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ABSTRACT

The testing and use of ADAPS is demonstrated by performing an analysis
with a specified iron bomb (M117) and a representative tactical fighter-
bomber aircraft (F4). The demonstration example revealed no appreciable
performance difference between the time-invariant and time-varying opti-
mal controllers for the weapon delivery process. The contribution matrix
of an iron bomb indicated that the major contributors to the CEP are the
velocity and the attitude-state errors at release.
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SECTION I
INTRODUCTION

This volume demonstrates the testing and use of the computer programs
documented in Volume II by performing an analysis with a specified iron
bomb (M117) and a representative tactical fighter-bomber aircraft (F4).

A typical delivery trajectory is chosen to be 40 degrees dive angle, 400
knots release velocity and 4000 feet release altitude. The measure of weap-
on delivery performance is chosen to be the CEP at impact.

First a typical data preparation and the input/output to the simulator
and the linearizer (ADAP1) are treated. Then aircraft, weapon, and con-
troller design software tests are described in that order.

Succeeding sections treat controller design, comparisons of stationary
and nonstationary controllers, and variance contribufion and critical-param-
eter identification in that order. A final section summarizes the conclusions
drawn from the demonstration example,



SECTION II
DATA PREPARATION

The major effort in data preparation for ADAPS is in punching cards
for the parameter inputs and the aerodynamic tables.

Typical parameter inputs for an aircraft are shown in Table I, and
weapon parameter inputs are shown in Table I[I. The representations of the
airframe and the weapon aerodynamic tables in ADAPS are shown in Tables
IIl and IV. Figure 1 shows the card images of the input data to ADAP 1 for
the demonstration example. Figure 2 shows the A-Array dump output of the
nonlinear trajectory data. ‘



Table I.

Typical Parameter Inputs

for Aircraft

All) Quantity Mnemonic Symbol Desacription i,“srel Units
002 | ~13808.0 X X, Range from target 43

004 12000.9 H h Altitude ft

016 422.5 VEL Va Total velocity it/ sec -
0286 0,03655 --- a - rad

029 0.03665 AL L Total angle of attack rad

031 | ~0.5614 TH [ Pitch angle rad

043 | -0.001745 « q Fitch rate radfsec
o080 32,17 G £ Gravity ftfaec
115 38,67 B b Wing open it

116 16.04 C c Wing mean aerodynamic chord it

117 | s30.0 s s Wing area m?

121 0.1 YDS 8, Stabilator deflection deg

122 0,00k33 DELDS Abs Stabilator increment deg/aec
131 100.0 N N No. of integration steps ——

132 1.0 AT Time interval Hec

134 1,0 DTOUT Output time interval sec

140 0,7 YDSPU Cispu Stabilator deflection during pull-up deg

141 7720 YTH(1) Effective thrust output for engine 1 lhs

142 7720 ¥ TH(2) Effective thrust output for engine 2 lbs

156 10000,0 Hi by Stabilator profile aititude breakpoint 1 it

157 0.00075 DELDS1 Aésl Stabilator increment 1 deg

170 12.0 NX, ANX n Number of nonlinear states -—--

171 4,0 NU, ANYU ny, Number of controls ---

172 6.0 NW, ANW o Number of disturbances -

201 10.90 DX(1) 5, Perturbation magnitude for u ftfgec
202 5.0 DX{2) 8v v ft/zec
203 5.0 DX(3) ow w ft/sec
204 0.01 DX{4) op P rad/sec
205 0.01 DX(5) bgq q radfsec
206 0.01 BDX{6) or r radfsec
207 ¢.02 DX(T) &e [} rad

208 0.02 DX(8) .1 ¢ rad

209 0,92 DX(8) by W rad

210 20,0 DX{10} ﬁxe X, ft

211 | 20.0 DX(11) by, ¥e it

212 20,0 DX(12} éhe h-e ft

213 | 10.0 th G 1t/ sec?
214 5,0 8% v It} sec?
215 5.0 bw w ft,'secz
216 | 0,01 o b rad/sec?
217 0.01 5;:] ‘L 4 rad!secz




Table I. Typical Parameter Inputs for Aircraft (continued)

A{L) Quantity Mnemenic Symbol Description ‘Irnaif;:l Units
218 0.01 5 Perturbation magnitude for I rad/sec?
221 0.05 DU(Y) é(éa) LA deg
222 0.05 Du2) 5(55) 5, deg
223 0.05 DU(3) a(s) L deg
224 0,05 DU{4) ﬁ(ﬁsp) op deg
231 5.0 DW{1) bu, u, ft/sec
232 5.0 DW{2) v, vy ft/sec
233 5.0 DWi{3) Gw, w, £t} sec
234 0.01 HWid) &p, Py rad/aec
235 .01 DW(5) 8q, a rad/sec
236 0,01 DW{E) (!ox'n ' Ty rad/sec
256 0.2 KQDOT K& Trim stabilator gain on q deg.fradfaecz
257 - 0.25 K@ Kq Trim sgtakilator gain on g deg/rad/sec
258 0.t KGAMDT K,;, Trim stabilator gain on ; deg/rad/sec
259 - 0,13 KGAM K,y Trim atabilator gain on ¥ deg/rad
260] - 0,6981 GAMN Yo Initial flight-path angle rad
261 1.0 TINT - --- -
270 0.1047 QPU (:19,‘1 Pull-up pitch axis rad/gec
274 4000.0 HFP hp Pull-up aititude ft
283 30,0 TMAX tmax Maximum simulation time sec
280 0.5236 PSIB U: Mean wind azimuth angle rad
281 0.52386 THETAB 5 Mean wind elevation angle rad
292 2009.0 ENAUT hD Reference altitude for mean wind ft
283 30,0 VENAUT '\;D Reference mean wind magnitude ft/sec
301 1.0 BA(1,1) eall
385 1.9 BA(2,2) Ba00 Accelerometer alignment matrix

direction coginesa
399 1.0 EA(3, 3) eaS3

400 1.0 EV(i, 1) €11

404 1.0 EV(2,2) € 99 Velocity sensor alignment matrix
s direction cosines

408 1.0 EV(3,3) Biag
409 1.0 ECOMEG{1, 1) ®n11
413 1.0 ECOMEG{2, 2} LT
417 1.0 ECOMEG{3, 3} Bnag
418 1.0 EOMEGI{1, 1) | er
422 1.0 EOMEGINZ2, 2) e an Attitude gyros, alignment matrix

direction coaines
426 1,0 EOMEGD(3,3) | er
w33
427 1.0 EOMEG(1, 1) el
431 1.0 EOMEG(2, 2} eun2
435 1.0 EOMEG(3, 3} £33
501) = 313.5 XEX(1 X-coordinate of the thrust exit for engine 1 ft
X
502 - 313,5 XEX(2) ex ¥-coordinate of the thrust exit for engine 2 it
506 23.83 YEX(1) Y-cocrdinate of the thrust exit for engine 1 ft
Y
507| - 23.83 YEX(2) €% | Y-coordinate of the thrust exit for engine 2 ft
5111 - 32.41 ZEX(1) Z-coordinate of the thrust exit for engine ¢ 33
Z
81z - 32.41 ZEX(2) ex Z-coordinate of the thrust exit for engine 2 t
317 2.0 ANEX Nex Number of thrust exits




Table I. Typical Parameter Inputs for Aircraft (concluded)

Al Quantity Mremonic Symbol Description i?aiﬁlixael Units
559 23,0 XTH{1} -— Thrust of engine 1 percent
560 20.9 XTH{(2) - Thrust of engine 2 percent
579 - 316.0 XCA --- X-coordinate of the moment reference center ft
582| - Q.25 YAB(1) -— Thrust vector azimuth bias for engine 1 deg
583 0.25 YAB(2) - Thrust vector azimuth bias for engine 2 deg
587 5.25 YER(1) - Thrust vector elevation bias for engire 1 deg
588 5.25 YEBI(2) - Thrust vector elevation bias for engine 2 deg
646 40.0 YDSE LN Speed brakes deflection deg
716] 40420.0 WT wt Weight of the aireraft lbs
201 7.0 AI(1) u(loc) State component location of u
02 8.0 Al(2) v(loc) | State component location of v
903 2.0 AL(D) w{loc) | State component location of w
904 42,0 Al{4) plloc} | State component location for p
905 43.0 A5 9{loc) g
906 44,0 AI(8) r{loc) r
807 31.0 AI(T) 6(loc) [

908 32,0 AL(8} # (lec) ]
908 33.0 Al(8) y {1oc) ¥
910 2.0 AI{10} xe(loc_) X,
911 3.0 AT(11) ¥ {loc) Yo
91z 4,0 AL{12) he(loc) he
913 7.0 AI{13) {loe) u
914 18.0 Al{14) r{loc) ¥
915 19.0 AI{15) w{loc) w
916 45.0 AI(16) pliocy P
917 46,0 AL(1Ty q(loc) q
918 47.0 Al(18) r{loc) r
e19 39.0 AL{19) blioc) 8
920 0.0 Al(20) #lloc) )
821 41,0 AL(21} Yl loc) v
922 13.¢ AI(22) x,{loc) X,
023 14.0 AN23 ¥ (lee) ¥e
024 15,0 AL(24) h(io0) b,
925 123.0 AI{25) ﬁa(lOC) ba
526 121.0 Al(26} 6s(loc) ﬁs
927 125.0 AL{ZT) oruOC) b!‘
928 545,0 AI{18) 5sp(mc) ' osp
929 101,0 AT{29) ug(loc) Disturbance input location for Uy
9a¢ 102,0 AI{30) v‘g(lac} vg
831 103.0 Al{31) wg(loc) wg
832 104.0 AI(32) pg(ioc) Py
933 105,0 AI(33) qg(loc) qg
934 106.0 AI(34) r floct Y T,
8356 2.0 SAC Aireraft switeh in Main

986 2,0 SW Weapen switch in Main

995 1.00 ACWS Aircraft weapon switch in wind filter




Table 11,

Typical Parameter Inputs for Weapon

AlD Quantity Mnemonic Symbel Desacription g’:}iuael Unita
ooz | -4081.0 X l X, Range from target at releage ft

004 3995.0 H h Alititude 33

007 858. 1 u u Velocity along x, axis ft/sec
009 |- 21,84 W w Velocity along z, axis ft/sec
031 |- 0.7158 TH ] Pitch attitude rad

043 |- 0.0113% @ q Pitch rate rad{sec
083 5.6 X I Moment of inertia about x axis slug “2
084 41.4 ' i Morent of inertia about y axia stug It°
085 41.4 12 i, Moment of inertia sbout z axia slug ftz
090 32.17 G g Gravity ft/sec’
091 25.6 MASS m Mass slug
115 1.33 B b Wing apan of bomb It

131 100.0 N N No. of integration steps

132 1.0 AT Time interval sec

134 1,0 DTOUT .- Output interval gec

127 2,0 TAPEUNIT| --- ===

170 12.0 NX iy No. of weapon states

171 2.0 NU o, No. of control inputa

172 3.0 NwW n, No. of distribution inputs

201 2.0 DX(1) fu Perturbation magnitude for u ft/sec
202 2.0 DX(2) &v v ftf see
203 2.0 DX(3) Iw w ft/sec
204 0.004 DX(4} ip p radfsec
205 D..qu DX(5} ¥q q rad/eec
208 0,004 DX(6} 5r r rodfgec
207 0,004 DX{7} ;] ] rad/gec
208 0.004 DX{8} B¢ @ rad

208 0.004 DX(9} by 1 rad

210 20.0 DX(10) &x x, ft

211 20.0 DX(11) 5¥q Ye ft

212 20.0 DX(12) 5he he ft

221 2.0 DU(1} 55, 5, deg

222 2.0 Du(2} 86} L deg

231 2.0 DW(1) ou, u, ] sec
232 2,0 DW{2) bva Va £t/ gec
233 2.0 DW{3) bwﬂ | J Wy ftfsec
261 1.0 TINT i - ---




Table II.

