Number of main rotor blades 0 = N, < K
M =] indicates presence of bending mode #1
=0 indicates absence
IM2 Bending mode #2 indicator
IM3 -Bending mode #3 indicator

1k
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Figure 2. - REXOR II - level 1 hierarchical chart.
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NBP NBph Pitch horn bending indicator (elastic feathering)

NPT N¢T Dynamic torsion indicator

o Relationships

Total number of bending modes per blade, Nmb
NMB = IMl + IM2 + IM3; O < NMB =< 3
Total number of modes per blade, Np.

NM NMB + NBP + .PT

]

G < NBP + NPT s 1 (Mutually Exclusive)
0 = NM = L
Total number of coord in the blade subsystem, Npg
NBS = NB - WM 0 s Ngg =28

2.1.2 Swashplate subsystem

e Input
NSP Ngp Number of swashplate coord.

e Relationships

Specific values ilentify specific subsets. Trivially,
Ngp = 0 =» No svashplate gereralized coord.

Continuing,

Nep = 1‘*{‘*%} = Zgp

Ngp = 2= {qsp} = {3}31,

=
wm
la ¢/
il
w
L
o0
2]
e v}
~— o
P N
N @S
N~
[92]
la+]
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?.l.3 Reference subsystem

e Input

NREF NREF Number of REF coordinates

Nagr = 00 6

{qREF} = {x, Y, z, ¢, 6, w}m

2.1.4 Shuirt subsystem

All 6 shaft coord,{x, Y, z, ¢, O, w}s are independently selectable.

o Input
Is1 XS indicator
182 YS
IS3 ZS
Ish ¢g
IS5 8g
186 Vs

A value of O means exclude
A value of 1 means include

e Relationships

Total number of shaft coord, NS

NS = ISl + IS2 + IS3 + ISk + IS5 + IS6

05N356
2.1.5 Rotor subsystem {w}R
NR NR Number of rotor coord 0 = NR =1

18



Total number of generalized coord, NTOTL

NTOTL = NBS + NSP + NS + NRLF + NR

<
0 < N':’OTL < L4

Subsystem vector locations within generalized vector are:

1.BS Lg = 1

Lsp Lep = Lpg * Ny
LS Ly = Lgp * B
LREF Legrp = <5 ¥ Bg

LR by = Lpgr * Nper

A summary of requ
numbers is given below

ired inputs and the associated relative address (RA)

Input RA
NB 1
IM1 2
IM2 3
IM3 L
NBP 5
NPT 6
NSP T
NREF 8
ISl 9
isc 10
IS3 11
IS« 12
185 13
Is6 14
NR 15
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2.2 Input and In:tializaticn

2.2.1 DATAP. - Subprogram DATAP is a data-preparation routine. It performs
tkree functions.

® Lists the complete data deck

® Prepares a data stream for the input algorithm of subnrogram READIN
¢ Senses and processes a specisl data block,

The first item is self-exclanatory. The input dats deck is listed as input
except for the special data block to be discussed. The second function, to
prepare a data stream, requires further comment. The input rcutine READIX
reprocesses an input record more than once. ‘“echanisms to perfora that task
are traditionally installation and softvare dependent. DATAP builds a data
stream vith multip:e copies of a given record vhere needed.

A normal data deck may be r .celed by a special datas block containing
mein rotor serodynamic data. This data is handled by its own set of routines
vhich are discussed in Sectiom 2.3.

A flow diagram of DATAP is rresented in Figure k. [t stould be noted
<kat tke input streaz is the standard FORTRAX input umit 5, and the prepared
deta stream is FORTHAR unit 12.

The subprograz argument, FUMSET, s an ipformational parameter which
passes information from the serodynamic data inmput routine ABLOCK back to
MAIX for use in other aero routines, This is discussed further in Secti~n 2.3.

2.2.2 REATIX. - Subprogran READIN coatruls the data deck processing as
described in Secticn 3.1. of Volume III. This processing includes data umit
recogrition; case data comstruction; the prirting of master dete and case
data; the punching of an edited master data unit; setting signal, plot, &nd
print default values; and finally the processing of signal label and title
cards.

Arguments List

XDATE 8-character date, input
CASEID 8-character case identification, output
SAVED Logical variable for control

.F. - master data not saved
.T. = magster data saved



WNTIALIZE
AUX. OUTRUT UNIT
& LINE COUNT

READ A CARD

WRITE COMMENT
END DATA’

WS

AUX. UNIT

Figure L, - DATAP flov diagram.
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NOMORE Logical variabie for ccntrol

.F. - more data to process
.T. - no nmore data to process

CAS: Logicsl variable for contrcl

.F. = not a case data unit
«T. = a case data unit

A flov diagram is presented in Figure 5.

-.2.3 DTPREP. - Subprogram DTPREP is a data preparation routire. Main rotor
lade bendiing mode data is assembled for the modes desired. Mode data for up
three modes may be defined in the input addresses. The modes desired can
be any subset of the defined modes. Also, modal data is defined in a left
handed Z dowr coordinate system. This routine rotates the data into a Z up
systezm.

go‘m

Pata associated with the shaft subsystem may require shuffling also, if a
ccordinate subsystem is chosen. Shaft spring and damper input matrices are
rcv and ccluzm shufflec accordingly.

2.2.% INIT. - Subprcgram INIT performs a collection of loosely bound func-
tions asscociated with tae initialization of a case. These functions include
tke one time calculations of subsystem inertias and mass matrices. The units
of some inputs are converted. Certain transformation matrices which will
remain constant throughout the case are calculated. Finally, the generalized
coordinates and the auxiliary coordinates are initialized. Certain equations
of interest are presented below.

Main rotor blade =mass:

S

L =f =(S)ds

Blade inertia:

(s) as

Hog, =fslﬂm

IZZBL =f a(s) xfm (s) as



CASE - TRmUE
SAVED = TRUE.

Figure 5. - READIN flow diagram.
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PRINT CASE —.Im'-ﬂlﬁ-

DATA

2L

READ A SET

1R1 ~=IR2

=% OF DATA ITEMS

Figure 5. - Concluded.

RETURN




Total inertia:

I

IzzBL =l M Ix:zm

Mass of the transmission mount relative to the hud

[, - L] ]

vhere [HQH] is given by equation 351, Volume I and (Ho,r] is given by equation
353, Volume I. Also, the fuselage mass [Ho]F, given by equation 362 of
Volume I, is calculated. Transforms calculated in INIT include the transform
from rotor to blade. For each blade, n,

[cos vy sin vy ©

[TR—OBL]‘ = |-sin ¥y cos gy O
0 0 1

vhere

'BLn = <2n (n—l)/xb.

The fuselage-to-transmission mount base is also computed
T ]=T(0.e-&)-
[I-‘-HB E 0s 0$ OS
In the notation above, Tg, depicts the standard Euler transformation.
The remaining initialization details will not be repeated here. The
reader should refer directly to the code.
2.3 Aerodynamic Data Input and Preparation Modules

The main rotor aerodynamics of REXOR II are handled via a table lookup
method for the functions:

. = C (M, a)
G = G (M, 0)
cM = cD (M,a),
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A representative set of data is built into the program. However, the user

may provide his own tables to the program. Further, twvo sets of tables may

be provided with a provision to shift from one set to the other as a function

of blade station. Another requirement of this simulation is the compatibility
of input format with those of the C-81 Rotor Prograr. Compatibility has been
achieved by installing the necessary input and interpolation routines borrowed
from the C-81 program. C-81 routines installed intact or in a slightly modified
form include:

ABLOCK
REDATB
TABOUT
TABFIX
CLCDCM,

The functior of these routines and others will be briefly described below.

2.3.1 ABLOCK. -~ The user can supply to the program on a once-per-run basis,
either a replacement set 2 of aero data or an added set 1 to the existing set
or both. The details of this mechanism are described in Volume III. If an
aerodynamic data set is sensed by the routine DATAP, then ABLOCK is called.
This routine controls the input of the aerodynamic block sensed by causing
the data to be read intoc the proper tables via subprogram REDATE,

Arguments List

IN FORTRAN input unit. Designated as 5.
SETID Set I.D. as sensed and supplied by DATAP. It is an
alphanumeric string of the form
'I\ll\l\.
or
'I\2AI\'-
NUMSET An identifier which will indicate which sets have been input.

=1 set one only
=2 set two only
=3 if both sets

2.3.2 REDATB. -~ Subprogram REDATB simply reads in an aerodynamic table.
All tables, i.e., C;, Cp, and Cy are of the same form. Subprogram ABLOCK,
which calls REDATB, controls which table is read. The table formats are
detailed in Volume III,
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Arguments List

c Table name
X
Table size parameters
Nz
IN FORTRAR input unit

2.3.3 TABOUT. - Subprogram TABOUT performs two functions. First, if tables
have been input, TABOUT will list those tables on the standard output device.
Second, all tables to be used by the program are further prepared for the
interpolation routine. This preparation is initiated for the required
tables by calls to routine TABFIX.

2.3.4 TABFIX. - Subprogram TABFIX scans the table specified and prepares
associated information tables for later use by the interpolating routine,
CLCDCM. The intent is to provide information which will speed up the argu-
ment bracketing process.

2.3.5 TABGEN, - Subprogram TABGEN uses the interpolation routine, CLCDCM to
prepare two functions for use by the dynamic STALL routine. The two functions
are

R
ac

L .

3 a £(a,M) |a=0

The functions will be in table form suitable for fast interpolation by
routine XTRPl.

2.4 Output Modules

2.h.,1 PRINTD, PRIFTC. - This multiple entry routine produces a formatted
listing of the program inputs. The entry PRINTD produces a listing of master
data snd PRINTC produces a listing of case deta in the form of an exception

report.

2.4,2 OUTPUT. - This routine prints block time histories. The block size
is up to six rows of eight variables each. The quantities to be printed are
selected from the signal set with the print pointers, PP(48). The corres-
ponding titles are gathered from the PLAB array, and the first eight charac-
ters of each signal title are used. The first and last points are always
printed. An input, PFREQ, controls the print frequency. The user control
of the block time history output generated by this routine is discussed

in Volume III,
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Arguments List

SIGUNI The number of the FORTRAN unit which holds the signal data.
The value is set in the calling routine, MAIN,

NPTS The number of points saved in the sigral set.

CASEID 8-character case identification.

2.4.3 HARM. - This subprogram will provide harmonic analysis output for up
to 50 signals. The output will consist of the Fourier coefficients

2n
a = - f(x) dx
[ 2

o

2m
a = —l-f f(x) cos nx dx
n n

(e}

2
b o= = f(x) si dx
n = T x) sin nx

o

for n=1, ——, 8 (8 harmonics).

The data will also be presented as phase-amplitude information wvhere:

@
=1
]
)
]
"
S
o
u"ln
\_/
—
(VY]
a5
—~———
e

If b <0
n

®n

g_ + 360/n

n

Subroutine limitations are arbitrary and include:
e The period of the functions analyzed is 2n

e Eight and only eight harmonics

o A maximum of 50 functions can be analyzed. The functions must be
defined in the signal set.
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Arguments List

KPTS

SIGUNI

CASEID

TCYCLE

Rumber of points in signal set
The number of the FORTRAN unit which holds the signal data.
8-character case identification fco~ output

Kumhe: of cycles consumed in TRIM

2.4.4 FORIT. - Subprogram FORIT is derived from the IBM Scientific Subroutine
Package. It performs a Fourier enalysis of a periodically tabulated functiom

by computing the coefficients of the desired number of terms in the Fourier series
series (Reference 1):

M
F(x) = 8 + ZE 8, cos kx + bk sin kx.
k=1

Arguments List

FNT

R

IER

Vector of tabulated function of length N
The number of samples over the interval (0, 2r)
Maximum order of harmonics to be fitted

Regultant vector of Fourier cosine coefficients of
length M+l

Resultant vector of Fourier sine coefficients of length M+l

Resultant error code when

IER =0 no error
IER = 1 N<2M + 1
IER = 2 M<O
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2.4.5 GRAPH. - Subprogram GRAPH controls the generation of CALCOMP plots.

This includes the opening and closing of plots as required by CALCOMP software.
Further, a logical decision is made as to whether there are enough points to
plot. Plotting is not accomplished unless sufficient points are available.

The plotting of signals is performed by a subordinate routine, RCPLOT.

Arguments List

NPTS Number of points in signal set

SIGUNI Logical unit number of signal set

MORE Sign-off signal. A logical variable which if false then
sign-off.

FENTRY First entry signal. If ,TRUE. then first entry, so open
plots.

CASEID B8-character case identification.

A diagram is presented in Figure 6.