Weapon (concluded)

Typical Parameter Inputs for

LX) Quantity Mremeonic Symbol Description &?ai?uil Units
280 0.5236 PSIB W Mean wind azimuth angle rad
291 0. 5236 THETAB -] Mean wind elevation angle rad
282 2000.0 HNAUT ho Reference altitude for mean wind ft

292 30.0 VBNAUT ¥y Reference mean wind magnitude ft/sec
284 1,33 BMED bd Bomb diameter it

901 7.0 AI(I} uflock State component locstion of u

302 8.0 AI(2) viloc) v

303 9.0 AI(3) wiloc) w

204 42,0 Al{4) piloc) P

05 43.0 AlI(5) q{loc) q

908 44,0 AI{6) r{loc) r

a07 31,0 AI(T) &{loc) e

908 32.0 Al(B) #{loc) ®

208 33.0 AL(9) y(loc} ¥

g1i0 2.0 AI{1D) xe(lcc) xg

911 3.0 Al{11) Ye(loc) Ye

912 4.0 AI{12) he(loc) he

913 17,0 AI{13) a{loc} u

914 18,90 Al(14) v{loc) 4

915 19.0 AL{15) wilac) W

916 45,0 AI{16) plloc) P

917 46.0 AI(ID a(loc) 4

918 47.0 AT(18) r{loc) r

919 38.0 AL(19} B (100} ]

920 46,0 Al(z0) 8 (10c) H

821 41,0 Al{21) lloc) v

922 13,0 Al{Z2} k,{loc) £

923 14,0 Al(23) ¥, (et Ve

024 15.0 Al(24) h,_{loc) v h,

925 263.0 AI{25) &x Canted fin longitudinal input deg
928 264.0 AI{28) 8y Canted fin lateral input deg
927 101.0 Al(27) ug Gust disturbance input Itfsec
928 102.0 AI(28) vg Gust digturbance input {tf sec
929 163.0 AI{29) wg Guat disturbance input ft/sec
995 2.0 SAC Aircraft switeh in main

996 2.0 SW Weapon awitch in main

887 1.0 ACWS A[C weapon switch in wind filter




Table III. Representation of Aircraft Coefficients in Stability Axes
i Look-Up . .
Coefficient Representation Mnemonic Units
o
CL(Ma,h,a W) F1(1,2,38) CL
C, (h, M_) F2(2,1) CZQ per radian
a
C,. (h, M) F3(2,1) CZALDT per radian
o
o
CL (h, o W’ Ma) F4(2, 3, 1) CLDS per degree
by
C‘L (h, Ma) F5(2,1) CLDSP per degree
Gsp
C (h, M ) F6(2, 1) CLDA per degree
L a
0y
CL (aow, M) F7(3,1) CLDSB per degree
ﬁsb
o)
L (™) F8(3) CLDLG
]
lg
CD(Pow, MaCL) F9(4,1,5) CD
o
Cpld gp Cp M) F10(6,5, 1) CDDSB
CD {CL) F11(5) CDDLG
Glg
o}
Cmca(Ma,h,a ) F12(1,2,3) CMCA
Cm (h,IVIa) F13(2, 1) CMQ per radian
q
Cm- (h, Ma) F14(2,1) CMALDT per radian
o




Table TII.

Representation of Aircraft Coefficients
in Stability Axes {continued)

o TL.ook-Up . :
Coefficient Representation Mnemonic Units
c_ (b aow,Ma) F15(2, 3, 1) CMDS per degree
0g
C @°_,h, M) F16(3,2,1) CMDSP per degree
o
Cm (o W’h’Ma) F17(3,2,1) CMDA per degree
%3
o
C‘m (Ma,a W) 18(3,1) CMDSB per degree
b sh
S A F19(3) CMDLG
61g
c (° ,h, M) ¥20(3, 2, 1) CYBET per degree
Y3 a
Cy @° ,h, M,) F21(3,2,1) CYR per radian
r
o i
Cy {h, o W’Ma) F22(2,3,1) CYpP per radian
p
C (Ma) F23(1) CYDSP per degree
yﬁsp
C (Ma) F24(1) CYDA per degree
yﬁa
C_ (h, Ma) F25(2,1) CYDR per degree
yar
8]
C, (o w Ma) F26(3,2,1) CNBET per degree
B
c, o, h,a® ) F27(3,2,1) CNR per radian




Table III. Representation of Aircraft Coefficients
in Stability Axes (continued)
. Look-Up . :
Coefficient Representation Mnemonic Units

C, (h, OJOW, M) F28(2,3,1) CNP per radian
P

C‘n (aow, Ma) F29(3,1) CNDSP per degree
6Sp

C,  (@° ,hM) F30(3,2, 1) CNDA per degree
éa

Cn (h, Ma) ¥31(2,1) CNDR per degree
5]’."

c, @°_ . n, M,) F32(3,2, 1) CLLBET per degree
B

C1 (o® ,h, Ma) F33(3,2,1) CLLR per radian
r

C, @°._,h, M,,) F34(3,2, 1) CLLP per radian
P

c, (@° ,h, M,) F35(3, 2, 1) CLLDSP per degree
asp

C, (@°_,h, M) F36(3,2,1) CLLDA per degree
6

a

C, @° ,n, M,) F37(3,2,1) CLLDR per degree
61‘

Xc g (Ytrm’WT) F45(10, 15) XCG inches

Zc g (Ytrm’WT) F46(10, 15) ZCG inches

IX(Ytrm,WT) F47(10, 15) X slug/ft2

1Yy Wop) F48(10, 15) 1Y slug/ft?

10




Table I1I. Representation of Aircraft Coefficients
in Stability Axes (concluded)
L. Look-Up . .
Coefficient Representation Mnemonic Units
2
Iz(Ytrm’WT) F49(10, 15) 1Z slug/ft
: 2
Ixz(Ytrm’WT) F50(10, 15) XZ slug/fft
o(h) F53(2) RHO Ibs/ ft°
a(h) F54(2) SOS ft/sec
Look-Up . .
Argument Representation Mnemonic Units
M V(1) MACH
h Vi(2) H feet
aow V(3) ALA+1° degrees
Power Vi4) POW per unit
C‘L V{(5) CL
6Sb V(6) YDS5SB degree
b v{7) YDS degree
Ytrm V(10) YTRM degree
WT V{(15) WT lbs

11




Table IV. Representation of Bomb Aerodynamic
Coefficients in Cross-Velocity Axes

. Look-Up . .
Coefficient Representation Mnemeonic Units.
~0
CN(a ,Ma) F75(3,1) CN
C (&O, M) F76(3,1) CNDEL per degree
N6 a
C‘A(Ma) F77(1) CA
¢ % M) F78(3,1) CM per degree
Chy @°, M) F79(3, 1) CMQ per degree
C_ (2% M) F80(3, 1) CMDEL per degree
meg a
Look-Up . .
Argument Representation Mnemonic Units
M V(1) MACH
h Vi(2) H feet
&° V(3) CALFH degrees

12
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221
232
256
261
291
399
413
427
506
559
587
902
S07
912
917
922
927
932
998

AIRPLANE

+e4225E+03
+23217TE+C2
++1330E-02
+e7720E+C4
+e 4000E+01
+¢1000E=~01
++ 2000E~-01
++5000E+01
+s 5000E-01
+a5000E+01
+e2000E+00
++ 1000E+01
+e2236E+00
+4+ 1000E+01
+¢1000E+01
+e1000QE+01
+e2383EF02
+¢ 2000E+02
+e5250E+01
+48000E+01
+43100E+02
+44000E+01
+ 4600Q0E+02
+¢1300E+02
+e1250E+013
+e¢ 1040E+03
+¢ 1000E+01

13

26
115
131
142
172
205
210
215
222
233
257
270
292
400
417
431
507
560
588
303
908
913
S18
923
928
933

+¢3665E-01
+43867E+02
+01000E+03
+e TT20E+04
+s6000E+01
+21000E=01
+42000E+02
+e5000E+01
+45000E~01
++5000E+01
=e3000E+00
+21047E+00
+42000E+04
+21000E+01
+41000E+C1
++1000E+01
-s2383E+02
+e2000E+02
++5250E401
++5000E+01
+e3200E+02
+e1700E+02
+e4TODE+0Z
+4 1400E+072
+e6450E403
+¢1050E+03

29
116
132
156
201
206
211
216
223
234
258
274
293
404
418
435
511
579
646
904
909
914
919
a24
G929
934

Typical Parameter and Table Inputs to ADAP 1

+e3665E-01
+41604E+02
+41000E+01
+2 1000E+05
+e1000E+02
+41000E~01
+e2000E+02
+21000E=~01
+¢5000E~01
+s1000E=-01
+41000E+0Q0
+e4000E+04
+e3000E+02
+¢100CE+0Q1
+41000E+01
+41000E401
~83241E402
—e3162E+03
+a 4000E+D2
+a4200E+02
+43300E+02
+41800E+02
+e3900E+02
+e1500E+02
+e10ICE+C3
+41060E+03



RUN
3 11 2 2 33 1

1 Oe5 0.9
2 0«0 20000.,0
3 -&sQ 8.0 1640 2040
-e22 o4 « 78 «80
-s22 47 «82 +B5
-e25 46 o 78 + 20
=27 51 «82 «89
-1
2 5 2 4 1 2
5 0e¢0 15000,0
4 Oeb 0«95
2825 ~2e15
=240 =2435
-1
2 5 2 61 3
5
6 06 Oa8 0e95
-s 66 —e62 =79
-2 72 -s71 -+ 86
-1

3 72 8 3 9 1 4

7 0«0 20000,0
8 6.0 12.0 1640 200
9 Debs 0.9

+ 0069 20057
« 00867 + 0052
+ 0064 « 0046
+ 0058 «0030
+0071 + 0064
+ 0068 « 0059
+ 0065 + 0050
+ 0059 « 0032

-1
2 10 2 111 5
1o 00 25000,0
11 Osés 1.1
=4 00040 =,00040
~o 00055 =400055
-1
2 102 121 6
10
12 Oeds 0.7 1405

+00260 400180 ,L00055
200270 00220 400140
-1

Figure 1. Typical Parameter and Table Inputs to ADAP 1 (continued)
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2 14
14
13

=1
3 19
19
21
20

3 13 1
Ca0
045

+ 00135

+ 00305

+ 00100

« 00020

3
-440
~+0140

4 17 1
0e0
Ly
Os0

«0180
«0185
« 0360
20105
+0105
o 0275

6 21 5
Q0
Oa3

015
Os0
Oa
0e0

20095
+ 0090
+ 0085
«0250
«0235
«0225

4,0
D7
« 00145
« 00295
« 00105
+ 00020

4.0
—a0145

18 5
1.0
0.8
D.1

+0190

« 0200

+Q380

+ 0115

+ 0115

+ 0290

20 1
20,0
0.7
0e30
C.0
0.0
0.0
+0100
«0100
+ 0100
« 0250
+ 0245
+ 0240

Be0

Y]

« 00295
«00220
« 00100
- 00030

1240
~+0155

10

02
«0225
«0230
00430
« 0150
«0150
+ 0335

10
4040
0e%
0e45
Qe0
040
0e0
+ 0130
«0130
«+0125
« 0300
«0290
«0295

15

12.0

14,40
"o0175

140
Ce0
080
00
0190
«0210
+0195
20395
+0410
« 0400

1640
-+0230

2040
-~ 0460

Figure 1. Typical Parameter and Table Inputs to ADAP 1 {continued)



1 22 5 11 .
22 -e2 «2 Y ab 7 « 775
+ 0194 + 01865 + 0146 0118 « 0090 20030

3 301 312 323 12

30 Cab 0.8 Ce95
31 0e¢0 10000,0 3000040
32 ~4e0 6s0 1040 1840

«025 -a014 -2026 ~a025
« 026 ~4015 -s028 =4028
+028 -4016 -2029 -3031

+023 =.011 -+021 -s028
+030 -4015 ~+025 -s032
« 034 -2018 -s029 =-s038
+029 wa026 -e032 =+ 052
.034 -0035 ".040 "‘0063
2039 -s041 -s048 -e07
=1
2 33 2 341 13
33 0«0 15000,0
34 Oeb 0.8
~2430 -2e25
=245 2440
-1
2 33 2 13511 14
a3
35 06 0.8 0,95

-~497 -a95 -1,16
~ls08 =1+03 =1,23
-1
3 362 373 381 15

16 Cs0 20000,0
37 6e0) 12.0 1640 200
38 Oeé 0.6 09

~e0100 =,0093 ~=,0083
=e0097 =,0089 -,0075%
=e¢0092 -,0082 -~-.0065
=+0085 ~,0072 -,0044
=s0102 ~,0099 =-,0094
=s0099 =-,0094 =-,0084
=a 0095 =—,0087 -,0071
-+0092 -2+0076 -~ Q047
-1
3 393 40 2 42 1 1

39 040 8.0 1640
40 040 15000,0
42 Ot 0.8 0495

« 00012 400018 400035

+00013 400021 «00039

+ 00006 400015 L00030

+ 00007 +00018 L00034

+00003 ,L00018 ,L00036

« 00003 ,L00018 L00036
-1

Figure 1. Typical Parameter and Table Inputs to ADAP 1 (continued)
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Figure 1,

3 39 3 40 2 41 1
39
40
41 De5 0.7
wy Q0097 =« o00091
=3 (00101 =00096
=4 00080 =,00081
= (0085 =,00086
- 00066 =-.00076
=3 00070 =400080
-1
2 43 3 44 1
43 0‘0 4.0
44 Ge5 0475
0400009 0.00009
=3 00001 ~.00016
000022 0400022
0200038 0400040
-1
1 45 3
45 «840 «440
«0026 « 0020
-1
3 39 3 40 2 486 1
39
40
46 22 «8
=-s0114 =-40120
w0114 =40120
=-40105 =4,0111
-s0105 =,0111
~-40096 =-,0101
-40096 =,0101
-1
3 39 3 40 2 46 1
39
40
46
«00195 ,L00200
«00195% 00205
«00200 +00215
«00200 +00215
« 00180 400190
«00180 +00190

Typical Parameter and Table Inputs to ADAP 1 (continued)

17

17

049
«“s00103
-+00111
-+ 00096
‘-00105
- 00104
~+00110

18
840
1,0
-+00002
000030
0400056
0400107

i9
440
«0003

20

140
-e0124
-s0125
-«0108
-~+0112
-.0098
~«0100

26

«00230
« 00240
«00210
« 00225
« 00190
« 00200

12.0

1640 2040
=040030 ~0,0043



Figure 1.

3 39 3 40 2
39
40
47 Okt
=4 00055
=4 00055
-+00135
-~ 00140
-2 00 92
-+ 00 97

3 48 3 40 2
48 0e0
40
47

295
+295
0295
0295
« 280
280
e 275
+275
-1

3 48 3 40 2
48
40
47

~-a 230
~e230
.-.225
3225
-e220
“.220
-e220
-e220
-1

3 49 3 40 ?
49 -l o0
40
50 ole

=-4012
« 008
+029
+030
« 012
«012
« 012
+ 012
+032
+ 032
+089
+ 090
-1

47 1

0.8
-4 00060
- 00060
-200115
-+ 00135
=-+00075
- e 00103

47 1
4,0

«320
0320
«310
«310
300
+300
a295
2295

47 1

-e250
-4250
-o 240
-2 240
-3230
=-+230
~e225
-.225

50 1
C.0

o7
-e017
=4,008

4035
+ 037
+ 076
’081
+ 096
+« 097
+107
+ 109
+110
o111

32

27

33

18

2325
+330
«315
2320
+205
220
0295
+310

~e270
-e275
-e255
-+ 260
—-s245
—-e 245
-2 245
—s 245

440

+95
-s016
-s 006
2041
o044
« 083
w087
2113
e114
+140
0141
+ 156
2159

1240

8e0

12,40

1640

Typical Parameter and Table Inputs to ADAP 1 (continued)



3 40 2 51
40

51 =1240

52 [y

~-s38

-s39

~302

236

235

203

-3 39

-e 0

-a01

+38

034

202

3 40 2 51
49
51
53 o &
+008
« 060
+012
~3036
o014
s124
-4 004
«072
+014
-4 040
+ 020
0164
-1
3 54 3
54 Oe0
55 00
56 +5
~s 200
-0210
-s215
-s210
-2220
~-e225
=-e220
“e230
=s235
-~ 200
=4205
-s215
-1

3

55 2

52 1

-8,0
8
-a25
-e35
-s03
27
222
« 00
-s28
-a37
-a02
«30
25
«00

53 1

1.0
«032
+072
+023

‘0022
-,010
+ 070
+048
« 072
«020
-4030
-+000
« 084

56 1
4,0
10000,0
.9

- 170
~e185
=-s205
-s165
-4 180
~e205
-2150
~-s165
-+180
-e115
~s125
-s135

22
o0

28

34
8s0
2000040

19

1240

1240

1640

Figure 1. Typical Parameter and Table Inputs to ADAP 1 (continued}



1 571 23
57 Cae3 1.2 lats 2s0
~e000UB0—-e 000VE0=4000130-,000060

1 58 1 24
58 De3 1.2 leds leb 240
«2000165-4000165=,000030 0002004000020
-1
2 40 2 59 1 25
40
59 Ca0 Ot 08

00223 00205 .00171
+00223 400210 400184

2 60 3 611 29
60 0.0 8.0 1640
61 0.5 0.9

+000055 4000068
2000022 4000017
=e¢000011=40000 4

3 603 40 2 621 3n

60

40

62 Osts 0.9
~+000048-,000037
=+ 000048=,000037
~s000114=4,000077
=e000116~4 000083
=2000181=4 000160
~e000184~4 000165

-1

2 40 2 63 1 31
40
63 0«0 0.t Qa8

=e00140 =400130 =~,00101

~¢00140 =400134 =,00111
-1

e

3 703 712 721 35

70 040 440 840 12.0
71 0s0 10000.0 2000040

12 Oe3 b 8 +95
. «000119 4000129 4000143 L000160
+000122 4000136 «000158 4000173
2000124 4000142 4000169 (000198
«000157 + 000152 4000148 000160
2000162 4000162 000163 4000180
2000167 4000167 4000174 ,000200
«000121 +000124 4000120 4000110
+000123 4000131 +000128 ,000126
2000126 4000136 4000143 L000140
2000062 4000 62 4000062 ¢ 000059
2000065 4000 68 +000068 (000070
000067 4000 71 4000073 4000076

~1

Figure 1. Typical Parameter and Table Inputs to ADAP 1 (continued)
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Figure 1,

3 703 712 731 36
T0
71
73 D3 0.6 08
« 00053 400039 400023
200055 400043 ,L00029
+ 00057 L00047 400035
«00051 L00040 400023
+ 00054 L00044 L00031
« 00057 00048 L00034
+ 00058 L00039 L00023
« 00060 W00043 LO00Q30
+ 00062 L00047 L00035
+ 00042 400033 ,L0Q0019
« 00045 400037 ,L00024
« 00047 400041 L00029
~1
3 T4 3 752 761 37
T4 Qe 440 1240
75 040 15000,0
76 000 0.4 0.8
s 000225 4000220 4000210
«000225 4000225 2000225
+ 000110 +000106 4000104
«000110 +000108 «000110

~¢000110~-¢000109~4000110
~¢000110=4000105=4000115
-e0003225-2000220=e000210
~e000225=4000225-4000225

-1

2 23 7 24 8 38
23 =21a0 =-11,90 ~1s0
24 (0 1Y3] 2.0 3.0
De115 -s057 ~e140
0,077 ~s110 -e197
04022 -a2133 ~e231
-+014 -s176 —e 245
-1
2 23 7T 24 8 39
23
24
«315 + 157 +078
¢298 +150 +075
2267 e 134 + 066
0234 « 119 « 057

Typical Parameter and Table Inputs to ADAP 1 (continued)