2.4.6 RCPLOT. - Subprogram RCPLOT is the CALCOMP ploct generator. Up to

100 signals from the signal set can be selected for plotting. Only a few
words concerning plot specifications are presented here. Details concerning
user options and control are set forth in Volume III,

Although the number of points saved in the signal set is open-ended,
dimension statements within this routine have arbitrarily set the maximum
number of points per signal at 20.8. This number can be extended.

Plotting proceeds in a frame-oriented manner, Signals are collected
four at a time for plotting on a frame. A minimum frame size corresponding
to a standard 8-1/2" x 11" page is produced so that CALCOMP continuous
paper rolls can be cut page size. If time history cignals ere longer than
the minimum, then the abscissa is continued the necessary amount., A sample
frame can be found in Volume III.

Arguments List

NPTS Number of points in signal set
TSCLE Abscissa scale factor, sec/in.
NFREQ Plotting frequency, i.e.,

=], plot every point
=2, plot every other point
=3, plot every third point, etc.

30



OPEN PLOTS

RCPLOT

Figure 6. - GRAPH flow diagram,
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SIGUNI Logical unit containing signal set
CASEID B8-character case identification.

2,4,7 BSCALE. - Siven a signal to be plotted, BSCALE determines a plot scale
factor such that the signal is restricted to a 2-inch channel.

Arguments List

X Lrray to be scaled
N Number of points in array
DY Scale factor of the form
DY = 1 x 10°%
DY = 2 x 10°®
DY = 4 x 1078
NA Exponent atove,

2.4.8 PDATE. - PDATE is an installation-dependent routine designed to provide
the date in character form. The subroutine argument is an eight character
variable of the form:

NDATE = MM-DD-YY
2.4.9 PAGE. - Subprogram PAGE performs a page eject on unit 6 when called.
A page header is produced with the case identification, date, and REXOR II

input titles 1 and 2. On exit, a line counter is set to 5.

Arguments List

ICT Line count on exit

CASEID 8-character case identification

NDATE 8-character date

TITLES REXOR II title array with dimension (15, L)
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2.5 MASGEN

Subprogram MASGEN is an alticinate process control program. It is
optionally invoked from MAIN. Its function is to generate a generelized
mass matrix via perturbution techniques where
W - - AF, (qu) - AF,

AHE

A mass matrix generated by this method provides an excellent diagnostic tool
for studying the correctness of the computed mass matrix when new cguations
are developed. MASGEN is not necessary to the operation, but is provided for
possible future use, A flow diagram is presented in Figure 7.

2.6 Block Data Subprograms

A number of block data subprogrems are present in the program. A list
of the subprograms and the LABELED COMMON'S within each is presented.

NAME TOMMGN LABEL DESCRIFTION
BLOCKA /TAB / Main rotor blade aerodynamics
/CLACLO/
BLOCKB /CONSTS/ Constants
BLOCKC /NAMES / Input parameter nemes
BLOCKD /LABELS/ Signal iabe. “efault set
BLOCKE /RAINIT/ Default relative addresses for the signal

set, print, and plot tables

The labeled COMMON /CONSTS/ is expended below.

NAME VALUE

G 32.17h

PI 3.141593
TWOPI 6.283185
PIO2 1.57079¢
DTOR 57.29578
RTOD 0.01745329
RHOZ 0.00237689
Vsz 1116. 45
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Figure T. - MASGEN flow diagram.



2.T CDC Overlay Implementation

The implesentation of an overlay structure in a CDC environment requires
the restructuring of the software into a series of programs. The sxectction
flov must be explicitly defined within the source statements of the various
programs. The changes required to convert IBM softwvare as descridbed here to
CDC softwvare is as follows. The reader can refer to Figure 3, REXOCR II MAIN
program. Subprogram READIY is elevateld to program status and placed in
primary overlay 1. It is invoked by a CALL OVERLAY (PFILE, 1, O, RECALL) ir
place of CALL READIN.

The CALL SWEEP1, CALL MASGEN, CALL FLY sequence of the MATIR nrogram are
removed, and given program status as PROGRAM PROCESS. They are placed in
primary overlay 2. Subroutine EARM is also giveu program status, and placed
in primary overlay 3. Finally, subroutine RCPLOT is giver progranm status, and
placed in primary overlay k. The respective calls have been altered. Data
communications vhich existed through argument lists are handled through
labelled COMMONS.



3. FLY — LEVEL 2 EXECUTIVE

The level 2 hierarchical chart for FLY is presented in Figure 8. FLY
is s secondary executive routine wvhich controls the calculation of the
generalized coordinates, thus, generating all the desired time signals. FLY
is primarily a loop structure built around the integrators as shown in
Figure 9. 7The elements of the loop are described below.

3.1 FLY

A flov diagram cf FLY is presented in Figure 10. A number of prograam
counters and run controls are defined below for further clarification.

The program variable TRIMED is a logical variable vhich is initialized
as false and under certain conditions is set to the value, true, within the
TRIM subprogrss.. The variable TRIMED indicates if the vehicle trimmed. The
variable MCOMP is the generalized mass matrix computation flag. It is
initialized as true. The variable DISPMX flag is the display matrix flag and
is iritialized as false. Other variables are:

NPTS Kumber of points saved in the signal set

PTIME Trajectory time measured from end of TRIM. Its primary
use is as the argumant to the pilot .oatrol tables

b (¥ } Integration step counters used for logic control within

ICNTAX the integration routines.

A2IMTH Blade aziruth step counter wvithin one rotor revolution

CYCLE A count of completed rotor revolutions. Blade 1 is the
reference

CTEST Trim convergence test control counter

TCYCLE A court of the number of cycles required to trim

LTICK Main rotor pip counter. Counts biades crossing the
fuselage

NCC The number of second order differential equations in the
generalized coordinate set to be integrated. This count
is altered in TRIM

RE The number of auxillary differential equations to de

integrated.
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| oo

:

CALCULATE
at

et+At = qtt) + wtdAae
At
qt +Ad = qltd ¢ witdAt

!

t = t+tAt

Figure 9., - FLY calculatioz loop.

Une should note that if in the future new auxillary differential equations
are detined, the varisble, KE, defined above must be changed to the correct
count. ~t should also be pointed out for future consideration that a funda-
mental assumption upon entry into FLY is that the generalized coordinate set
has been defined and initial values for the vectors GC(I), GCD(I), and
GCDD(I) have been made.

The arguments in the calling sequence to FLY are primarily output
oriented.

CASEID 8 character case identification vhich originates in
AEADIN

IER Error indicator. Initialized in MAIN. Value set within
ACCEL.

SIGUNI FORTRAN logical unit for storage of output signals.

The remsining arguments NPTS and TCYCLE are defined above.

3.2 COORD
Given, the generalized coordinate vectors, and the necessary indicators,

this subprogram defines the program problem cocrdinates. The generaslized
coordinate vector is
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Figure 10. - FLY flow diagram.
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{of =%
Ly
similarly for
) g

The following definitions and coord options are available.

Blade System

For each blade, n =1, .....Hb

Bendiggﬁ“odes

R

Likewise for

ko



and

.

Pitch Horn Bending (Elastic Feathering)

P, < {qnnbﬂ}n

P and P
n n

If NBP = 1, then

Likewise for

Also, since pitch horn bending and dynamic torsion are mutually
exclusive,

Dynamic Torsion

If KPT = 1, then

Likewise for
{¥}
n
and
{)
n
Also



NOTE: Quasi-static pitch horn bending and torsion
are available as alternative models.

NOTE: No provision has been made at this time
for the special case where NBS = 0, i.e,, no
blade system.

Swashplate Options N p= 0,1, 2, 3

S

NSP = 3 All active
¢sp = Y sp
bsp = % sp
Zgp - Y3 sp

Similarly for
Sp and ‘SP
éSP and 55?

ZSP and ZSP

and 0_, as defined in Option (NSP = 3)

SP

sp- % sp> %sp =91 spr Zsp T 4 osp

cos ¥ -sin wcT -lS(C XC

sp
{GSP}— sinwc cochJ ﬁc YC

{;SP} (cos v, -sin ¢c- e Yo

Osp Lsin wc cos wc HC ?C



. = 0

Bsp

Kee = 3039/ X, RA (123)
Kye = aeSP/ Yo RA (124)

NSP =0

Zgp is defined as in option (RSP = 2)
¢gp and Ogp are defined as in option (Ngp = 1)

Reference (N

reF - )

W 7 Ve

REF

Likewise for

o4

Qe

&

v

REF
and



[+ -1 ~ S S\

€

REF

Shaft Subsystem Options NS =0,1,2, 3, 4, 5, 6

e

= s}

e o © N

Likewise for
s}

and

{is)

For options where Ng < 6, a special vector compress-decompress routine
assigns the appropriate coordinates.

Rotor Subsystem

Ly



| S
Vg = 2it
WR = ﬂR INPUT
by = 0

3.3 CMPRES
This subprogram will compress a vector, X, to a vector, Q;
b — {o
(6x1) (Nx1)

or decompress a vector, Q, restoring X,

{o} — {}
(nx1) (6x1)

by using & mapping function, IND, of indicators. The indicators operate

positionally. If an element is 1, the corresponding element of X is passed

to Q. Also,

6
N = ZS IND1

i=1

Descriptio. »f Arguments

Input

COMPR logical variable
If COMPR = .TRUE., then X is compressed to Q.
If COMPR = .FALSE., then the vector X is
reconstructed from Q.

IND Vector of indicators used in the mapping.
INDf = 1, then element i is to be passed
IND; = 0, then element i is to be ignored
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Input/Output
If COMPR = .TRUE.

then X(6) is input
Q(N) is output.

If COMPR = .FALSE.

then Q(N) is irput
X(6) is output.

Undefined X's will be set to zero.

3.4 TRIM
Subprogram TRIM provides a means by which the equations representing thre
vehicular system can be put in a so called state of equilibrium. Actually,
a more general capability is available. Find x such that
g{x) = f(x)-c¢ = o.
The algorithm to sclve this problem is simply stated

+ i
- ! X - x - nl(x) * at

" (x) hn-l(x) + k* (£%(x) - e).

The user can choose up to ten functions and ten corresponding independert
variables from a supplied table. The collection of functions is not treated
as a system but rather as independent relationships. Convergence is deter-
mined not by monitoring the function, g(x), but rather the relative change
in the independent variable over one rotor revolution. Convergence is
assumed if

x - x®*<¢
for all x. x¥ is the value at the end of the previocus cycle.
A general, not detailed, flow diagram is presented in Figure 11l.
It shculd be noted that during trim the reference subsystem and the

rutor subsystem are not integrated. Thus, as indicated on the diagram
certain coordinate overrides must be performed.
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| cvest - CTEST#;A]
L)

A |

TRIM BACKUP HAS
BEEN REACHED.
SIGNA! TRIMMED
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v
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©
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COORODINATE OVER-
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Figure 11. - TPIM flow diagram.



Other inputs which

48

The coordinate overrides are

= r(vT, A 3!")- VT, aps sp are input.

él-: = input

8 = F(og,Y R Y - input
v = 0
u

in

\Y/REF

¢ =0

6 = 0

¥ = f{Lp), L = input
P
q = (g, 45 0p)
T /REF

vp=0

¥y = 2

b=t

]anuts

XC
cve(10)
FURCP(10)
CVE(i0)
cvk(10)
FUNCD(10)

TCUT

are central to the trim process are listed belov.

Description
Number of controi laws
Control variable pointers
Control function pointers
Convergence errors
control variable gains
Desired function values

Trim cutoff, cycles

RA
37
1301-1310
1311-1320
1321-1330
1331-1340
671-680
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The description of arguments are:

TRIMED
CYCLE
CTEST
IC

uce

TCYCLE

Logical variable indjicating trim condition
Main rotor cycie count

Tria convergence cycle indicator
Generalized coordinate integrator control
Generalized coordinate count-

Cycle number vhen system declared trimmed

3.5 RETRVE, STORE

This is a multiple entry subprogram designed to retrieve and store trim

parameters vhich are defined in various COMMONS.

The process is table

driven. The current trim parameter definitions are given in the following

table.
1.D. Ccamon Block Ident. Block
Parameter| Number| Blank | /Input/ Offset
UoEp 1 X 186
VaEF 2 ) ¢ 187
VREF 3 X 188
Prer k X 363
IpEF 5 X 364
- 6 ) 365
ﬂg I X 153
$Xc T 8 ) ¢ 53
Y. T 9 X <4
;rc'!. 10 X 55
”c,'r 1 X 56
gP,T 12 X 5T
ap 13 X 58

k9



K.D. Common Block Ident. Block
Parameter| Number | Blank| /Input/ Offset
g 1% X 63
%2 ZemD 15 ) ¢ 92
¥ 16 X 320
Mo 17 x 963
Km 18 X 961
H!R 19 X 962
FZR 20 X 960

The retrieve/store mechanism is depicted in Figure 12.