21

1¢0

+ 00000
« 00008
+ 00015
=s00Q001
+ 00009
« 00019
=s00001
200007
« 00014
-s00001
¢ 00005
« 00013

1640

Te0
4al)
~e230
~e284
~e304
~s304

0s0
Oe0
0a0
0s0



23 7 24 8 40
23
24
«87 =0e24 —0 s 48 =068
o 40 -0e55 —0,91 ~1,.28
0«13 =-0s92 =leib 2412
-0el3 =1.28 -2 400 =290
-1
23 7 41
23
4495 520 5405 4455
-1
25 9 42
25 =i10e38 =,4,0001 « 0001 10.38
=11e55 -2431 2431 11455
=1
2812 2711 473
28 -840 8.0
27 =340 -1la5 1.5 340
~7540 -25,0 6040 13040
=13040 -60,0 2540 750
-1
64 1 4h
64 De2 Outs 0465 ls0 le2 2.0
0821 De36 Oa4b 0e39 De83 Cabl
-1
6510 6615 45
65 Oe0 100,
66 3200040 37500,0 4300040
31744 317.9 32544
: 31744 317.9 32544
-1
6510 6615 46
65
66
2445 2Ba 4 2847
237 2647 2743
-1
6510 6615 47
65
66
21900e 24097. 27432,
234924 265724 29917
-1
6510 6615 48
65
66
1210004 126665, 138521,
1237164 1289766 1408444
-1

Figure 1. Typical Parameter and Table Inputs to ADAP 1 (continued)
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6510 6615 49
65
66
1370004 143576e 157657
139989 146129, 160250
-1
6510 6615 50
65
66
3600,0 3801s 5880,
3539, 3782e 5959
-1
6713 51
67 Oe0 50,0 5040001 10040
+000217 +000239 4000389 4000540
-1
6714 52 51
-1
68 2 53
68 0.0 10000e 20000, 30000s 40000,
002377 4001755 4001266
~1
69 2 54
69 0.0 10000s 20000, 300004 37000
1117, 1078, 1037 995, 969,
-1
-1
C 03/23/72

50000

&0000,

«000B8893,0005851.000361840002237

60000
969,

C INTEGRATION AND LINERIZATION OF WEAPON M117 DATA
C DOUBLE NOMINAL PERTURBATION

PCC
2
43
91
147
202
207
212
233
293
Q¢4
g0
914
919
924
929

RUN

Figure 1,

-e4081E4+04
-s1135E=01
+e2560E402
++ 2000E+01
+s2000E+01
+e4000E=02
+42000E+02
+e2000E4+01
+43000E+02
+44200E402
+43300E402
++1800E+02
++3900E+02
+¢1500E402
+e1030E+03

4

813
115
170
203
208
221
261
294
905
510
G15
920
525
995

OeB
Oel

+e3995E+04
+e5600E+01
+e1330E+01
+s1200E+02
+¢200CE+0]
+¢4000F-02
+s2000F+01
+s1000E+01
+41330E+01
+44300FE+02
++ 2000E+901
+2 1900E+02
++46000E+02
+42630E403
++2000F+01

77
0 D+9%
i Oell

7

84
131
171
204
209
222
290
901
906
511
916
921
926
996

140
Oeld

+48581E+03 |

+s4140E402
+4 1000E+03
+4 2000E+01
+e4000E-02
+e¢ 4300E~D2
+2 2000E+01
+e5236E+00
++ 70CQ0E+01
+¢4400E+02
+43000E401
+s4500E+02
++4100E+02
+42640E+03
+42000E+01

l.1
De27

23

85
132
172
205
210
231
291
902
907
912
917
922
927
997

1.2
G

- 2184E4+02
+ed 140E+02
+4 1000E+01
+43000E+01
+¢4000E=02
44+ 2000E+02
+4 2000E+01
+45236E4+00
+4B000E+01
+s3100E+02
+44C000E+01
+44600E4+02
+s1300E402
+91010E+03
+e1000E+01

1.3
0429

31

134
201
206
211
232
292
903
908
913
218
923
928

-+ T158E+00
+4321TE+02
+41000E+01
+sZ000E+01
+o400CE~0C2
+42000E402
+42000E+01
+42000E+04
+¢9000E+0]
+43200E402
+381700E40D2
+a4TOOE+02
+s1400E+02
+41020E+03

1.5
028

Typical Parameter and Table Inputs to ADAP 1 (continued)



2 21 33 75
2 040 0+40 Ds80 1420 1.50
3 0.0 4e0 Be0 1240 1640 2040 2440
Ca0 Oe28 Oeb62 1,02 1.59 2,04 2470
00 De24 Ceb2 1402 l.57 2404 2466
0.0 0s 24 0eb3 1.08 l.60 2408 2462
0.0 0e33 Qe 74 1s19 le64 2,28 3432
0.0 0035 0.71 1017 1083 2.63 3.71
-1
2 4 1 5 3 76
4 Cal Oe 40 0480 1420 1450
5 Oa0 1640 2040 2440
0e0 0.0 Qa0 ~s09
0.0 Ooo 000 -.09
0.0 -+03 -~s08 -+23
Ceb -+10 -s13 -e15
00 =06 ~s 09 -1l
-1
2 6 1 T3 78
& Ca0 Oe 40 0«80 le2 le5
T 040 440 BsO 1240 16.0 20,0 24,0
000 "‘.30 -~ 77 "'1065 "2052 ‘3.56 "'4.02
0e0 ~-e30 - 77 =1+65 “2-52 =3456 '4.02
Ca0 -e 24 -+98 -le72 -2 449 ~3425 3,60
0a0 —e37 -1.04 ~1a67 -2.17 ~2+63 3414
040 ~e27 -s63 ~1+10 ~1.57 -2407 ~~2+¢58
-1
2 81 g 3 80
8 040 De5 D9 1.3 le5
9 Cel 10 16,0 2040 2440
040 040 D0 ~408 LY
0.0 0«0 010 —.08 "142
0a0 -¢03 -a08 -e27 Y1
0«0 =04 -e10 ~s16 -el7
040 - 04 -s08 ~sl2 -a33
-1
2 101 11 3 79
10 04D Oeb 09 1420 150
11 0«0 10.0 2040 300
=7540 =94 ,0 ~12540 =143,0
=7540 -4 .0 ~12540 =«143,0
=-8040 =17540 «20040 =24040
=15840 =200.0 =215.0 -23040
=155,0 =170,0 =18040 =-195,0
-1
1 &8 2 53
68 - 040 10000« 20000, 30000, 40000, 50000s 60000,
«002377 ,001755 001266 -0008893.000585100003618.0002237
-1
1 69 2 54
&9 040 10000+ 20000, 30000, 37000s 600004

1117, 1078, 1037 995, 96T, 969
-1
=1
5710

Figure 1. Typical Parameter and Table Inputs to ADAP 1 (concluded)
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20+300E0°T
10+30005°1
[0+300609*%
00+30000°2
p0+30000%6
20-30068°1
€0-319T10°2
H0-32ES0° %
£0=-3968L 9~
$0=-32E0L* %~
10-3%T80" 1
10+36558°2
20-31051 6~
20+30291°¢c~
10+301%2° €~
00+30000° 1
00+30000"1
20-328%2°* 2~
10-30%19°9~-
20-392%%°¢
10+32€9%°5
€0+30000°*2
£0=-30000"¢
10~-30000°7
20=-30000°%
¢0+30000°s
20-30000*2
10+30000°T
20-30006°¢
£06+30024%2
£0-300€€" Y
#0+35265° 1
20-30000°1
»0+31106° 2~
10-32206%}
£0-35.88°1
00+312€1°7
T0+369L6° 1

te
w26
Li6
016
€06
Etg
92%
61g
2ie
s0g
604
219
765
6l9
21s
ey
60+
i€g
L1€
LOE
00€
262
992
952
vee
g1z
802
toe
LS1
Farat
ecl
it
68
€1
"G
LE
61
[

00+30000°1
20+30020°1
10+3000%* 1
10+30005 %
10+3000€°€
00+30000°®
%0-3T1L1%6-
£0-36£20°2
90-3506€°2
20-359%9° 1
F0-354L6°9
00+39505°2
20+38812°€
10-30856°6
£0+3002L°¢
10+30T#2 €~
00+30000° ¥
00+30000° 1
10+3€659° 6~
€0-305%L° 1~
20-3924%°¢
10+31€€0° 2~
10-309€2°S
£0-30005*2
20-30000°1
20-30000°S
00+30000*5
20-30000°2
00+30000°9
%0+30000°1
£0+30024°2
10-300€8°2
20+32026° 2~
£0+38106° %
£0+3266€°€-
00+30000° 1
10-3£965°9-
10+3/026°2
20+35915°+

Bo66
0ge
€26
916
606
206
rA%°)
528
gip
1ie
%08
904
119
€65
SL5
118
iey
g0+
62t
St
90¢
662
162
592
9¢7
£ae
%12
Lo
2Lt
951
%1
121
801
Ba
| ¥

£s
1t

L1

L

00+30000*%2
20+30010° ¢
10+3000€°1
10+30006° 1
10+30002°¢€
00+360006°4
£0-308TE° 1~
#0-30069" 1~
$0-3120€°6-
20-32906"°2
10-38890" L~
10-385.5°2~
£0+30i%w6° €~
00+30052°S
£0+3002L%L
{0+30€8E° 2~
00+30000°1
00+30000°1
00+3894E° 1~
10+31845° 1
20-39¢&%4%°¢
20+35880°%
10-309€2°5
00+30000°T
20-30000°1
20-30000°5
10+30000° 1
20-30000"1
G0+30000°%%
#0+318€0° 1
10-306000°4
20+3000€°S
10-38%EL"Y
G0+3L015°1
20+3e50L°*1
00+30000°1
20-382L€%%
20+36025"y
£0+36040°1

966
626
226
S16
806
106
(8%
%2R
L18
018
£08
S0L
109
R8s
YLG
209
9%
0%
®eE
£E1E
SOE
862
062
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SECTION III
TESTING THE AIRCRAFT SOFTWARE

Aircraft software testing consisted of the following:
e Level-flight simulation and the linear data generation

e 40-degree dive and pull-up trajectory generation (with
no thrust)

e 40-degree dive trajectory generation (with 75 percent of
total thrust)

e [Frozen-point spectrum analysis of the linear data

LEVEL FLIGHT

First, the main program was written to generate a level flight. This
was accomplished by algebraic trimming and using the trimmed data in the
aircraft flying mode. During level flight, linear data was obtained as shown
in Figure 3.

40-DEGREE DIVE AND PULLUP TRAJECTORY

The main program was modified to generate a 40~degree dive trajectory
for the linearization. This maneuver was accomplished by a proportional-
plus-derivative controller from the flight-path angle to the stabilator as shown
in Figure 4, with the gain values K_y = -3.0, and K,y = 2 (subroutine PILOT).