A description of the arguments is

N

POINTR

This program computes all time varying transformation matrices.

NEumber of parameters to retrieve/store

Vector of N pointers.
numbers defined in the definitior table.

Vector of parameters retrieved or stored.

Input Data
All necessary angles are in blank common

Quantity

50

3.6 TFORM

Name
PSIR
PHSP
THSP
PHIS = DISPS(L)
THTS = DISPS(S)
PSIS = DISPS(6)
PHIE = AUXE(1)

TYETE = AUXE(2)
PSIE = AUXE(3)

The values are drawn from the ID




.
l
y

V) ~=—DA (OFFSET)) }—\

Vi) =—RA (OFFSETIK)) -

r
i
D—C

STORE SAME AS RETRIEVE WITH SENSE
OF REPLACEMENT REVERSED.

Figure 12. - RETRVE/STORE flowv diagram.
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N NB COMMON/DATAS1/ number of main rotor blades

Te o

TRBL(3,3,7) COMMON/TFORMS/ transforms from rotor to blades,

n computed in MAIN.

Subprozram TFORM uses one subordinate routine, EULERT. EULERT evaluates
a general Euler transformation. The ise of EULERT is expressed functionally

Te (¢,6,¥%)

Output

All transforms appear and are available thru labeled COMMON/TFORMS/.

The transforms are defined below.

Hub to Rotor

-COS ¥
R
3
LR__H_I = sin 'R
0

Hudb to Blade n

sin YR 0
cos ‘R 0
-1

e - -1

for each bladen =1, ..., Nb

Hub to Swashplate (Rotating)

[Tsp - n:] = Tg (8gps 8gps 0)

Mount Base to Hub (Transmission Isolation System)

[TS - H] E[rm -n] = Tg (05. 00 ¥g)
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Reference to Earth

[Tnzp _.E] =Ty (=4, -65, - ¥g)

3.7 EULERT

This program cslculates the Euler transformation matrix given by

T, = T(v) - T(0) - (¢)

where
™ cos¥ sinV 0|
T(v) = | -sin¥ cosV 0
| o 0 1_
B cosé@ 0 -sin e_1
T(0) = ] 1 0
|_sin® 0 cos 9 _
1 0 o |
™ = 0 cosé sin¢
0 -sin¢ cosé_
Ingut

¢- PHI , Redians

¢ - THETA, Radians

Vv~ PSI , Radians
Output

TE - TE(3,3) 3 x 3 transformation matrix



3.8 MOTION
Given the basic reference motions, this routine computes all major linear

and angular motions except blade and blade element motions. They are computed
elsevhere. The equations of interest arz presented below.

Gravity in Refl System

, g, 0
& [TE -om] 0
8 | e g
Reference Acceleration
u Xo 0 -r q-l u
v = Yo +{ g - r o -p v
v ZO L-q P 0_ w
REF REF REF REF REF

Earth Rates

*E = (qREF sin ¢E'+ L ¢E)/cos eE

% = Pppp *

5k



Earth Motions

Auxp(2l) = up

AUXD(22) = -v.

E
AUXD(23) = -V
Fuselage
Quantity
P P
q ={q
T Ir T | Rer
P P
q ={q
rIr T | REF
X\l [
[e]
Y = v
o
'zo w
F

FORTRAN
VELRF (k)

VELRF (5)

VELRF (6)

ACCRF (1)
ACCRF (5)

ACCRF (6)

AUXE (L)

AUXE (5)

AUXE (6)
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X X = ACCRF (1)
[o] o

Y =({ Y, = ACCRF (2)
z Z = ACCRF (3)
°JF © IRrEF

Velocity and acceleration of MB relative to fuselage

x_|REL x |REL
o o

i and Y
o o

3
(5

use routine LINVEC with arguments

S
<
o’
]
(o]
o
1]
P g,
-1
(-
— e
n
o
-e

VA
° Ir-MB
1 .
Xo xo P
zZ io r
°Ir F F
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Mount Base (Transmission support)
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X X X,
DMH, /Y = |Y + Wieg, By ws) Y,

MB-H S o

X X X
AMH, (Y = lY +W(¢s, 8 ‘bs) Y

- \REL .
X X . X,
WH, (Y =Yl e, e, v) )Y

Hud

Compute a set of intermediate vectors {VEC} and {VEC} using LINVEC with

X
i} =)
Z Iyp-g
% \REL
{vib = oY
Z )yp-x
¥ REL
thi = !
MB-H
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then
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Using program ANGVEC, compute

q and

The arguments are

S
.

S
]

€ . © . He 0. o
N—— e’ Ne— s’ S g N—— v’
@ 5]

60



Rotor

Swashplate

|
|

Quant ity

[T + &)

} = [TH > R]
R

= WR(1)
q = WR(2)
r) e = WR(3)
p = WDR(1)
q = WDR(2)
r R = WDR(3)
Quantity FORTRAN
P = WSP(1)
a = WSP(2)
r) o= WSP(3)
b\ = WDSP(1)
q = WDSP(2)
r cp = WDSP(3)

[}

FORTRAN

VR(1)
VR(2)

VR(3)}

VDR(1)
VDR(2)

VDR(3)

Eq T4 of Vol. I

Eq 75 of Vol. I

Eq 159 of Vol. I

Eq 160 of Vol. I
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Gravity in the rotor system

{8}R= % - &] [%- 0] [Be-. {‘}m

3.9 LINVEC

This subprogram cozputes general linear inertisl velocity and accelera-
tion vectcrs of the form

{"’} R R {‘}1} * ["] {vl}
{?} = {Vz} . {:';1} . [w] [u] {71} . [w] {vl} +2 [d] {61}

Jtere
0 -W(3) u(2)
[w] = | w3} 0 -u(1)
-¥{2) ¥(1) 0
- =
and similarly
I 6 -W(3)  w2j
[i'] = | w(3) 0 -w(1;
-w(2) w(1) 0
The subroutine argument iist is
(vl’ 'vl' 51! ﬁg’ .v.29 w’ a” ﬁ. V)

all arguments are (3 x 1) vectors.
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3.10 ANGVEC
The subroutine computes general angular velocity and acceleration vectors.

The argument list is (WA, WDA, A, AD, ADD, WB, WDB) vhere

Inpits

[ A

“y
WDA = &2 derivative of WA
a

defines transformation from system
&§ - b

derivative of A

derivative of A

D &
NS R S
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Output

“1
WB = Wy
@
3 b
@y
WDB = dy
@
3 b
Algorithm
1
T™{¢)=1]0
0
[0
T(s) =¢|o
| O
[cos ¢
T(2) = 0
| sin ©

64

+ normally/? ¢

cos ¢

-sind

-sin ¢

-cos ¢

normally ¢ q

(- 4

" . ©
O N

sin ¢

cos $

cos ¢

-sin ¢

-sin 91

cos 9



T(e) =0

T(v) =

" -gin 0

cos 9

[ cos ¥

-sin ¥

-sin ¥




Finally,

{w}b= 0 0+ T(v) {Vz}

-
-’
o
n

olwi(w) v,f+rw {v
5 A RLUREN

;
3.11 CETROL

Subprogram CNTROL assembies pilot controls with trim inputs and stability
augmentation inputs. These combined inputs then operate the rotor and fixed
surface panels. Controls are presented in Section T of Volume I. The general
flow of the routine is depicted in Figure 12. Notice in the diagram that an
abbreviated set of equations is used dquring TRIM. Whereas, during FLY, pilot
control tables and SAS inputs are active.

During trim, the control equations are given by the following equations.

9 = Kops * (590’,1.) variable
5p = Kppg (”p,'r) variable
‘o8 = Kpprs ° (%5 DB,IC) constant
Spr. = Kprps ° (’5FL,IC) constant
Siw = Kiups = (88 i“.m) constant
Sige = Kipmps * (%6 iHT,IC) constant
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SAVE TRIM
VALUES AND

EVALUATE
PILOT INPUT
TABLES

EVALUATE

CONTROLS

ABBREVIATED
EQUATIONS

Figure 13. - CNTROL flowv diagram.
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e = Kegpps " O © (P X p) * g0

a1 = Karers * Cam © ® Ye,0) *Sam,o0

Srup = ¥ruors © Sgup © (* Te,2) * Smup,o0
30
= foFS : GTR " (% e T) * eo +—OB . 6
* TR, 0 380
axc
= L] hd - 9
Xe = Kyers " S (% xc,T) * 260 o

T,
Y. = Kyeps " G ¢ B Y. 0 +aeo %

During FLY, a number of pilot controls may be input as a function of time.
The controls available are Xcp, Ycp, rep, S$pp, 80p, §DBp, § s Siwp, SiHTy,
These functions are evaluated via ginear interpolntlon. Continuing, SAS inputs
are available for six functions, Xegpg, Ycgags $ELgpgs 8ALgpgs 80qR s and
§RUDgas. The SAS logic is found in routine, SAS. The control equations are
straight forward and can be found in Volume I and in the program listing.
Finally, stick actuators are aspplied to the longitudinal and lateral stick
controls., Actuator logic is depicted in Figure 1i for the X-stick. Similar
logic applies to the Y-stick.
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STICK ACTUATOR

O
[ X

MA X

P= o (ligl. 8 max) . iy sl

. 1 .
lL .?;(xc- l)

e = % |y
TWO CHANNELS X, AND Y,
INPUTS

NAME FORTRAN
T  TAUXC
ye  TAUYC
Smvc RATLXC
b myc RATLYC

BERN B

Figure 14, Actuator logic.

=X



3.12 SAS

This is a general SAS control routine. The SAS block diagram is pre-
sented in Figure 15. The digital implementation of that diagram is

S, =K, - Ca + K2 . €p + I1

§), = min (|S5], Crpp) - s3/|s3|

.
L=7°5

e . e 1
I,=K, - S, K, = =

The error signals are of the form

€ = -
1 = M .

The routine is invoked by the call
CALL SAS{EA, EB, SASD, I1, I2, ID1, ID2, XSAS)
vhere
EA

T
a l Errcr signals

EB Cb
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c
LIM
+
+ JJ\ 3
b - Kz ;\{ * '+K‘ f K‘
b
K3
147§
(BASIC)
R Ky,
]
CLim

+ €
Y v Ky
Ih
b
Y — s
ra - Sl
Ky | .

(ANALOG IMPLEMENTATION)

17}

Figure 15. - SAS block diagram.




SASD

i1

I2

ID1

Id2

XSAS

Vector of constarts for the particular control where

K1

Feedback gains
K2
K3 Filter gain

Kh Frequency breakpoint
K_ Qutput gain
T Filter time constant

Limiter

I Low pass filter integral

12 Washout integral

I1 .

. Integrands to be integrated elsevhere
1

2

Control output

3.13 CYCLIC

Subroutine CYCLIC provides the linkage between the swashplate and the
main rotor.

ciated derivatives are determined here.

8 = -2

The cyclic angles are

T2

SP/

E

8§ = - 'z'SP/E

The main rotor collective is determined in CNTROL.,

However, the asso-



= (4
Als = (E) [¢sP sin 8, + 6gp €08 BG]

Bls = (Tz') [¢SP cos B, - esp sin BG]

The derivatives are

. d * - d R
hs = (E) [gp sin B; + 6gp cos Byl + (f) ) 8, Ayg/(a/E)

. al -
cos 8. - 8gp sin BG] + (f) . 8o BlS/(d/E)

H .
[¢2]
[

N

t jeu
S’

o
2]
"

(X} - 1 .e
Ays = (L) [45p sin 85 +6gp cos 8]

a\ 5o o .
+ 2 (?)1 o, H’SP sin 8, + 8gp cOS SG]
+ (i) s A, ./(Q/E)
E o 1S
1
ae = 1 ae -.. n
Big (E) NSP cos B, - ggp Sin BG]

i - . .
"2(3)1 8 [ogp €08 B = 8gp sin 8]

i LX)
+ (E) . o, Bls/(d/E)
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3.14 PDERIV
This routine computes partial derivative matrices relating a set of

dependent coordinates, 1,, to a set of independent coordinates, Ty. Not all
program partials are computed here. Those computed in this routine are

- (—g-) {sin (wR + wBLn) sin B, + cos (WR + wBLn) cos 81

)
—( (i%) [sin (Vg + ¥py;)) cos B - cos (Vg + ¥gp) sin 5]

OARCE

R S

where

8 = Ajg sin (¥ +dpy ) + Byg cos (bp +bg )

3, 29,
Y is an angle subset of 5T
95p SP
n n
a$
el _ .
e ( Ayg sin (bp + ¥y ) = Big cos (Vg +¥ )
n
T :
arog ( _ [ H-RI : By r
a’r .--....--l?...-..-..
H o i [TH_R
0 7z =Y
By g [?H_R] 2 0 X 2 [o]
Y =X ol o

Th



aTOH
a'l's

e

> H] :
s-...l.."lll -
E cos ws
§ -sin Ws
. sin

"o |

0

,- BMB-H]

' Bs sin ws 0
cos es cos ws 0
0 0 1

-X 0 |

[0

[TMB-H

MB-H
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3t [TF . ms] [Br-rm]

—ﬁ— = ...“‘.'.Q“O..&..'...C...-....

REF o [Tr -+ ma]

1a8080

[BF -xs] = ['r,.. -am] 2 0 X

1 X Cle g
3Ty 3T a7 ]
E { _ T OB
3T per T op ATpgy
3.15 AUXOUT

This routice perfrrms auxiliary calculations for output. The quantities
computed are stored i, the vector, OUTD, whick is defined in COMMOX and is

therefore available for sigznal definition. Definitions of the currently defined
elements of OUTD follow.

Speed in the reference system

- 2 '
°‘mm’(“m+'m“’m) = Vp

Angle of attack

4 2 0 1/2
OUTD{2) = sin [wm_,/(u REF * Y REF ) ] . 57.29578

Angle cr sideslin

OUTD(3) = sin™t [v /v ] . 57.29578
REF TREF
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Flight path angle

0UTD(4) = sin™t |-w /v - 57.29578
E/ Tm]
ourp(s) = Als * 57.29578
oUTD(6) = Bls + 5T.29578
oUrD(T) = w
he
ouTD(8) =P
L
oUTD(9) = q
e
OUTD(10) = 'Lm
ourp(11) = Mzzm
Attitude gain
ouTD(12) = h, - h (input)

Seven functions at three blade stations on blade 1 a. 2 made available
primarily for harmonic analysis. The routine will assemble data at the
stations closest to 25, 50, and 75 percent blade radius.

The seven functions are

e Span force

e Inpluane shear



e Flap shear

o Torsion

e Flap moment

e Inplane moment

e Torsion, sero only

The functions are equivalenced to the OUTD vector, OUTD{13) through OUTD(33).

3.16 SIGGER
SIGGEX is the signal generator routine. It will collect, up to a maximum
of 200, signals from tlank COMMON. This is accomplished by & pointer array,

SIOC, which is input. Each signal collected can be scaled vith a unit con-
verter, one for each signal input. These multipliers are also input, UC.

Arguments List
STIME Trajectory time
KPTS NHumber of tun points output on exit

SIGURI Logical unit on vhich the data is written

3.17 DWASH
Subprogram DWASH calculates main rotor ana tail rotor inflow functions.

3.17.1 Main rotor =quations

FZI
v = -rB- - ——’g— - v v
Iy “BR 20(B+R) I I

18



Im=3253-’ Tt Phe

3 = .35 - a&AHR,B -q
e T FEFE [T ot g

S

The derivatives are integrated locally using a Euler integrator

P. =P +p.  -dat
e he hm

q - +q at
I w I

v dat

he " e e

3.17.2 Tail rotor equations. - The tail rotor functions are hradled by first

order log equations.

Inflow
o+l _ n e-dt/r o B (1 _ e-dt/r)
ITR I I
TR TRy
Longitudinal Flap Angle
n+l e-dt/r n ( 1 - e—dt/r )

The superscript n, stands for iteration number. The tai.. rotor functions
W a I3 i 5.
ITRN an AITRN are corruted in subprogram LOADS

79



3.18 TORS
Quas.-static torsion Is optionally computed by subprogram TORS. The func-
tion evaluated here is described in detail in Section 5.6.5 of Volume I.
3.19 PHORE
Quasi-static pitch horn bending is optionally computed by subprogram

PHORN. The feathering angle increment due to pitch horn bending is determined
by a first order log equation for each blade

n+l n -dt /v n
e "’Qf

.n+l .n e-dt!r n - On-l
T  Ten Moy " ey )/,
1 1
vhere
n
3
rphl s K

The reader can refer to Section 5.(.6 of Volume I.

3.20 ETIRQ

An engine can be modeled as describted in Section 5.10 of Volume I, The
engine equations are evaluated within subprogram ETORQ with the primary output
being MXAE . The pertinent equationc are

NG

-.n - -n-l * o . * 'n"l —dE
Yoew = Verx ~ | ¥R1 VR * %R2 CYEme - “’Enc,'mm) = YeEN |73

 MwG . Mewe
—_—

= . " L7 -— (v )
ENG  "gnc,TRIM  gEw OEN

*xa

: -
2gnc NG ~ VENG,TRIM
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3.21 INTGGC

This subprogram provides the integraticn of the generalized coordinates.
The integrator is an Adams-Bashforth 4-point open relation. 2n accumulation
of back value information is required. Therefore, a Euler starter is used.
It can be seen in Figure 16 that accelerations and velocities are separately
integrated. This is for bookkeeping purposes.

A description of calling sequence arguments follow.

Nk Number of integrators to use
DT Integraticn interval, sec
IC Step counter. It will be increased by one on return.
v Displacement vector. Will contain updated values on return.
Y. Velocity vector. Will contain updated values on return.
o0 Acceleration vector.
3.22 INTGAX

Subprogram INTCAY provides an integration mechanism for all auxiliary
integrals. It is identical in design and form with INTGGC except that only
one set of integrals are applied.

3.23 JETTB

Subprogram JETTB is designed to vrovide a main rotor blade jetiison
sequence,

This suvbprogram is speciel purpose in that it is only for a 5-bladed sys-~
tem with a specific Jettison sequence. A blade is jettisoned by removing it
from the generalized coordinate set, i.e., all generalized coordinates are
redefined. The generalized coordinate integrator back values are alsc shifted
so that integration is not interrupted. The rotor-to-blade transformations
are also shifted, aad are not redefined., Other tlade dependent data affected
is the quasi-static pitch horn and quasi-static torsion.
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APPLY  EULER INTEGRATOR
Y=Y, #_ - OT

8
Y=y, 4, - DT

4-POINT OPEN

= Y + L [ S5 Y v G y ]
A Ya - 58V, 437V, n2 9\'“_3

n 24
- - Dt e e -e LY
Y = - + -;- 55'(“ — gvn-l +37Yn.2 - Qvn_ 3 ]

c=¢c+1

(o)

Figure 16. - INTGGC flov diagram.




Operationally, JETTB is activated from FLY at the beginning of a pre-
scribed rotor cycle (JETCYC) measured from trim. Upon this first entry into
JETTB, main rotor blades 1, 3, and 4 are removed from the generalized coordi-
nate set as described above. Upon exit, the number of blades (NB) hac been
reset to 2. At a prescribed number of integration steps later, n = NAZ/S,
JETTB is reentered and the remeining blades are Jettisoned. At that time
quasi-static pitch horn and quasji-static torsion will be turned off, Also,
all swvashplate coordinates will be turned off.

The user is reminded that some auxiliary outputs are a function of

blade 1 data. During a Jettison sequence, blade 1 is redefined. Thus, mixed
data may be processed.
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L. ACCEL - LEVEL 3 EXECUTIVE

The level 3 hierarchical chart for ACCEL is presented in Figure 17.
ACCEL, as a conirol program, is simple and straight forwvard. It directs the
calcuiation of the components of the force-mass-acceleration equation and
evaluates the recursion relation

Lt .t Lt-at
qa =4 +4

which is fundamental to development of the REXOR II model. Further details
concerning the subprogram ACCEL are presented in the next section. The func-
tions GFORCE and MASSSF depicted in bold-face in Figure 17 are treated later

as level L executives. GMASS is discussed in this section and the matrix
routines CHOSKY and MXCUT are discussed in Section 7.

L.1 ACCEL

The subprogram ACCEL computes the generalized acceleration at time, t,
by applyirg tre recursion relation

.t --t-4t -t
T =4 +aq

The incremental acceleration is provided by solving the linear equation

bl ) - )

The elements of this equation, the mass matrix ani the force vector, are
provided by subordinete *outines.

The variables in t argument list are:
CASEID 8 character case title for oulput purposes

MCOMP Logical variable which controls the computation of the mass
matrix

DISPMX A logical variable used to control the printing of the mass
matrix

IER Program error indicator

The details _f ACCEL are depicted irn Figure 18.

8L



S8

ACCEL

GFORCE CHOSKY GMmass

Figure 17. - ACCEL level 3 hierarchical chart

MXouUT




T

COMPUTE {AF} GFORCE
YES
ERROR
NO
COMPUTE (M| GMASS
SOLVE: (M) {Ad} = {AF} CHOSKY

YES PRINT
ERROR MASS
MATRIX
NO

Lt =gt -8t ¢
q +Aq

I EXIT '

Figure 18, -~ ACCEL flow diagram



L.2 aoMAss

Subprogram GMASS provides three functions. It determines whether a mass
matrix is to be computed and calls MASSSP if required. It shifts the mass
matrix to working storage. This is necessary because the coefficient matrix
is destroyed on exit from CHOSKY. Finally, GMASS will list tne mass matrix
if so directed. All of these functions are depicted in Figure 19.

The system solution routine, CHOSKY, operates on double precision data

in the I.B.M. softwvare. Double precision is not required in C.D.C. software
because of the extended word size.
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BEGIN

COMPUTE SINGLE MASSS P
PRECISION MASS sP

[m]
MATRIX

4

CONVERT TO
WORKING STORAGE

(M) —— (M)

OP — DOUBLE
PRECISION
(1BM ONLY)

PAGE

Figure 19, - GMASS tlow diagram



5. GYORCE - LEVEL 4 EXECUTIVE

GFORCE is a fourth level executive control program. Its primary output
is the generalized force vector, AF, which is defined in COMMON as DELF. The
elements of GFORCE are depicted in Figure 20. GFORCE and its subordinate
routines are presented in this chapter.

5.1 GFORCE
This subprogram assembles the generalized force vector bty optioneily

computing the required subsystem fc:rze vectors. This is best devicted in
Figure 21. The assembled force vector would look like

{

{AQ} BS NBS x 1
{AQ} sp NSP x 1
{AF} - <{AQ} s NS x 1
NTOTL x 1
{AQ} REF NREF x 1
l{AQ} R ] NR x 1

if g11 subsystems were triggered.

Subprogrem GFORCE has only one argument, IER. If an error is detected in
SWEEP, IER is set to 999 and control returns to ACCEL.

5.2 Maia Rotor Analysis

Subprogram SWEEP and its initialization entry SWEEF1l, computer main rotor
blade forces and generalized mass elements. To this end ~ sde elerm nt motions,
partials, and aerodynamic forces are also computed. Thi. s the m. or program
computation sequence, and will only be outlinei here. References tc Volume I
will be made where required. Other subordinate routines are presented in this
section also,

5,2.1 SWEEPl, SWEEP. -~ The chief output of SWEEP is the blade root forces and
generalized mass integrels. The forces can be presented as
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06

GFORCE
, | |
SWEEP BLADSF HUBF SWASHF SHAFTF | KEFF ROTORF
| 1 1
XTERMO couLom| r={ staL cLcoCMm COULOM LOADS
=1 XTRPI
L] cLcoem

Figure 20, - GFORCE Level 4 hierarchical chart.



faoj{ar}
BS

~ {aF

~lar}

~ {ar}

-~ {aF}

Figure 21. - GFORCE flow diegram.
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{oFly = H ) f [Pk]T[AFBLg] as

where the integration is over all blade stations, kX. The above set of
integrals are generated for each blade n=1, ---, NB.

Further, the mass integrals can be presented as

X (k)
{ - [ B - ) B o
XXBLE
wvhere the integration is over the blade stations and for each blade. Also,
the matrix [M] is symmetric.