The trajectory flown with zero thrust is shown in Figure 5. With a 40-
degree dive, the exact crash point on the ground is 11, 918 feet versus ADAP's
result of 11,940 feet. The stabilator, angle-of-attack and flight-path angle
profiles during a 40-degree dive maneuver are shown in Figure 6, As shown,
the maximum deviation from the nominal flight path angle is about 0.1 degree.
Figure 7 shows the time variation of various elements in the linear system
matrix. As can be seen, the time variations during dive are in the form of

Aty = A + At
e} 1

This fact should be exploited to reduce computations in nonstationary
optimization processes.
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Figure 4. Flight-Path-Angle Controller for Trim

Next, the main program was modified to generate the pull-up nominal
trajectory. A similar-type controller was used to obtain a constant pitch-
up. The gain values were K5 = -0, 3 and Kgq = 0.2. Figure 8 shows the flown
nominal trajectory. Figure % shows the nominal flight-path angle flown.
Figures 10 and 11 show respectively the nominal elevator profile and linear
data for the pitching moment coefficient of the stabilator. Results can be
refined further. For the purpose of linearization they were found to be
satisfactory,

The 40-degree dive trajectory which has been obtained by using no
thrust as discussed above, was modified by introducing 75 percent of the
full thrust (i.e., 2 x 7720 pounds) into the program. The initial speed of
the airplane was also modified from 400 knots down to 250 knots. Evidently
this flight condition is very close to what a pilot does during dive bombing.

The flight-path angle was maintained within +1 degree using the stabila-
tor profile with two line segments,

The nonlinear dive trajectory was flown, and the linear data were gen-
erated and plotted against time as shown in Figures 12 through 48,

The majority of the time-varying data can be represented by straight
lines. Some of the linear data (with smaller relative magnitudes) show
rapid changes as functions of time. These can be attributed to two sources:
(a) approximate trim profile and initial conditions and (b) straight-line
approximation in the nonlinear aerodynamic data,

Smoother data can be obtained by using a better stabilator profile and a
higher-order approximation to aerodynamic table functions. These are re-
finements, however,

The program listing for the plotting data is given in Figure 49, This is

followed by typical trajectory input data in Figure 50. The plots of im=-
portant trajectory variables are shown in Figures 51 through 59.
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AFBRTRAN 5,65

13 DIMEMSIEN A(1500Y21DX(20) 2 1PRD (202812 YY (4022002 XX (40) 2 AL(E)
21 FEAJIB21ING
3 ne 3 Ix1aNG
b 3 READ(G+2)IDn (T )+t IBRD( I Y 128
51 1 FAaRMAT(I2)
& 2 FBRMAT(I4,R(A4))
73 9§99 PAUSE
R READ (5 29R8)MDP
93 998 FIARMAT(I2)
1¢10 REWIND 7
11+ DA 4 IgianDP
17 READ(RYA
131 XX(IysAlL)
14+ D8 5 JalsNG
15: JJeIDX )
141 5 YY( (I Ji=A(JJ)
171 4 CBNTINUE
1&: "DD 100 LaisinG
191 XMAX gwlaE420
F-{e] XMINu+1E+20
21 DB 1n letsNDP
2c XMAX s AMAX (XIMAX2YY(T4L))
231 A0 XMINkAMIN(XMINSYY(I2L))
24: p'XMAX-XMIN
251 WRITE(9+2C0){ IGFD(LIK) sKm12R)
26t 200 FORMAT(1H1,PEXsEAL)
27: A3{1yaxMIn
283 D8 41 Mei,5
23 11 A3 (Ma 1) sA(M)4R/Be
30 WRITE(92201) (AB(MIsMa148)
311 201 FORMAT(//6G1443)
=M WRITE(S,202)
331 202 FORMAT(EX, ' 11 5( earrecmcaraca]l))
343 JJE5
388 D8 300 Js1.NDP
361 LLe{YY!J,L)aXMIN}#70e/R
373 IF{JaNEwJy) GATE 400
3z Taxx(d)
s JJsJJ+B
401 wRITE(9,203)1TsLL
b1 203 FORMAT(FR«2,' T'aNXstaly
42 GBTH 20T

] 400 RITE(9,204)LL.

Wil 204 PBRMAT(&X;' TVaNX, Tat)
L5 3IN0 COHONTINUE

46, 100 CONTINUE

47 53878 999

483 END

Figure 49. Plotting Data Program Listing
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FROZEN~POINT SPECTRUM ANALYSIS OF THE
LINEAR DATA

The linear aircraft data was then subjected to a frozen-point eigenvalue
analysis. The eigenvalues were separated inic the longitudinal and lateral
channels. By properly partitioning the longitudinal matrix, the phugoid, and
the short-period modes as well as the altitude and range modes were iden-
tified., Similarly the lateral matrix was partitioned, and the dutch-roll,
the roll convergence and the spiral modes were identified, The matrices
were partitioned as shown in Volume I, Figure 31,

The program listing for the eigenvalue analysis is given in Figure 60,
The short-period mode and the phugoid mode of the airframe during dive
are plotted in Figures 61 and 62, respectively at 1-second data time points.
The dutch-roll mode, the spiral mode, and the roll convergence mode are
gimilarly plotted in Figures 63, 64 and 65,
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FORTRAN LS.00

13

F% A ew hA WE A4S Ee &Y m S8 4% mw s ms s e EE Ee

DNV TPNFRVS O TR WS

U b2 0 43 B 42 38 b2 L pr 3

ny
~J
.a

) W W W
NNV Wy e
-

-

Ny — O

-
ew Bb Em am mm aw ww AE we ek

T AN R RN O

(ISR By O 1

DIMENSTUN De12,17) 2 ISH(12),FU(hr4),FUL(323)sFUR(2,2)5FL (6,63
DIMENGION FLA(2s2YaFL2(8sa Y, F (122,12)9FH{12212)
DIMENSILN A{50)
Lws?
£{z214
READ(5,1001) ISH
1001 FORMAT(1212)
DB 10 L=1,KK
READ(2)F
DO 4001 I=1.,12
D3 An0l J=1s 12
TF(ARSLF(120)) 6T+« GOCOCO0YY GBTH 4001
F(l)J):U-
5901 CANTINUE,
D8 3n0 Is1.12
DS 3n0 Js1a17
3N0-FH{T»0)e Flle )
CALL SHUF (Fis12+s172212 18428221200
FH(12,8)=00
FH(1,11)=0
FH(4#:5)=141
FH{7210)1=21e1
FH{11,1F)=11
FedlPail)zre
4000 FARMAT(IHL/7X,1CH F MATRIX /)
ERITE(Lra50C0)
CALL MP{1cs1c+122120FH2D)
1Cat=0
08 4npa l=1,1
DY 422 J=101
IF{(FH(Tsd)sE
1CAT=1CET+1
. ACICATYsFR{Isy)
40p2 CONTINUE
WRITE(3)YA
LB ang2 i:z1.4
Ilz1+7
29 4002 Jsisk
JJdsd 2
4502 FULT»JY=FR(I10Jd)
PO 4nc3 I=1,3
11=T+]
09 4003 J=1:.3
Jidz el
4003 Fol(T.=ruclTads)
D9 4104 Js1:2
Jdsdet
DO 4904 1z1.P
[1=1+3
4004 FUZ(T D =FUL{TIad
D3 403% 1156
1l=l4+8
LY 5008 J=106
Jdsd+h
LODS FLUr» N =Frtadd?
53 5006 Iais4
D5 OANTEe Jsla4h
G506 FL2UTsJbsFL0L 2 d)
CH apn? 1z21.2

-
[
¢
.

S
g.C-),BR.(FH(I:J)-Em-l-)) éBTB 4022

Figure 60. Eigenvalue Analysis Program Listing
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11z1+2
CS 4007 J=1,2
NNENRY
FLICTJYsFLA(ITa0d)
WRITE(9: 4008)
CALL Mplastrd, i 4aF 1,9
CALL ROST(FUag)
RRITE (S, 4007
CALL MP{3,3:3:3:FU1:9)
CALL ROST(FuU1.3)
PRITE(9+8010)
CALL MM{Z2s292:2sFU209)
Cakl ROCT(FuLP.2)
WRITE(Y924011)
CALL MP(f,616:62FLs9)
CALL ROET(FLLG)
WRITE(9s4012)
CALL MRP{G a4, 40F L2009
CALL PIBT{FLZ,4}
PRITE(Ss4013)
CALL MF(P,s212,2,FL12+9)
CALL ROCT(FL1,2)
4208 FORMATOIHL /7% 10HF11 MATRIX /)
4009 FORMAT(//7Xs15HF11{3X3) MATRIX/)
4010 FORMAT(//77X,159HF11(2X2) MATRIx/)Y
4011 FERMAT(IHL /7% 10OHF22 MATRIX )
4012 FURMAT(//77Xs 15028 (4X4) MATRIX /)
G313 FORMAT(//77%, LHHFP2(2X2) MATRIX/)
10 CHNTINUE
END

o bmga

SR TSI I @ BENs B - B B S oy RN B L
FS)
(&}
3
~J

YO N R

e @2 mm 46 w3 we WE B4 4w M4 WA WK Am FS BN ke b6 4+ mw e EF am

=

2 BRSNS S A SIS B e

an am as s ww

NN NN NN NNNNYN SRR N

]

1! SUBRRUTINE RAAT(A,NX)

o1 DIMENSION A(hxatx),RR{40)
3 LAR=2

iy CALL HESSEN{NXs AaNX)

54 CALL QRCALL(MNX2 AsRRIMMANX)
e WRITE(LWRIOCLD)

7 g0 FAORMAT(// /8%, 23¢ REAL IMAG/)
g1 NN g

21 CH 301 KIlasln

101 [=2%<=1

111 Tl1=2wx¥

178 901 wRITE(LWRLEOIRFITIARR{IT)
13 802 FORMAT(ZEZO+5)

143 RETJRM

{51! END

Figure 60. FEigenvalue Analysis Program Listing (concluded)
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SECTION 1V
TESTING THE WEAPON AND GUST FILTER SOFTWARE

First, a main program was written to generate the weapon's nonlinear
trajectory. The M117 bomb was dropped from a specified altitude with a
specified velocity and dive angles. The results obtained from the program
were checked against bombtable TH 61 A1-3-2/NAVAIR 00-130-ASR-2.
Table V shows these checks. The results were found to be satisfactory.
Next, the main program was modified to include linearization at specified
time intervals during the weapon trajectory generation with different pertur-
bation magnitudes. Almost the same linearization matrices (F, G) are

obtained by doubling and halving the nominal perturbations. Figure 66 shows
the pitch-axis variables during fail.