The [P ] matrices are subsets of +‘he partial derivative matrix defined
below. For each blade and station
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-

()

b

ar.

ar,

ar

BLE [5| °"BLE| :]|°"BLE
A.“ s EL LA S 3¢f
mb [ :
.-'..'.....é.....l.....s
3£Bw E...:G;?-I-.é aEBw
aAN : 3 2%
mb | : :

885 48080808

-l

0

J

s RL

4

Identify the first four rows of the partiesl derivative matrix as [?é]

P

- [H

g

also define the blade forces

{AFBLE (k)} N
n

(3T p1E] ’arm] OTpLE] ] [ °TpLE |
3 2 38 %
_"Anmb_ | 7T B R R
[ %3157 '”BL’-:] 3%5LE | o] 3p1E |
3 20 36 3
Ll— Anmb_ L. T J £ - — L. EBL -
(k) (x) .. (k)
F
/XABLEBL BBLE LEy, \
(k) (k) .. (x)
F ¥
Y“BLE BBLE BLE,
(k) (x) (k)
F - z
< z‘,‘m‘E BBLE BLE,
SL
HXX.B (k)
LEpL
° )
(x
\"zszL

The evaluation of the above partials and forces require the evaluation of
the blade element motions and aerodynamic forces



fous} {Towe . {Toms} b}

Blade element motions are treated in detail in Section 4.5.5 of Volume I.
Those equations will not be repeated. “ather, program names for certain key
quantities will be presented.

X
r Y
{ BLE}BL z
n
) XD
r = YD
{ BLE}BL 7D
n
XoD
T = YDD
{ BLE}BL 7DD

n

Blade element freestrean atsolute acceleration

e I
XpiE
) DCXN
¥ = DDYN
BLE DDZN
pa
BLE/

n

Blade element angular velocities and accelerations

P

ANGBL(3)

ANGBLD(3)

- 0 ‘g
]

gl



Partial derivative matrices are identified as

’BrBLE1
| T PIAURAGL)
L b
-aE -
aA:I‘E = PZETBA(3,3)
L mb J
" ar h
s | = PRBLZ(3,3)
L BL u
e [ |- T
LaEBL | BL - BLE BLE »BL
vhere
[TBLE" ] = TBLR(3,3)
ar 7
'— BLE = PRZBF(3)
L?¢f
3y | T 1
%BLE = PZETBF(3) = [Tk9] [TYE) [T'jl]{}
o
.
BLE = PRZBP(3)
e
. T
S
BLE = PFBLP
3
LOT

The aerodynamic force vector is

F
{‘(LDLE

}

{

FC
FNO

}

95



Mode shape data is available in array form

wvhere the array dimension definition is
(2, 3, 20) (COORD, MODE, STATION)

MCOEF (2, 3, 20)
MCOFFP (2, 3, 20) Prime values (derivatives)

FBIB (2, 3) Feather bearing inboard
FEOB (2, 3) Feather bearing outboard

£.2.1.1 FRotor Blade Spatial Integration. - All force and mass integrals over
the blade are computed from the inboard to the outboard stations. The numer-
ical algorithm used 1is trapezoidal integration. Let FI stand for the functicn
(integrand) to be integrated and F for the integral.

Then the algerithm proceeds as follows.

o Evaluate FI' i.e. FI(X,)
. Set Fl i.e. F(X;) = ¢
) Integrate from k=2, ---, NSTA
ko kel
P o= ol +( 5 ) [FIk + FIk‘l]

This process is pictured in Figure 22,

The integral equation presented above for force and mass terms are
straight. However, the current subprogram treats each function separately.
Therefore the correspondence between program symbol and function is
presented. There are currently 62 functions defined for each blade.

The array size is F(66, 7). the integrands for each functicn are
defined in the FI array. The definitions of F for each blade are
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where

=)
nou

Fi

X

blade radius
tir loss factor

x
N

XxRAD-1

Figure 22.

X
w

XnNRAD-1 XNRAD

= R~ (2B - 1)

SWEEP Integration.

Nmb

XOBL

e

Oy,

&)

Z0

v

BL

=

BL

BL
n
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FlO Fon
BL
F F aerodynamic loading oanly
11 = YO
! AL
Fio Fy
OApL,
e
Fi13 R
¥
Ly - MYOABL aerodynamic loading only
F
15
( gy
n
Fl6 = AF ¢f .
F17 = AF(»T n
F =
18 MXBLE n
Mass Integrals follow.
F = M
19 ¢f®f
F
20 = M
Ay
Foy = M¢fA2
Foo = My Ay
Fog = MAlAl
Foy = MA2A1
F = M
25 Ak,
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Continuing Mass Integrals:

A3A1
For = MA3A2
Fog = MA3A3
F. = M
29 v
BLA,
F. = M
30 "
BLA,
F.. = M
31 "
BLA,
F._ = M
32 YBL £
F =
33 - M
BLA,
F., = M
34
o,
15 7 Mg
3
F =
36 - My
BLA,
Fa7 = MYBLA
2
38 * MYBLA
3
F =
39 MYBL¢f
F. = M
40 A
BLA,
Fi. = M
L1 Z
BLA,
F,_ = M
L2 2
BLA,
F,. = M
L3 ZBL%
F., = M
L4 ¢BLA1
F,_ = M
k5 *prho
File = Mo



ol *pros
Flg = MeBLAl
Tug T MeELA2
Tse T MGBLA3
R

52 M¢BL“’BL
53 MGBL”BL
S, S
Tss T Mooy
Ts6 T Mgy
st T Mo
s T Mern,
N M%A3
Feo = M¢T¢T
Fe1 = Moqop
Te2 ~ MXBL¢f

5.2.2 XTIRMO. - This is a specialized matrix routine, subordinate to SWEEP.
Withan SWZEFP, the equations for

r , Jr , and )r
{ BLE}BL { BLE}BL { BLE}BL
n n n

require the assemply of complex matiix terms which are made up of transforms
of three angles 2 A° YFA’ and A¢,.., Subprogram XTERMO and its multiple entries
provide the calcuEation of these terms. The program code has been computer
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generated by an application of IBM's FORMAC program where the number of cal-

culations is wninimized,

The subprogram entries are described below.

XTERMO - an initializaticn entry where trignometric terms of the three
transformation angles are computed.

The three basic transformation are, in argument order; (Z%A’ Y'FA' AQf)

]
cos ZFA

(T = 0

1
ZFA]

—ai '
sin ZFA

L
cos YFA

' = |_ej '
[Tyfa! sin Ygu

A¢f] = 0

0

3 '
sin YFA

A
cos YFA

0
cos 4ég

-sin A¢f

3 ]
sin ZFA
0

]
cos ZFA

sin

cos

The transforms computed on the various entries are

XTERM1

=)
]

, T
= [TZFA] (T

XTERM2

(1] 17 (1

1 '
[TZFA YFA

T
L
yral” [Ty, ]

1T [

\T

(Ty

—

A¢>f

Ad)r

L

yral [Tzpn!

T T ' R
17 (Typy] (They]

The dot over the matrix indicates differentiation with respect to the angle.
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T T [
) [TA¢f] T

=]
|

= {7

4 ' ' t
ZFA] [TYFA YFA] (TZFA]

XTERML

P P T e '
= [Tgppl” [Typa]” [Ty 17 [Ty [Typy

——
+3
Cinad
I

Apg ]

1T e 1T e, 1T

1
+ [T vral uge’ Tyra

ZFA

XTERMS

[ T'o T TI []
(1] = [Tgpal” [T4p,] [TA¢f] (Typal (T2pal

Torre 3% tr 1T [

L L}
+ (T35, ] YFA Log YFA) [TZFA]

XTERM6

I Iy, )" 8, 1

—

3

[
'

— [T'

7FA T

Tyeal [Tzeal

' T ' T s T e '
g d" [Ty (T, 17 (g (Tgpy]

XTERMT

(7] = (fe 17 [me 17 7, 1T

ZFA ]

L 1 ]
Tyral” Tap, ™ (Typa) [Tgpy

1T (e

T e 4T .
bo] 1T (1, ] (4

i - '
+ 2 [Typy ool [Typal [Topal

* (15,10 [T§FA]T [TA¢f]T ("ypa

ZF: ] [T'

ZFA]
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XTERMB

T [

(7] YFA]T [TM,-}T [Typal (Tzpal

(£ ,]

T 1T [
] [TMf, [T

T .
1] fme ] ]
+ (Typad” (Typg tra) [T5pal

(1) 1T

r pAd T be T
A L}
[Tyea]” [Typ,] ‘Ta¢f] [T

tra) (T2pa)

+2 [T

T rs0 T T rae ]
sead [Typal [Ta¢f] (Typa] [Typs!

* T [ T T me [] M
+{’r'zm] [TYFAj [TM’] [TYFA] [TZFA:

T rae 1T te 1T e ,
(1] = (75, )" (Typa! [lﬁef] (Typal (T3nl

[}

+ [TQFA]T [T‘}FA]T [T:,af]T (Typa) (T2pa]

s [y, 07 18y, )T [T&¢f]T [135,) [T)5,]

O G0 L L U L CI MR A

ZFA

XTERMC

(7] = {7, ) (Typal (Tgpal

XTERMD

————a—

[t} = [T

mf} (Tyral (Tzps]
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XTERME
(1] = (15,17 [T, )"

5.2.3 COULOM. - Coulcmb friction is calculated by subprogram COULOM. COULOM
is used for swashplate and feather bearing frictionm.

The output functicn is of the form shown in Figure 23.

FC o e =

RL RY

Figure 23. - Coulomb friction.

The routine is executed by

CALL COULOM (F, FC, RL, RT)

"y
L]

output friction

FC - friction limit

RT - argument such of éf
RL - argument limit

5.2.4 Main rotor blade aerodynamics. - The following +hree routines, CLCDCM,
STALL, and XTRP1l provide main rotor aerodynamic coefficient calculations.
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5.2.4.1 CLCDCM. - This routine calculates the aerodynanic coefficients

(@]
L}

CL(a, M)

Q
(1]

CD(Q, M)

CM = CM(QM, M)

by linear interpolation. Up to two sets of data tables are available in
labeled COMMON/TAB/. This routine is derived fram a similar routine in the
Arny's C-81 computer program,

A-guments List

IDT

ALPHLD

ALPHCM

MACH

CL

Ccp

CM

5.2.4.2 STALL. -

Data table set number. 1 or 2
Angle of attack for CL and CD curves, Units are degrees
Angle of attack for CM tables

Mach number

Output coefficients

Subprogram STALL applies the dynamic stall model as pre-

sented in section 6.2.3.4 of Volume I. These equations are distilled in

Figure 2k,

Arguments List

ISET

A

M

AYAW

Aero table set number
Angle of attack, rad.
Mach number
. -1
A radial flow angle, Tan (US/UC)
Blade element reduced frequency

K - Ca/av
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(acL ) (BCL )

XTRPt
oCy / daq

E= 1.076 40 (601 MI/IKI “‘""J
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CLCOCM
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Ly “o O
Ciy-G,
larer!: € (ac'-) 1 o
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Figure 2k, -~ STALL flow diagram.



Arguments List

CLR

CDR Qutput aero coefficients

CMR
S.2.4.3 XTRPl. - This is a special linear interpolation routine designed for
speed, The interpolation technique deos not require the classic table search
to find the data of interest. This routine does require that the tabulated
function be evaluated at constant argument intervals.

Algorithm - If x_ is the first argument value and the data is evaluated

at Ax intervals,othen the location within the table of bracketing func-
tion values for a value of the argument x is n where

The brackets indicate the largest integer whose magnitude does not exceed
the magnitude of (x - xo)/&x.

The interpolating formula, based on the point-slope formula, is given
as

= + . -
y yn ax (yn+l yn)

where

This is shown to be correct if

x-x =n-°ax+ (x-x)

is substituted in the equation for dx. The quantities X, and Lx are stored
with the table of function values, The table, T, must be of the form
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T(1) x

o

T(2) Number of x breakpoints - 1
T(3) 1/ax

T(L4), ... Table data of increasing x.

5.3 BLADSF

Subprogram BLADSF computes the generalized force vector for the blade sub-
system. The single argument to the routine, DELQBS, is that force vector.
The blade subsystem force vector is defined

A
%

A9,

{AQ}BS = ........2...

Qg

n
vhere for each blade n

aU 9B

% pn 2Am 2Am
{AQBL} = eswevee CYITITIT) - XYY Y

n AF 2 QE'

3 g 3
n n n

for all modes m = 1, ..., NMB

Consider first, the bending mnde equation. The {AFAm} vector has been
computed in SWEEP where
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AF F

< AF, = F2 (elements of the array F(66, 7))
2 of
AF F
A 3,n
A3

U _ . _
{am}‘n = Z Kos * Ay sm=1, e, N

Two damping terms are computed. The structural damping is given by

mb
9B :
— =C EE K, A
A{aﬁm} S m} Jn
n

The proportionality factor ’CS’ is controlled via input. The spring constants,
KmJ’ are also input.

A lag damper with relief valve is also modeled. For each blade n

N
nb 3y
3 _z ¢
ne aAJ Jn

J=1
Now if

Voo <9
then

= o!
Mac = Cracr ¥ n
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otherwise

where

Finally, the damping term is

(%)

In the above equations, the following parameters are input

cAm

n

. YP(1)
3¥,
Y S = YP(2)
m
m=1, 2, 3 YP(3)

r! =
yl._YDPI

CLAGIE CLAG1

CLAG2 = CLAG2

The fourth mode in the set can be pitch horn bending or dynamic torsion. If
Nop # 0 then

3¢f

rq = - K B
8, MFn (aepﬂ)n Sy PH

n
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If Ny #0 then
T

AQ =F —K e d _C+ .:pm
Bn 17,n T 0 T T,

5.4 HUBF

Subprogram HUBF computes the force vector relative to the hub, DELGH.
The hub is not a generalized coordinate subsyscem, but does provide 2 transi-
tion of forces from the main rotor to other subsystems. Equations of inter-
est follow.

%
o
¥
io
{AQ}H - {“Q}MRH - [Mon * M'm]
P
q
r
0 -r 4 3 x 3 from P
upper rignt
d 0 -p quad of 9
-4 p 0 LMOH * Moy r ),
- — el
- “m.'........"l.—....lil.l'.lll_lll!'ll...
[_0 T 1] 3 x 3 from p
lower right
d 2 -p quad of q
-« p of [|Yox* M r ),
- - H - —
+ {arF} Sp



and

(o]
_ fose)”
{AF}SP = largzp (| Mose)
q
i * /sp
‘0
10
lo

0 -r gq

L d sp

Other equations included are:

SThsE -
arOH
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0

- SP

0] 0

p

q

r

SP,




[o] [o]
Yo = Yo + 0 + dH wH 0 + wH 0 + 2 WH Q
Z, z Z YA vA Z |
SP °"x SP °"sp °"gp SP

The main term in the hub force equation is the main rotor force relative to
the hub,

The blade generalized forces are computed in SWEEP as elements of the F array.
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5.5 SWASHF

Subprogram SWASHF calculates the generalized force vector for the swash-
plate subsystem, DELQSP., The swashplate subsystem consists of a maximum of
three coordinates.

agp = (959, Z)gp

The force equation is given as

N
e { 3u 38 '
AQ = — M - — - - - AF
SP i ] ¢ 0q . {I&R SP
= Udse) Tt SP 3dgp SP

Mse 1is the feafhering moment computed in SWEEP. The frictional force vector
son
is

f(ésp)

MFRSP} = f(ésp)

0

where the frictional functions are determined by entries to the subpyogram
COULOM.

The term {AF} g as written above is a (3 x 1) vector with the stated

coordinat= ordering. The definition is given below in the standard (6 x 1)
form for c.arity.
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e ) Qb 450

N 7

+ e T L L L LT T TTY PP TY >

0 -r qQ IXX p)

r 0 -p IYY q ;
~a P Ojgp I r/sp

ZZ—8P

AF

[}
o
o
(@]
o
-
o
>
+xi

Sp

(cos @ (IXXP + qr (IZz - IYY)) + sin® I, - r)

22 SP

=((Tyya + pr + (I - T,

(n gy

The potential energy and dissipation functions are presented below. The
engular coordinates are treated separately from qu‘

115



Let

ccs2 1] o + K. sin2 ¥

K¢ 5 :(K¢ '-KB ) sinwc ces wc
SP SP :\ ¥sp s?
[K ] - '.Il..'..---.--......‘..‘...---II.I..ll.cl..'..'.ﬂ.I.I‘Il...l...‘l...-...I.II'..‘
SP K¢ - Ke sin ‘JJC 208 ¥ H K¢ sin2 \Pc + K,3 cos” wc J
SP SP ¢ ! sp SP
and
[Cuo) = | T (c , C W
P ®sp eSP)
. -
cos wc sin wc
cl -sin wc cos ch

Define a control load

cs

DY = .

c -
KYCS cs
Now
(¢sp) T

‘%%' = [Kgp] i i - {T¢ ] LD

l SP, I e ¢

A stop load is modeled.

116



oo 12

where
. 1/2 /
LT fssp (35; : Uspg) - %,sP (¢sp2 + 3SP2)1 i
othervise
Ll
s
and
ol fal 0
l3efse  ofsr, | ®fsr

| A

Z ccordinate loads are given by the following equaticns. If |Z

sel = Za1
then

Othervise



where

’

Zysp = clem (Zgp) - Zg

=C, 7., -R [c ] b bap - R [c ] by - B
Tgp  Zgp SP T UzZy |“1,1) o ¥sp¥sp T Rz | S22 7 %sp C %sp

The above equations contain a great deal of data. The equation symbols, corre-
sponding program symbols and input addresses are listed.

Symbcl FORTRAN RA
v CHI 119
Kyos QUACS 123
KYCS QKYCS 124
Ksgp KPHCON 376
Kagp KTHCON 377
c. CPHCON 378
“sp
c. CTHCON 379
“sp
5 sp GASTOP 1276
t
X, s GKSTOP 1277
SP.BR |
’ RLG 116
9sp,BR
, b
“Fre *s } FCG 117
Mere Sgp
GZ1 13
KlZSP QK T
261 11
lep VA
K QKGZ2 140
2%,
F FIDDLE 149k
c, QCGZ 138
SP
R, R DGDHG 1263
2> "Zg
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The reader can reference Section 5.9 of Voiume I of this report for addi-
ticnal control system explanation.

5.6 SHAFTF

Subprogram SHAFIF computes the generalized force vector, DELJS. The force
ejuation is

o frot el ] b <[] 14

The hub force vector is computed in HUBF and passed as an input argument. Since
the shaft coordinate set can be a subset of the standard six coordinates, the

Kg and Cg coefficient matrices have been assembled in the data preparation
subprogram DTPREP. The matrices are Ng x Ng symmetric. The reader can refer-
ence Section 5.7 of Volume I for further information on the shaft force
equations.

5-7 REF‘-F

Subprogram REFF computes the reference syster generalized force vector,
DELQF. The force equation is

T T T B

OH OF

{AQ o= = AQp . * _} "F}F
REr 3TREF ]



The hub force vector is computed in HUBF and passed to REFF via the
argument list. The fuselage force vector is given by

b

<3

P N
(=3
+x§
.t
ry
L]
P —
=
>
-
xy
]
e |
g.ﬁ
| N—
. N H

q
l'-li‘
"0 -r Q1 [ T P
(3 x 3)
r 0 -p upper right q
quad of
(-1 P OJp WMop 4 Uy

.-....-:.......-1.-..:....-.--..---.-1.--'--.--..
0 -r q (3 x 3) P

lower right

quad cf 1

M
L—q P O_FLOF _ r F

r 0 -p

L

—t

The fuselage aero loads depicted by {AEA}F are computed in subprogram LOADS.
The tail rotor and engine contributions are

0 0
0 0
; } { g 0 0
LT, + AF = - -
TR ENG .
| REF REF 0 S
1 G r -G r } S
Yo T R ENG R REF
0 r

Cene 9Rrer TR
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wiere

The above equations can be referenced in Section 5.8 of Volume I.

5.8 LOADS
Subprogrem LOADS computes a total vector of nonmain rotor aercdynamic

loads in fuselage coordinates. This force vector is the primary vector of
the reference system force vector. The loads summation is given by

LRt = Y O {LTF * g

F F F F

where {Lz}, stands for total body loads, {LtR} is tail rotor lcads, and -
is the thrustor  -ads vector. Program symbols are

F
o,
L} Fa(6)

B r

t—4
o
"y

=

QLOADS{6)

F

F

{LTR} FTR(6)
{Lp} FP(€)
%%0 SIGMA (density ratio)

The equations are straight forward but extensive. The reader snould refer tc
Sections 6.3, 6.4, 6.5, and 6.6 of Volume I for equation development.
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5.9 ROTORF

Subprogram ROTORF computes the generalized force for the rotor (engine)
subsystem, DELQR., The system is a one-coordinate system and the equation is
given by

ot (%)
" ( "y M’a)m;:? ) (Izzu ' IZZSP) o
et MZZEND

where

29
i ENG --
= - I - ¥
Xy umr;(o Foavg R)

ENG
M =0
AENG
38
==-1 @ oV
MYITR X ( F Y3y R)
MY = MY - O/po
Arg A
Nb 3 T
M = Z (—.f_) M
o WR %p
n=1 n n

The reader can refer to Section 5.10 of Volume I for equation development.



6. MASSSP — LEVEL L EXECUTIVE

MASSSP is a level L executive control program. Its primary output is
the generalized mass matrix. The elements of MASSSP are depicted in Fig-
ure 25. As in the development of the force vector, a subsystem aprroach is
followed.

The generalized mass matrix is symmetric positive definite. Thus, only
half the matrix is computed. A schematic of a complete mass matrix is pre-
sented in Figure 26.

This subprogram controls the assembly of the generalized mass matrix.
Each model subsystem is developed individually as required. The required
subsysterm coupling matrices are stored in the generalized mass matrix via =a
utility routine, RMSTOR. The subsystem diagonal matrices are stored by the
utility routine, DMSTOR. The blade suhsystem mass matrix is handled directly
by its development routine, BLADSM.

The subsystem matrices, their sizes, and the location of each within the
generalized mass matrix are listed below.

Location Within Gen.
Matrix, M{i, j)
Matrix Size
Subsystem n, o i 3
Swashplate Mapar (Nsp, NBS) LSP 1
Shaft Mopr, (NS, NBS) LS 1
Mooo (NS, NSP) LS LSP
Reference I (NREF, NBS) LREF bl
MoEFSP (NREF, NSP) LREF LSF
Mmzrs (NREF, NS) LREF 1S
Rotor MoBr «NR, NBS) LR 1
Mesp (NR, NSP) LR LSP
(NR, NS) L s
S
Meprp (NR, NREF) LR LREF

L0
e D



L (A1

MASSSP

BLADSM

ZERORM

HUBM

SWASHM

SHAFTM

REFM

ROTORM

RMSTOR

DMSTOR

DMSTOR

MATRIX ROUTINES

MXMULF

MTMULF

CONMFS

CMPRES

Figure 25. .« MASSSP « level L4 hierarchieval chart.,
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1 |
| |
Mg L Mg sp
Mg
1 [
| | L 5
MRer BL MRer sp MRers
MRer
‘L 2
X MpaL | Mpsp Mgs Mg REF Mg
L J
Figure 26. - Generalized mass matrix.



The flow of MASSSP is depicted in Figure 27. Routines for each model
subsystem are easily recognized. Two other routines identified are ZERORM
and HUBM, These routines compute intermediate mass matiices which are used in
developing the required coupling matrices.

6.1 DMSTOR
This routine stores a subsyst>m diagonal mass matrix into the generalized

mass matrix. The subsystem and generalized mass matrix are in symmetric stor-
age mode form,

Argggents List

L Subsystem coordinate vector location within the generalized
coord. vector

N Subsystem size
MSUB Subsystem diagonal mass matrix
MSP Ceneralized mass matrix.

Subroutine DMSIJR is depicted in Figure 28.

6.2 RMSTOR
This subprogram stores a subsystem rectangular coupling matrix Mé (n, m)
into the proper locations within the generalized mass matrix which is in

symmetric storage mode.

Arguments List

N } Submatrix dimensions Mgyg(N, M)

M

NMAX Row definition in DIMENSION statement for MSUB

MSUB Submatrix

§ } Logical locaticn of MSUB(1l, 1) within the generalized mass
matrix

MSP Generalized mass matrix.

126



Mg~ M*"

1} ZERORM

YES YES
FLATE SWASHM @ RMSTOR|  Mgp g~ M>
NO

NO
DMSTOR
Mowp —— M
YES YES
SHAFT SHAPTM | RMSTOR Mg m."'"s'
NO NO )
: YES
RMSTOR| Mggp—=M"
DMSTOR -
YES
lg‘l;EER- REFM | RMSTOR|  MpgrpL——M"
o ]
RMSTOR Mpepgp——MF
]
RMSTOR MoEps ™™ mSP
DMSTOR

Figure 2T7. = MASSSP flow diagram.
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YES

ROTOR ROTORM RMSTOR
NO
RMSTOR
RMSTOR
RMSTOR
|
’ SP
Mg M

Figure 27. - Concluded.
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t=1
Is =1

1= 1+1

S=(L-1-1+1)(L-1+1/2+L

!

K=1

Mgy [1S) =MSP (S- 1+ K)

!

1S =1S+1

Figure 2R, - DMSTOR flow diagram.

K=K+1
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The problem is, given the size of the rectansular submatrix {n, m), to
locate the origin within the logical generalized matrix, M#J' Then

MouB (k, h) = M (i -1+%k, J-1+Kk)

k l, ..., n

h

l’ Q‘.’ m.