The lateral response was also checked by two experiments, one starting
with the side velocity of v = 20 feet, with ¥ = 0, and the other by v = 0 and
Y = 10-degree azimuth angle in bomb orientation.

The linear data obtained from the nominal initial condition were sub-
jected to the frozen-point spectrum {(eigenvalue) analysis. The short-period
and the dutch-roll modes of the M117 were found to be stable at all frozen-
time points. The phugoid mode and the spiral mode became slightly unstable

at some points of the free fall. Figures 67 and 68 show the longitudinal and
the lateral eigenvalues of the weapon.

The gust filter, which is a part of WINDK, was checked out by inte-
grating numerically its covariance differential equation with a unity covari-
ance input until steady state is reached. The result was found to be

[ o ] 2 ]
ug u
1im E V?g = -:—T 0'3,
2 2
W
g T w

A brief analysis was presented in Section IV of Volume I to justify the
result. This shows that, in order to obtain a variance o at the output of
the Dryden filter, the input noise 1 must have a variance

o2 =m
n

instead of the usually assumed value of unity.
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The pole locations of the roll, pitch and yaw gust filters for the aircraft
are inversely proportional to wingspan b. The corresponding term for the
weapon would be its diameter. When weapon diameter is used in place of
wingspan, the magnitudes of the poles of the roll pitch, and yaw filters be-
come excessively large. Numerical integration (i. e., non-real-time simu-
lation) of these extremely fast dynamics requires a very small integration
step size.

For small weapons, the space gradient effects of wind gust, (i.e., roll,
pitch and yaw filters) are small. For this reason, these filters are omitted
in the simulation of weapons in ADAPS.

The overall state of the weapon and wind dynamics are defined as

(x,w’) A (8x_,0h, bu, 66, Oq, bwloy, oy, or, Ov Wy Wg, We [y, W)

in which the roll dynamics of the weapon and the roll-pitch-yaw dynamics
of wind gust are omitted.

Table V. Comparison of Trajectory Data Obtained
from ADAP 1 and Bombtable

Rlse Time
FC Alt | Eject] Dive | Rlse of Horiz | Impact Impact Sour ce of
Above | Vel | Angle| Vel Fall Range | Angle Vel Data
Burst
@) | T | (deg) | (kte) | (seo) | 1) | (dew) | (t/seo)
1 | 4000 0 40 | 400 7.40 3740 52.6 814 Bombtable
7.37 ] 3749 51.7 817.86 ADAP 1
2 | 4000 0 30 | 400 8.60 [ 4900 46. 7 810 Bombtable
8.57 | 4907 46. 8§ 813.5 ADAP 1
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SECTION V
TESTING THE CONTROLLER DESIGN SOFTWARE

The nonstationary optimization program (DISCOP) was debugged using a
dynamical system (catalytic cracker) with a known solution. This known
solution was for the continuous controller. The sample time of DISCOP
which essentially computes discrete controller had to be reduced to 0.001 to
approximate the continuous controller. The same steady-state gains were
produced by DISCOP,

The second test was conducted for a system described by a set of proper
identity matrices. Feedback and estimator gains were computed by DISCOP.
The results were identical with the known answers.

The stationary optimization program DIAK was tested similarly. Simple
system matrices were used, and the costate, optimal controller gains, mini-
mum estimation error covariance, optimal estimator gains and the total
covariance matrices were computed and checked against known answers,
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SECTION VI
CONTROLILER DESIGN

The linear data obtained from ADAP 1, as previously described, were
used for controller design,

The first run was made to determine how much improvement in perfor-
mance would be obtained by using a controller. TFor this, first the performance
corresponding to the airframe with no controller was evaluated, and the CEP
at impact was computed. This was compared against performance with the
optimal controller, As expected, a large improvement in the performance
(reducing the CEP) was obtained.

To establish the adequacy or inadequacy of the stationary analysis, first
a nonstationary optimization program was run, and the CEP at impact was
computed with the time-varying controller gains, Next, a time point, nine
seconds, was chosen within the airplane flight time interval 0 <t <19 sec-
onds. The linear data of the 9-second time point were used for computing the
time-invariant (i.e., steady-state) optimal gains. Subsequently, the CEP at
impact was computed with these fixed gains.

In these two iterations it was assumed that the aircraft states were mea-
sured completely but imperfectly and the wind states together with the air-
craft states had to be estimated. The control points were assumed to be the
ailerons, the stabilator, the spoilers and the rudder. The gains correspond-
ing to stationary and nonstationary designs for the 9-second data points are
shown in Tables VI, VII and VIIIL.

No appreciable difference in performance was noticed betwen the two
results, The performance results are summarized in Table IX. On the
basis of this experiment, the performance obtained from the fixed-gain opti-
mal system is thought to be satisfactory. We emphasize that the performance
computations are based on the actual physical time-varying, finite-time sys-
‘tem with a variable or fixed set of gains in it. The steady-state variances of
the position and the attitude states of the closed-loop system corresponding to
some of the frozen-point linear data are finite but considerably different than
that of finite time covariances, This is due to low damping of the position and
attitude integrators by the optimal controller.

73



The output of the performance evaluator (ADAP 3) corresponding to the
free airframe is shown in Figure 69, Figure 70 shows the performance out-
puts with the nonstationary optimal controller. The performance outputs for
the fixed-gain optimal controller are shown in Figure 71.

The controller weights corresponding to the stabilator, aileron, rudder
and the spoiler were all the same, and the value used in the example was
104. Since the bomb dynamics did not have the roll states p and $, no
weightings were computed for these variables when using the impact covari-
ance matrix, The weighting values used for these variables were selected

to be:
3 2
= 10 = 10
qq) s qp ‘
Table VI, Feedback Gains from Longitudinal States at 9 Seconds

Con- e Be “ o g v Optimizati
trot (ft} (ft) (ft/sec) (rad) (rad/sec) | (ft/sec) ptimization

53 0.00121 0, 00106 0. 00545 | 10,437 1. 864 -0.0130 Nonstationary
{deg) 0,00124 0.00108 0.00551 10. 559 1,863 -0, 0133 Stationary

5a 0.000104} 0, 00009 0. 00039 0, 86642 0. 15553 -0.00106 | Nonstationary
{deg} 0. 000097 0. 00008 0. 00031 0. 76507 (. 13655 -0, 00084 | Stationary

ar 0, 000015} 0, 000013] 0, 00011 0, 15521 0. 02688 | -0.00020 | Nonstationary
(deg) 0. 000021 0, 000018} 0.00015 0,21582 0.03684 -0.00028 | Stationary

Gsp 0, 00003 -0, 00002 -0. 00016 ~-0,2787 -0.04918 | -0.000352| Nonstationary
{deg) 0, 00003 -0, 00003 | -0,00020 | -0.32738 | -0.05687 -0.000421} Stationary
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Table VII. Feedback Gains from Lateral States at 9 Seconds
Con- Ve W r v ? P Optimization
trol {ft) (rad) (rad/sec) | (rad/sec) (rad) (rad/sec)
65 0. 000079 0.6950 00,1603 0. 00105 0,1488 0. 06737 Nonstationary
(deg) 0. 000070 00,7030 0,2224 0, 00099 0,2093 0, 08943 Stationary
6a -0, 00137 -11,412 -2.4919 -0.01759 -2. 3055 -1,037 Nonstationary
{deg) | -0.00134 -11.548 -3.0831 -0.1721 -2, 8890 -1, 3530 - | Stationary
61" 0, 001056 8, 3445 1,765¢ 0.01298 1,600 0.7163 Nonstationary
(deg) 0, 00099 8. 077 2,0522 0.01224 1, 8752 0, 8731 Stationary
6Sp -0, 00058 -4, 8339 -1.0511 -0. 0074 -0, 9702 -0,.4362 Nonsgtationary
{deg) | -0.000571] -4, 868 -1. 2917 -0, 0072 -1, 2073 -0, 5650 Stationary
Table VIII. Feedback Gains from Wind States at 9 Seconds
Con- W 1 Y3 W Yg W4 Optimization
trol (ft/sec) (ft/sec) (ft /aec)
-0, 00204 -0, 00048 -0, 00217 0. 000037 0, 000145} Nonstationary
(deg) { -0,00215 -0, 00075 -0, 00157 0. 000151 0. 000650| Stationary
-0, 00013 -0, 00003 -0, 00013 -0, 00051 -0, 00185 | Nonstationary
{deg) | -0,00008 -0. 00001 -0, 00012 -0, 00217 -0, 00582 Stationary
-0, 00005 -0, 00001 -0. 00006 0. 00027 0,001181| Nonstationary
{deg) | -0,00008 -0, 00003 -0, 0600001 0,00135 0, 00324 Stationary
6sp 0, 00006 0. 000016 0, 000075 | -0, 00021 -0, 00077 Nonstationary
(deg) 0, 00009 0. 000038 0. 000044 0. 00090 -0. 00239 Stationary
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SECTION VII
STATIONARY AND NONSTATIONARY GAINS AND SPECTRUMS

GAIN PLOTS

Plots of optimal controller gains corresponding to the aircraft states
were made, one for the time-varying optimal gains and the other for the
fixed-optimal gains for each frozen~time point linear data. The symbols for
the controller gains are given in Table X. Figure 72 shows the program
listing used for plotting the gains. The plots corresponding to nonstationary
and stationary designs for each gain element are shown as Figure 73. The
gain values are expressed as per-radian deflection. It is seen that the
values for stationary and nonstationary designs are reasonably close to each
other.