The real mass matrix is in symmeiric storage mode, i.e., in vector form. How-

ever, an element, S, of the vector corresponds to the matrix element qr where
S=(a) (g-1)/2+r

The final algorithm is then

Msup (k, h) — V(t -1 + h)

where

t
n

(i -1+ k=-1)(i-1+%k)/2+]

for

-
1]

1, essy In
h=1, ..., m

This is depicted in the Figure 29.

6.3 BLADSM

The subprogram BLADSM assembles the elements of the blade subsystem gen-
eralized mass. The use of intermediate matrices is minimized becausz of the
specialized form cr the subsystem, Data is stored directly into tne general-
ized mass matrix, MSP, which is the only quantity in the argument list.
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=== "7""7"7""777"

T=(1-1-1+K)(1-1+K}/2+J

Figure “3. - RMSTOR flow diagram.
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The mass matrix for the total blade system can be depicted as

:————1 hn
MBH :
=i O
| Mg |
Mgin = L~_‘Z_:____1
R
O e
|
[

The symmetric mass matrix for each blade, n, can be further expanded as

M |
AL I
|
My Yoo Mazo |
|
[ L] = N Y SN N "I |
e | | e Yl
M., M. M. I
N SA° BA2 BA3| BS_

The subscript, A, identifies blade bending modes. The number of bending
modes, Nm » is optional. The addition of another mode, 3, is also optional.
If the input NBP = 1, then &= g_ , where BPh stands for pitch horn bending
(elastic feathering). If the input NPT = 1, then 8= ¢_, where ¢ stands for
dynamic torsion. Also, note, that the number of blades, Nb, is optional.

Current limits on blade coordinates are

Nb NB T blades

Nmb NMB 3 bending modes per blade
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NSP NBP 1 elastic feathering mode per blade
N@T NPT 1 dynamic torsion mode per blade.

NSP and N are mutually exclusive.

T

The mass matrix definitions to be given below are in terms of mass inte-
grals developed in subprogram SWEEP., Blade force and mass integrals are stored
in an array Fi n' Expanded definitions can be found in the section on SWEEP.

’

For each blade, n, the elements of the symmetric matrix M ,] in symmetric
storage mode are -

Moy = Fooegin J= s e Ny
and if N, # 0
M. = ot F y=1 N
= — . - - g ess g
34, oo 19+3,n 'mb
3. \°
bp
Mig = (aeph) " Flon
or if N, #0
T
MBAJ = Fogesm 3=, e, Ty
Mzz = Fgo,n
otherwise
Mgp = O
MBSE 0

(=
The utility routine, DMSTOR, is used to load each [MB,] into [M]“P as each
blade is evaluated. -



6.4 ZERORM

The subprogram ZERORM computes a s2t of intermediate matrices for use by
other routines. These include M__ and MO . The rationale is to collect all
blade-dependent data in a pseudo system v§§%h is called zero of the rotor, thus
the subscript (OR). The matrix definitions are

Nb 3T T 3t
=y OB ] OBL
[MOR] ps {BTOR [ °Jn {QTOR}
(€éx€)
where
_ | _
M 0 0l 0 Fgg Fy
|
0 MBL 0 | 'FSE 0 FSh
|
° 0 Mt Fys Fa O
[ LO] = —__—_—’——l ——————————
n 0 -Fss F55 |IXXBL 0 F52
|
Fse 0 Fouy O Iyp  Ts3
I
Fos Fy, O 1 F Fo, I
| TSR
and
= ! '
[MORBI-] = |Morse, } ot Morera | 0 (6% g
1 1
where
310 T
[MORBL ] D S [MOBLBL ] .
n T n
OR
(6 x N_) (6x6) (6xN)
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Continuing with the definitioms,

l}‘om.m]n = ["osLAm : MomL a] .

vhere for all blade bending modes, n,

Fi3

Fi6

F,

[onc] - |,

F

0
Lk

48

Foo
|

Actually, the columns used are ]

If Noq # O then

F3h

=1’

If NBP #0 then

—




Othervise

["om.a]n is not defined.

The partial derivative {3TGBLI 3"08} is of the special form

3TOR

vl | el
{ om} i

%erefc?re, the implementation of [HOR] and [MORBL] proceeds as follows.
Re-define

M

["on] ["t')n]n

n=1l
where
l
[ P : Flo
M! ] = -—T--
OR o P

21 : Pro

and for each blade, n,

. - T
P11 = ®ap [TR-BL IR [TR-BL] .

= TTr
Pro ® [ TR-sL ] 810 ] [TR-BL ]
n L 12 n
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Finally, partition

then

21 12

(e -

n

[MBLozz]

22 " [*R-BL
<0

52

Fs¢ =Fss
o Fy,
- n
0o T
I F_
Wy 23
F I
53 2y,
-n
(3 x N)

L

» I

-

1

L]
W' “epp

Note that the subscripted F's are mass integrals developed in subprogram

SWEEP. The blade mass, Dpp s and inertias IxxB are calculated
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in subprogram INIT as well as the transformation matrices from rotor to blade,

[TR-BL]n and the pertial derivative (a¢»f/asph).

6.5 HUBM
The main rotor hub serves as another pseudo system for gathering informa-
tion used by other subsystems. Subprogram HUBM accepts two matrices as input
directly through the calling sequence [Mor] and [MopBr,]. It computes and

outputs three matrices [%BL]’ [M'H]’ and [MORH]' The definitions of these
matrices follow.

] - {52} [
%]
(] - ] {2}

The transmission mount mass matrix, [M T]
in subprogram INIT. The mass of the swashp?at

T
OSP H 2ty osp 3Tty

1]
N
Q) @
~ | A
oo

j=¢]
Ne—

]
[rmm—

EZ
)

+
(o
S::
| W——
m

+
—
o:z
(2]
a¢}
R
=]

is constant and computed once

}e{ in hub coordinates is

I
_ ).0.¢
[MOSP ] - 0 IYY

SP
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- -
l 0 Zosp ©
|

1 1.2 o o
aTOSP | OSP
= ——'— ————————
ATy 1 o 0o o
1
|
o | [TH —.sp] |

The partial {3t /37y} coupling the rotor to the hub is computed in sub-
program PDERIV. Otheér definitions include

N
i

= o
osp =~ Zogp * Zsp

Z3sp = ZZSP = RA(1L69)
mg, = SPMASS = RA(139)
IXXSP = IXXSP = RA(361)
IYYSP = IYYSP = IXXSP

I,, = 12ZSP = RA(118)

SP

6.6 SWASHM
This routine computes the necessary swashplate mass matrices. These in-
clude the swashplate-blade system coupling matrix and the swashplate-sweshplate

symmetric mass matrix. The coupling matrices [MORSP] and [MﬁSP] are also com-
puted. The matrix definitions follow.

[MSPBL] - [MSPBLli o i MspeL ]
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2, T
[MSPBL] = { N } [M%‘ BL]
n qSP n

(n., x 1) (1 me)

Sp

where
[“w]n < (Mo ]

If Ngp #0 (pitch-horn bending)

®
M = :_sfh Mg 0p
or if NQT #0 (dynamic torsion)
Mx = M¢f o
otherwise
Mx = 0 .

Further definitions include for each blade n

m=1, .e.y N

M%Am = 1;‘19-'111,n ’ mb

= F
M¢f¢f 19,n

Fopor = Fe1,n .
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The following partial derivatives are also required.

ase )
the partial of feathering angle wrt the zeneralized

aqSP jn swashplate coordinates

If N = 1,
3, 3,
95p 9Zgp
If N, = 2,
e k L2 e l
gy, 4 %gp 7 d8gp f
If Ny, = 3,

3¢f 3¢f 3¢f a¢f
—— — Ps = s
%agp sgp ~ d9gp  3Zgp

Alsc, the partial of the feathering angle wrt the generalized rotor coordinate

ls
ad 3
’3——5_ = 5 09 09 O, OI Os 'aw_f}
E n l R

n

where
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The swashplate - swashplate msatrix is

] =[] * ],

T
) 56
fore] 2, 155, ]

n=1

], ) e (2]

The swashplate coordinate set is not standard nor are they grouped in a stand-
ard order. With this in mind, the following mass matrix and partia® derivative
matrix are based on the coordinate definitions:

Pap = {¢. B,y ¥, Z}SP

Tsp {4" 8 Z}SP :
[~ I —
XXsp
I 0
|' Y,
LMOSPJ = .
0 Zlqp
L "sp |

[ cos eSP 0 0—
.a_pg } 0 10
dtgp ) sin 65, 0 O

| 0 0 1 |

1k2



The program implementation of the above definitions follows, If NSP
i.e., ZSP coordinate only, then

b 2

N
[Mspps ] = 25 Ey [M¢f¢f] .

(1 x1) n=1

otherwise in symmetric storage mode

2
(1) =1 cos” 8., + I sin” 8
gp sP T 2z, sp
r - (2) =0
(1) (3)
3) = I LI
[MSP] REAORE) ; Ysp ~ Pep
th) (5) (6{_ () =0
(5) =0
(6) = mgp

In symmetric storage mode, MSPBS is a vector of length NSP * (N +1)/2

SP
N
b T
3¢f 3¢f
Mopss() = 2 [ﬁ;] [Mw%] [aq ]

- P SP
n=]1 Jen k,n

J=1, eoey Ngp

K=1, coey J

L=J+(J~-1)/2+x

=1’
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Finally
[MSWP] - [MSP ] ¥ [MSPBS]
m 0 m m
m=1, voes NSP(NSP +1)/2

The remaining output metrices are

] = [ ] - {2 (o]

] Nb (ar T a¢f
= OB
[MORSP § 1 BTORL } [MOBL ¢f]n {5‘19 }n
N
T, e,
e aar ( e 4 laqSP )

CRREIRTSEE

The partials are not defined exrlicitly. The particular form of [MéSP]
will be determined as follows,
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If NSPF = 1 then

otherwise define

["r'isp] | Ix

(6 x 3)

L

and the final

[9¢}

77 Tggp_. SiB

T sin 2

T sin 3

o
0
Bsp >
0
0
0
0
0
0
Iyv  Thspoy
SP
I T cpan
Yo, “ESP22

The matrix [Mgpp¢s] is defined in ZERORM. The pertisl %370?L/3TOR} is
not available explicitly but is defined as n




6.7 SHAFTM
Cub:rogre~ SHAFTM computes the mass matrices required to represert the

shaft as a mcdel subsystem, Matrices input include [MHBL]’ [MHSP]’ [MORH] and
[M, ], Matrices output are defined below.

[

]
P ———
Q Q)
-~y -4
m 0o
m
————
3
fom———
[ S

| S
i
A ~———
Q o
~ -
0o
=]
—— g
fr—
[$2]
g
d

—
Cored
L)

A ——
Q) Q)
al -~

”n |0
ed]
~— —
-3
—
B
s

e
2]
[ W—
"
—
| W
— ———
af w
Al o~
[/: IR N o)
m
. A -

[”ons] = [MORH] {;;%

The partial {aroﬂlars} is defined in PDERIV.
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6.8 REFM

Subprogram REFM computes the mass matrices necessary to describe the
reference subsystem. Input matrices include [Mypr), [Myspl, [Mgsl, [Morml,
[HH]. and [He] . Output matrices are defined below.

F

o] - |72 | [
[HREI-‘SP_‘ ={j::;; ["ﬂsp]
- ‘“on )T ]
ERu~t [ s
Do) < e [, |
*:z:g;% ["]HREF
]l 22
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The matrix [MO]p is a constant and computed once in INIT. The partial
{3103 /3TREF} is computed in PDERIV, The partial connecting the fuselage to
the reference system is defined as

6.9 ROTORM

Subprogram ROTORM computes the mass matrices necessary to describe the
rotor subsystem. The subsystem matrices are defined below followed by im-
plementation information.

]
] - {52} [t + i

1}
P o N
e K-
P
4 |
=2}
————
-3
4
(@]
w
td
[
| S——

where

[

A -
L4¥)
4
[®]
7]
a7}
e
.-3
[
=
| S——
" —
Q)
~
(o}
197]
o}

1L8



The following matrices are input, [MORBL]' [MORSP]’{MQRS]a [MORREF]’ ané
[Mor]. Other matrices and partial derivatives are defined below. Finally,
the implementation of the individual terms in the above equations are pre-
sented. Partials of interest include

o
o

———
| w
~
:'U.a (=]
-]
N
]
.
(=] o
™
— b

dtog | _ / ©
9% } "\ o >

1

o
o

[}
U




0 o)
{agmml- 0 > ’ierR%: 0
q q,

R | . %% 0

0 GTR

0 } 0
C
0
"Tosp | *“osp 2 Tom { _ 0
BQR STH aqR 0
0

- Ccos &SP cos GSP

f “051’} C¥3tor) §osp
l STS ’ ‘STS QTH

[ 31 at
J af“’} = [1] . { — } (1] :
{ °RreF 3TREF

Mass definitions include

L N
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[=]-] 7. |

Terms are now defined as

T
9T 9T
osp OSP { _
{ aqR } [MOSP] {T?} = {0, 8, 0, 0, O, - IZZ cos ¢SP cos eSP}

— s -
\ 0 -2 -Y 117 l
- ! |
[‘MB—H] :[TMB—H] -2 0 X [ [ ]
|
| Yy =X ©
! Y5 n {
______ R i ey - -
i | cos vg cos 8g in g 0 |
i . r !
(0] | |-sin ¥g cos bg ©98 ¥g 0 o] | [_TSP-H]
! , |
i I sin es 0 b |
I J L 1 -

= : ; ; 2 e .
= {0, 0, O, -IZZSP sin g cos ¢SP cos 8gp sin eSP’ 0, -IZZSP cos” dgp cos vSPs

Note the forth element is approximately Zero.

gaTOH}T[M ]{_3_7_0_11} {ooooo-x }‘ETOH}
5qp OH 3Tg / PTr Ve Ty T ZZH i ITg

l
|

0, 0, 0, 0, 0, = I,

l ’
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|
|
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i {
BqR MENG

0, 0, 0, 0, O,

- I

ZZ

SP

cos

:)

'11

=
[t
] 13

] 15

SP

cos

eSP

o
.

cos ¢SP sin eSP cos eSP’ 0, 0 }

foo

% o, 0, 0, C, O,

- IZZnD cos ¢SP cos eSP}

9T osp 9Tpg
3Ty | ITRF

eos cos SOS cos es cos $S }




a'l' T 3T
OH o { _
{ aqﬂ} [MOH]{ a‘REF} i {o' PO 0

- IZZH cos ¢S cos es cos ¢'OS cos 608;
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7. MATRIX ROUTINES

Throughout the documentation, reference is made to Full Storage Mode and
Symmetric Storage Mode. This refers to the manner in which a matrix resides
in core storage. A matrix stored in Full Storage Mode assumes the normal
storage attributes as dictated by FORTRAN for two-dimensional arrays.

Symmetric Storage Mode is used in order to minimize memory requirements.
Only the elements on and below the main diagonal of symmetric matrices are
stored. The order and occurence of these elements in core are as follows:
Assume [A] is a symmetric matrix and [B] is a vector. Then

r -
%1
-5 a a r_a 7] 321
1 %12 %13 11 .
_ — 22 _
(4] = 821 822 B3] —» | 821 %22 — =[]
————- 8.31
831 830 833 831 %32 33 .
L _ L _ 32
L“33

An n bty n matrix in Symmetric Storage Mode is reduced to a vectcr of length
n(n + 1)/2 where the element ij can be found as the e.ement k of the vector B,
where k = (i (i - 1)/2) + J for i > jJ. Storing a matrix in this manner effects
a savings of n (n - 1)/2 core locations.

The Cholesky decompositicr routine, CHOSKY, is specifically designed to
operate on a matrix in Symmelric Storage Mode as is the output routine,
MXOUT,

The routine, CONMFS, will convert & matrix from Full to Symmetric Storage
Mode. The remaining routines, MXMULF and MTMULF are standard matrix multiply
routines.

7.1 CHOGKY
Within REXOR II, the equations of motion are stated
(Gl )
= A~ -+
T
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where
{Ad} = [M]'l {AF} .

M and AF are given. A§ can be computed by first inverting M then performing
the indicated multiplication. A more efficient method is to solve for the
product directly by solving the linear system

) {oi} = {o7}

for {Aﬁ}- It is further known that the mass matrix, [M], is positive definite
and symmetric. Subprogram CHOSKY is a general algorithm for the solution of
simultaneous equations of the form

(a1 {x} = {v}

vhere the coefficlient matrix is positive definite, symmetric. The algorithm
is a Cholesky decompositior of [A]; followed by a forward-backward substitution.
The algorithm is presented below.

Cholesky method for symmetric, positive definite matrices.

Theorem: Let A be symmetric, positive definite. Then A can be factored in
the form

where L is a lovwer triangular matrix (i.e., L = (lij) where L= 0 for § >1i).

J
Cholesky Method: Let A be n x n, symmetric, positive definite

A= (aij) , 8,, = 8,, .

Assume A is factorable

A=1U .
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Then
n
813 = Z Yk Yk .
k=1

Ir

U=1L", ukJ = ka
then

n

aiJ=Z R,ik R,Jk ’i=1’ semyg n,d-—-l’ .‘.’n .
k=1

~

T * L is lower triangular which implies lik = 0 for k > i, Therefore,

i

ai3= E lik Q‘jk 3 i=l’ coey n’ J=i, -.o’n .
k=1

This equation forms *he basis of the decomposition. The elements of L are
found as follows.

11 11
also
%17 'n '
leads to
231 = alj/ill s J =2, eaey
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and

i i-1
_ 2 _ 2 2
851 -Zlik-zlik+1n
k=1 k=1

can be solved for fyge Therefore

I-T
_ 2
lii-Jaii 'Zl ik
k=1

Finally,
-1
83 T z Lik fgx Y Mg Y3
=1
giving
£y = (o - E L5k Lk /zﬁ
k=1

s 1 =2, ¢vey n

y 12, eoey

’J=i+l’oo.’n

With the decomposition of A accomplished, the system of interest can be

solved as follows.

Given

Substitute
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giving

LLT X=D .
Define
g = LT X
Solve Lg = b by forward substitution.
Namely
g = by ey

and

i-1

e

g = bi'z , Lk B ) [ Rie 1=2, «oesm
k=1

Finally, X can be found by backward substitution.

5= gn/lnn

n
Xy = | & -
k=j+1

Eijk) ljj ’sz-l,ncn,l
A\

The above equations form the algorithm.
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The argurents in the CHCSKY subprogram calling sequence are

Arguments List

A An input vector of length N{N + 1)/2 containing the N x X
positive definite symmetric matrix stored in symmetric storage
mode form.

B Input matrix of dimensioa N x L containing the right hand
sides of the equation AX = B.

On output, the X x I solution matrix (X) replacas (B).

K Crder of [A] and the uumber of rows of B.
M Row derinition of B in calling program.
L Number of right hand sides (colummns in B).
IER Error indicator
=0 normal return
>0 indicates the input matrix is algoriihmically

not positive definite. IER with contain the
index of the row which failed.

The positive definite test is as follows. While forming the elements cf
the decxaposed matrix, L, the argumeat of the square rcot function is tested.
if

then the procedure i; terminated., The ccetficient matrix, A, is destroyed
on exit.

The subprogram CHOSKY is comruted in double precision on IBM hardware,
This means the matrices A and B are double precision. The CDC version is
single precision.



T.2 CONMFS

This routine is a matrix storsge mode conversion routine. It converts a
full symmetric macrix to a matrix in symmetric storage mode.

Arguments List

A Input matrix of dimension N x K.

of Order of matrix A.

IA Row Qimension of A as specified in the calling program.
B Output vector of dimensioa K * (N + 1)/2 containing

zatrix A in symmetric storage mode.

Ar. n x n matrix in symmetric storage mcde is reduced to a vector of
length n(n + 1)/2 vhere the element ij can be found as the clement k of the
vector B, vhere k = (i (i - 1)/2) + J for i 2.

7.3 Mxour
This routine prints a matrix which is stored in symmetric storage mode.

Arguments List

A Hame of matrix to be printed.
M Number of rows and columns of A.
K Rumber of lines already printed.

Output is to FORTRAN unit €. The rcutine will page eject after 55 lines.
7.4 MXMULF

MMULF is a matrix mulciplication routine, where the matrices ar2 in Full
Storage Mode.

[c]l =1[s 27

Arguments List
A (LXM) matrix

B (MXX) matrix
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IB

C

IC

Maximum value of first subscript of A

Maximum value of second subscript of A and first subscrigt
of B

Maximum value of second subscript of B

Vaiue of first index in DIMENSION statement for A
Value of first index in DIMENSIOK statement for B
Resultant matrix, (LX¥)

Value of first index in DIMERSION statement for C

The multiplication is performed in double precision.

T.5 MIMULF

This subprogram performs a matrix multiplication of the transpose of =
matrix A by & masrix B. The matrices are in Full Storage Mode.

tc] = (al7 (8]

Arguments List

A

B

N

IA

iB

C

IC

(LXM) input matrix

(LXN) input matrix

Numter of rows in A and B

Number of columns in A and rows in C

Number of columns in B and C

Row dimension of A as specified in calling progranm
Row dimension of B

Resultant matrix (MXN)

Row dimension of C in calling program

s+he multiplication is performed in double precision.
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8. PROGRAM MODIFICATION HINTS

This section is not intended to be a comprehensive programming guide,
but rather a few hints concerning the extension of the program in the arca
of input/output.

8.1 Adding Parameters tc Input Set

All program data which is user changeable via input resides in a data
array, R4, vhich is assigned to the labeled COMMCH/INFUT/ as follows

COMMON/INPUT/RA(3000), TITLES(15,k)

Not all of the 3000 addresses have been assigned to input. This can be seen
in Table 3-1 of Volume III, where all addresses are defined. Those vhich are
undefined as of this vwriting are indicated as "open". If one wishes to

define a new irput, find an undefined address in the table and equivalence the
new parameter to the appropriate address. For example, assume a new input

is required, XNEW, and an open address is found, 20. Then simply declare

EQUIVALENRCE (RA(20), XNEW)
in those routines necessary. A copy of the labeled COMMOR statement
COMMON/INPUT/RA(3000), TITLES{15,L)

is alsc required. Ancther fact should te pointed out. The array, RA, is a
REAL variable and all inputs are read as REAL data. If an input is required
in integer fcrm, then define the new perameter across an equal sign,

IP = RA(20)

Accurate records of assigned addresses should be kept to avoid conflicts.

8.2 Adding Variables to Trim Set

Program variables availatle for trim control or function definition are
found in the table which drives the RETRVE/STORE routine. The table is a
form of indirect addressing. The table can be easily extended. Currently,
variables defined in blank COMMON and /INPUT/ labeled COMMON can be accom-
modated by extending the table and indicating in which COMMON the new
variable resides. Also include the address within that COMMON. A study
of Figure 12 will indicate the simple coding change required to add a newvw
labeled COMMON to the table.
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8.3 Adding Quantities to Output Set

The general mechanism by which the output signal set is defined has been
discussed elsevhere in this volume as wvell as in Volume IITI., The key item
to remember is that any program variable defined in blank COMMON can te chosen
for the signal set.

Blank COMMON contains all the program variables considered output
material as of this writing., A mechanism for extending the set nas been
provided, namely, the vector CUTD at the end of COMMOX and the subrrogram
AUXOUT.

The auxillary output routine, AUXOUT, defines elements of the output
vectos, OUTD. To include a new output, define a heretofore undefined element
of OUTD. Thus, its output identification is defined. It should be stressed
that blank COMMON should not be redefined in any way. Any alteratican of
the order of variables in COMMON will invalidate current output idertifications.
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9. PROGRAM CROSS REFERENCE MAP

The collection of subprograms which constitute REXOR II contain many
cross-referenced COMMON blocks and subroutines. Figure 30 is presented as an
aid to develcping the source and usage of any particular item. The vertical
listing in this figure gives all the routines, and names or unnamed (one)
COMMON blocks used in REXOR II. A second column, headed 'T', gives the use
of the entry. The coding used is 'M' for main program, 'S* for subroutine,
'E' for entry of a subroutine, 'C' for common block. The list of names is
in alphabetical order and numbered. The alphabetizing is by main to sub-
routines with a subalphabetizing of entry points under each subroutine. The
COMMON blocks are listed last except for subroutines not included in the
source deck. These subroutines are usually part of the computer operating
{precompiled) package, and not particularly associated with REXOR II. The
numbering is repeated horizontally, and corresponds to the vertical name list.

The vertical list or the left-hand side is the calling or active routine
or element, and the horizontal line lists the routines called or referenced.
Numbers at grid intersections show there is & reference and the level ~f
reference. Cne indicates a direct reference. Two or three show there are
one or two intermediate references, respectively. HNote that a subroutine name
will show all the references to all the entry points bounded by that name.

By elimination, the references associated with the subroutine name up to the
peint of the first ertry name can be determined.
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10. PROGRAM LISTING

Due to the large number of pages in the REXOR II program source listing,
this material is handled under a separate binder. Copies may be obtained from
the distributing agency, KASA, Langiey Research Center, Hampton, Virginia.
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