Table X. Symbols for Controller Gains Corresponding
to Aircraft States

1] 5] 6 33 &
Ore he u 8 q w 6:;re th/ 8 8, % ] Gp

] K K

s Kﬁs,xe 8s, he 8s,u Kﬁs,ﬂ Kﬁs,q Kﬁs,w Kﬁs,ye Kés.l,b Kﬁs,r Kﬁs.v Kﬁs,a K5s,p
6. 1K K K K K K K K K Ega, v K a6 K s

a ba, xe 0a, he ba,u 5a,6 da,q ba, w 8a, ye Sa, ba,r ’ 4, P
5:‘ Kﬁr,xe Kﬁz‘,he Kﬁr,u Kﬁr,ﬂ Kﬁr,q Kﬁr,w Kﬁr, ye Kﬁr,w Kﬁr,r K5r,v Kér,ta Kﬁr,p
6

sp Kﬁsp,xe Kﬁsp, he K-ﬁsp,u Kﬁsp, o Kﬁsp,q Kﬁsp,w Késp,ye Kﬁsp.w Kﬁsp,r Kﬁsp, v Kﬁsp, @ Kﬁsp,p
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aFBRTRAN L5,G9
1 DIMENSION Xx(20)s10RD{48,812YY{2044R)sAK(4218220)2AB(6)

23 DIMENSIBN AKK({4217)
3 READ(S+1)ING
43 i FBRMAT(12)
i o6 13 TslaNG
61 3 READ(B22)(16RD(I,0)0Js128)
71 2 FARMAT(B(A4))
3 READ (5,398 NDP
g 998 FORMAT(12)
101 D8 2022 Lels20
113 READ{6)AKK
123 DB 3033 Tatirs
13+ DB 3033 Jeiasl?
14t 3033 AK(laJdal)eAkK (12}
154 2022 CANTINUE
168 D8 2023 le«i,19
17 2023 XXi{l)s]=}
- XX{20)e18.+97
191 DB & LsisNDP
204 1C8Ta0
211 DO % 1s1s4
223 LB 5 Jsl,i2
23 ICBTaICBTe}
24 S YY(LsICOT)aAK({laJaL}/87 3
25 & CONTINUE
get DB 100 LelaNG
271 XMAXwwisEe20
2% XMINs+leE+20
29 D% 10 l=1,NDP
301 XMAX 8 AMAX ( XMAX, YY(1aL))
3% 10 XMINeAMIN(XMIN,YY(IoL))
ckEH ReXMAX=XMIN
33 WRITE(9s200)(IORD(LsK)2Ku1,8)
34 200 FORMAT(i1H1,25%sB8A4)
33 . AB{1)sXMIN
351 DB 11 Mai,sh
37: 11 AB(Ms1)mAB(M)#R/So
3s: WRITE (922011 (AB{M)sMul28)
39 201 FORMAT(//76G14+3)
4Nt WRITE(9,202) .
41! 202 FOBAMAT(BX, ']V )5( emrenwnencaecas]t))
421 JJub
431 08 300 JesiasNDP
Gud LomstYY (sl eXxMIN)&T70e/R
453 IF{JaNEoJy) GBTE 400
46 TeXX(J)
47 NELNNTS-]
481 WRITE(9,203)T,LL
493 203 FORMAT(FEe2s?t T'aNXstal)
504 GBTO 300

81 LoD WRITE(S.204)LL

521 204 FBRMAT(6Xas" T'iNXs'at)
534 300 CONTINUE

Byt 100 CONTINUE

55: END

Figure 72, Gain Plotting Program Listing
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Figure 73, Optimal Controller Gain Plots (continued)
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Figure 73. Optimal Controller Gain Plots (continued)
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STATIONARY, FREE AND NONSTATIONARY SPECTRUMS

The stationary and nonstationary controllers were compared with respect
to the frozen-point closed-loop eigenvalues of the aircraft transition matrices,

Figure 74 shows the program for finding the eigenvalue spectrum of the
aircraft at the frozen-time points. The spectrums corresponding to the air-
craft with fixed-gain controller, airframe only, and with the time varying
controller are shown at each data point in Figure 75, Note increased dampings
and the stabilization of the position and attitude states.
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Figure 74. Eigenvalue Spectrum Program Listing
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Figure 75. Eigenvalue Spectrums (continued)

156



157

CLESED Lhaw G1% AT 34700SEC, FOBTS EBE A 0 FRisi AT 3«N0CSEC,
REAL 1A REAL Iran -
=W GANSOE] A e SO0TD0G00E o0 = e 430203128 -0 SDLNOOTANE a0
“«43020317F -1 SGUDOUCRIE 6 e 4352081201 +O0000000E 00
- A50P0RIPE~T ~QCNauennE oo " 4502031 7E=11 2QLO0000E DO
43020312801 SUCPTOGO0E oo =s 43020312601 «OON0SCONE 80
= 4502071 28 +00NCOGOOE 0C mesBN20212F - +0UN0glonk oo
e51 94567900 S7EABREETE ~CP Se4BRAGNEOSF -0 SUCMOGCDIE GO
=e931R0IBLE~ 1Y «DCD0DCUOCE C0 =+ 1B400CBRE 21 SOOONG000E 00
s 12641717E ~0 »OCNGYLOOE 20 =«11878%€64E 00 f1PORR149E 01
=« 111395578 ~7 +17872929E GC [olsiiislelalotel Msle SOTRCOLONE oo
=.25172744F ~7 I slstatorelelols] M ols! *030007°F0E £o -4CNCORC0E 00
=+15339112E 71 sGCROO00NE o ~e35488233E~n7 «0LN0OCI0E 00
~a1213B063F nn J1E0ERRIPE 01 = 25410535E-01 +7Ea16394E-01
= HRADIEBIE N «1FanurenE 01 = 632134817 ~n «1T161505E 01
+020007C0E 0% +OCNCOCO0E O
CLASED Lo7e RATS (DISCAP) FOR CAMNTSBL WEIGHTS= 10000« AT 3«000SECe
REA| IMAG DAMP ING FREG

“y 4502031201 «S0R0G000E 00

= 4532031PE-N1 +OCO00C00E QO

“«43020312E-01 +0OCNOQCO0E 00

=+ 43020312801 «0CO0D0D0E 00

= 45020312E-01 »00N00C0O0E 00

=+ B1934417E=07 «76577184E=02 »56428921E 00 2 92527018E02

=+99283313E-01 +OCN00CO0E 00

=+10566262E 00 «0C0COCO0E 00

=.37034292E 00 «39520062E 00 +68378618E 00 +54160633E 00

=+1259793%E ot sQ000QO0O0E 0O

= 14882921E 01 +QCC0Q000E 00 . .

=227993624E 0O «18197058E 01 +15204737E 00 +18411121E 04

~+13476972F «21328769E 01 «5341678B1E 00 +25229846E 04

Figure 75. Eigenvalue Spectrums (continued)



CLBSED Laor

REAL

e R379074E -1
e 45979708 - 0
e ABYTGE T HE =
e 4BQFGETLE -
e RITIF TG~
~eBIAZF7L0TAL =D
=e12179630F )
“+1275841885F a9
= 11P6350.58 of
= 27779HAE N
=+ 1A300%3°L 0t
»e13362364EL a2

cENTR

AT

=e6T6ILTTTE

Y-

«SONS0C00E oo
+J0OC0000E 20
+LLUGO0GO2E 00
«JGGOO000E 00
«CUT0Q000E 00
« 77363343E 02
»QUD00000NE OC
SOC0000COE 20
+13121516E 00
SOCNGOCo0E 00
OGOONC00E 0On
«19N3360RE 01
«1E310865E 01

49D0OGSEC,

REATS BF a0 FRAML AT

REAL

=~ 4797 T4 =1
e 4RITYET4E -0
~ e 429734 74E-01
"+ 489796T74EmnD
= bBGT9ATHE -
'146753165F‘3}
=«163012%4E 01
=«13051101E 2D

« 200200008 0o

«QUODONCIE 00
s 418781£1E=02
=+ 2485817170 =01

THAG

~U0NDQCO0E
«JC000000K
+0C000002E
»0000QC00E
+30P0000CE
«O0000CO0K
+0C000000E
+190N32812E
+ 200000008
+0C0O000N00K
+JCODO0COE

Z«D0CSEC,

o¢
00
co
oo
00
on
00
01
o
oo
o]y

e 67430485E
+00230202€E

nr
20

CLESED LISP REOTS (CISCOP) FOR CANTROL WEIGHTS: 10000+ AT

REAL

e 4BIT7IATHE-R1
“e4BITILTHE D
= 48979674E 01
me48973674E01
= 48979574E-n1
“159425R97F =17
=+10197766E 00
=2 10946464E 00
~+35680459E 00
=+ 13934538E o1
-+15983650F 01
~+28993026E 00
=+13711493E o1

IMAG

+0C000CC0E 00
«0C0000COE 00
«0C00000CE 0O
sQCO00C00E 00
+0CO0Q000E CC
«77312C%6E"02
+C000QC00E 00
«Q00C0C00E QO
+41564113E OC
«0000QC0CE €0
s CCO00000E 0O

- +12130685E 01

+22368401E 01

158

DAMPING

+60645831E 00

+65136028E 00

2 14984145E 00
+52261262E 00

GRUSPTH1E=DT
+160590478 01
+0C200000E QO

44000SECY

FREQ

+37I8B4PBE=D2
+E4778377E 00

+19349136E 01
+26236432E 01

Figure 75. Eigenvalue Spectrums (continued)



CLARSED L7370 <RE871% aT 5s0005E
REAL AL

e TEe

=a5371
3

2]
1528 TE -

m) g

=5 .
=eD321578 3
»e D321 Hs A~
e BRBEGTENL - Y
e 6T]R32] TR D
e 1T ARINGEE o
=« 129261608 0
=e10333PLILF
meRERPR4RGAE
e 170P43045
el u7oB1 448 N0
- TRTPRALTE am

CLSSE: Lire
RE A
B3PI H0F -
e BEPE L=

“-538152&a§_~1
= B3P {BOETE -1

= a53P1E5 R F -
- KT
*'137";‘2 "
=«1l13520%1E

=e353ns VAL o0

" 1D5HESN T
~e 167297545
= PORR2TFYE

= 13326174

~r

4
4
1

!

Rt e

Figure 75,

=2 NCGGI0E o
LT OGONOQE 20
sJCC20500E 0O
SOCDD0CO0E 00
SCOUCDOC0DE OO
S FTAROIRYE -2
«SONGOG00E 00
«J0N20000E 00
fL3NELELTE DO
! Q0C0E 20
«O0RGD0I0E 0O
+18977164E C1
«1.7A91357E 01

(21sC8pP)

TMAG

COOAO0C00E o
fDON00COOE GO
< UR00G0NE o0
QUGN CoE on
COUN00000E O
<7 FR43710E=0E
«3CNO0000E Q0
SCID0OCC0OE D0
fROR7EIRE D0
LCONOC0OE OC
+GOC00C00E OO
PINERIBTE 01
057_\(‘;41755 '71

FBR CANTREL wEIGHTS=

159

KHEATS 6F

R AL

= D325 TE -
~e L3215 E3L -
=«83215789E -1
= eB3P1BPRFE -0
e BEPIBIRYE -
S h20850%3 -0
=« 17024360¢E o1
=« 14432117F o0

«00DD0TCLE ~n

«QB00000G0E N
~ e 50200480E-77
=P P44CROLRE T ]
~e716D977LE nn

0BG CLE N

EsC FRAND

&7 5«000SEC,

Itay

SGUNDICONE on

*GCOCGCO0E oo
«QCNO0C00E 00
«0CNCOO0NE 00
«SUOGOCO0E 00
~O0CGOCO0E OO

«QC0C0OCO0E DO
2159762648 01

«GOCOOCO0E OO
+CON0CCO0E 00
+O00C0000E 00
+HERT7L699E-01

+17460709E 01
+0CT00C0DE 00

DAMPING

662617265 00

«6E184586E 0O

«14425816E 0O
507154138 00

10000

AT

5+000SECH

FREG

s10460291E=01

+53342291E QO

«20298487E D}
+27457479E 01

Eigenvalue Spectrums (continued)



LLBSED LBGBP REBTS AT

REAL

=~e57777648E-01
~257777648E=01
=+57777648E~01
»e87777648E-p1
=+57777643E-01
.=+ 81450700E-02
=+ 10666535E o
=»1343333%9€ 00
=«12541366F 0
=+28441735E 00
=+ 17713904E 01t
»+16087313E 00
~+777385458E np

CLesgr Lasp

REAL

~aB77774 430 -1
=2 577776 4RE~r
=+ BD777764BE -1
=eB7777648E "1
~eB7777A4REar1
e R1645785 D
=+ 11391943 E nn
"+ 117834358 no
e 34 8APIEEE Ao
= 14089 3R2E A
=+17392373E ~1
e 294201 B3E on
=214 131454E ~n

IMAG

64 000SEC

Figure 75,

+QCO00CO0E 00
+QCO00000E 00
+00000000E 0O
*QCO00000E CC
+00000000E 00
+76839214E-02

wOCO0Q000E 00

+00000000E Q0
«12812794E 00
*00000000E 00
+Q0000000E 00
+20832493EF 01
+19087338F 01

IMaG

2000000 00
+CCO00C00OE 00
+OCNJ200ONE 0O
«QOONOCO0E 0o
«JCAOYCO0E 20
W F71AGARAEE DD
«00000000E OC
+OCGOOOCOCE oo
+3£A3K992E 0O
«JCNCO00NE DO
«ONGOC00E ©C
+21009492E 01
P2U991454E 01

160

~RBBTS BF AsC FRAME AT

REAL

IMAG

&+000SEC,

e uB7777648E-n1

~+57777€¢43E-01

. meB7777648E-n1

e 57777648E~01
~e57777648E"n01
-+ 38572154E~01
~+177137C0E o1
=+ 15843871 00

+00000200E 00

«00000200E 00
e 45434036E-07

- "+ 2484947 1E=01

=+ 73P63RB1E 00
+Q0000000E o

REATS (DISCAP) FBR COWTREL WEIGHTSE 10000+ AT

DAMPING

W 72675960E 00

+0CO00000E 00
+0CO00000E OC
+00000000E 00
+00000000E 00
«00000000E a0
+0CO00Q000E 00
+00000000E 00
+20891454E 01
«OCN0CO00E 6O
+QCO00C00E 0O
+00000000E 00
162088128E=01
+ 183746156 01
«CCOO0CO0E 00

6+ 000SEC

FREG

+11233153E=01

+68843363E 00

+13867373E 00
=43221166E 00

*50596048F 00

121214481E Qf
*28710116E 01

Eigenvalue Spectrums (continued)



. CLOSED. LOUP. REBTS AT

REAL

=162729204E=01
=e62729204E-01
=+ H2729204E-01
1 62729204E-01
s 627297C4E-01
=+ 82767980807
=+10923992E 2D
=+13930526E 0O
= 10714445E 00
»+28736075E 0O
=+18468328E 01

=+ 17375634E
=« 22NR460EE

0o
an

TMAG

«00000000E 00
«00000GC00E QO
»0G000000E 00
= 0000QO00E 00
«00000000E 00
+96775134E=02
+QCO00000E 00
«QGO0OA0OE 00
«12069426E 00
«000CQC000E 00
«Q000C00CE 06

7+0008EC.

«21863235€E
«20496591E

01
o1

RBOTS BF A/C FRAME AT

REAL

=+ 62729204E-01
=+ 62729204%E=01
-1 62729204E=01
=1 62729204E~01
-~ 62729204E=01

< "*37762579E-01

~+18467901E 01
=+17165702E 00
+G0000000E 00
»000009C0E 00
= +53338050E~02
-« 24663772E=01
~8)4386E7E 00
«00000000E 20

IMAG

+0CO00000E
«00000000E
~0000D000E
+00000000E
+0C200000E
+CC000000E
100n00000E
2186294 1E
+QCO0000NE
+0COCO000E
=00000000E

7+Q00SEC,

0o’
00
00
00
00
00
00
o1
2o
00
co

+622387038E-01
+20298G76E 01
+0COCDC00E 00

CLESED LEGP REGTS (DISCEP) FOR CANTROL WEIGHTS= 10000. AT 7+0008ECH
RE AL IMAC DAMP ING FREG
= 6272920 4E~D] £ JC000OC00E 00
=s&P7R29205E-01 GUN00GO0OE 00
= 6272920411 »J0NCOCO0E QO
= 62725204E~01 «0COCQ000E QO
e HETEIRCHE - JOCCOCO0E 00
= IPYPE7LTE=NP +974125908E=02 »69131461E 00 «13442030E-01

=« 115706928 10
~e12135372E 20
~s343T4LTBE 00
=+ 171433473 1t
=e18260775E 01
-e 297474338 a0
-« 1437333720 11

OCOG0000E 00
«DLOCOGO0E 0
«384T7R662E OO
LO0000000E 00
«O0000C00E GO
214K 4RLE D1
2FR53383F Nt

«66627009E 00

«13431797E 00
+47881251E GO

«51591953E 00

+22147175E 01
«30018643F 0t

Figure 75. Eigenvalue Spectrums (continued)
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Eigenvalue Spectrums (continued)
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Figure 75, Eigenvalue Spectrums (continued)
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Figure 75. Eigenvalue Spectrums (concluded)
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SECTION VIII

VARIANCE CONTRIBUTION AND CRITICAL
PARAMETER IDENTIFICATION

The variance contributicn matrix as developed in Section VIII of Volume
I, is used to show how to identify the important contributors to the weapon
delivery performance.

This identification is facilitated if the starting value of the covariance
matrix is diagonal. In this case, the impact covariance matrix can be
written in terms of the components.

.2 ' 2 ’ . 2 ’
where ¢, 1 =1, ---n are the column vectors of the transition (sensitivity)
matrix " @ as shown in Table XI. For the release error variances shown in
Table XII, the components of the nominal impact variances are given in
Table XIII, together with the impact variances. By inspection of Table XIII
the following identifications are made:
The important contributors to the down-range error variance Uie are:

¢ The longitudinal velocity states, u, v and the pitch attitude 6.

. . . 2
The important contributors to the cross-range error variance Uye
are:

® The side velocity component v and the vaw angle ¥.

Therefore, for the weapon delivery, the most critical states requiring
tight control are u, v, w, 0, and ¥ for weapons stationed near the cg of the
aircraft.

These conclusions are based on the weapon dynamics only. For the air-
craft-plus-weapon combination, one starts out with a diagonal aircraft
initial covariance matrix and develops the total transition matrix from dive
to impace given by

@= ¢b H, 3,

where
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aja = aircraft transition matrix at release
H+ = disecrete transition matrix at release
o p = Wweapon transition matrix at impact

The columns of this matrix together with the initial error variances
determine the main contributors.

It is interesting to note that, by properly correlating the errors, a
reduction in impact variances is possible. It is conjectured that the optimal
weapon delivery controller which controls the evolution of the error covari-
ance matrix essentially does that. Inspection of Figure 70 shows that the
contribution of the release cross-covariance term E {u & } to the down-
range impact variance is negative.

A program listing for computing the contributions of diagonal vari-
ances is given in Figure 76. Figure 77 shows the outputs of this program.
For each state impact variance, the first row shows the initial release
variances, the second row shows the multipliers (sensitivity coefficients),
the third row shows the variance components, and the fourth row shows the
sum of the components.

Table XI. Sensitivity Matrix ¢ of a Weapon

<, he u 2] q w Yo Y r v
x, 110 | -32x107° .20x10° |.98x107 | .41x100 |.21x10%2 | o o 0 o
h_jfo .99 21x10%|.14x108 | .68x10%® {.31x10% { o] © 0 0
uw flo [.5x107%].82 .1ex10% | .s03 a5x10t] o | o 0 0
s o 0 6x10 7] .60 gawae™ |z o o 0 0
0 0 37107 79 ox10 8 204108 o} o 0 0
w |lo 0 1ax107®] .13 31x10°3 |Loax1078| o | o 0 0
v [0 0 0 0 0 0 2.0] .1ax10%[.35¢20% |.50x102
0 0 0 0 0 0 1.0 .24x107° |. 36x107°
r [lo 0 0 0 0 ] 0 0 21951078 | 8oa0™ 1!
v {lo 0 0 0 0 0 ol o .25x10 3 }.15x1078

Table XII. Release Error Variances

2 2 2 | 2 2 202 | 42| 21 2

Txe | “he | %u | % %q Tw | Oye ¥ r v
e e ———

100 | 100] 100 {10 ®)107%} 25 l100|107% ] 107 | 25
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WRITE(9s32)(Psltlaglrgelslo)
FaaMAT(1CE12+5)

WRITE{9s33)

ForMAT(//)

WRTTE(D232) (XRIJV2J51010)
wa]TE(9233)

WRITE (9,321 (PSIXR(I21 2=l 1D
WRITE(9233)
WRITE(9234)PSixRLI,11)
FRRMAAT(6H SUM cE12+5)

CanTINJUE
S16(1)#SARTIPSIXR(1+11))
S1G(2)#SARTIPSIXR(7+11))
§1613)=SQRT(PSIXR(2211))

Capl CEFC(SIG,CEP)
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END
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Figure 76, Variance Contribution Program Listing

177



9o 300000+ 0C 3OCCO0
€0 3000G2¢ E0~30C0CT»
Ug 300000* UL 300000
A -]
U 300000% 00 3HCOCO.
20 300062+ ED~30000t.
Yo 300000 00 300000
A -}
ST=31gELne  U2e36065T
20 300052¢ £C-300007.
YTe32G68T* FL-360551,
A S

sdinO weadoad uonNqLIUC) SOUBLIRA  *1) SanSLg

G0 30000C.

£0300007+

Q0 300006

154

00 300000

E0~3000CFs

G0 30(G000-

18d

Gle36£025¢

£0=30000%

11e36£026

1sd

00 300000

00 350000

3A

00 30000C.

£C wOOOOM‘

G0 300000,

3

S0 300000,

EQ NOOOOM.

00 300060,

3A

10 360411

<0 300082

T023/£954.

EC Jewgils

20 300082

20 3s£tlEs

EQ thNNmo

20 300082,

20 3g0g02«

U306

S0=3C000T e

00 39c£ 06

#0«367189

G0a30000Ts

20 36,4185

CO=36ngive

GQ«3L0C0T.

TO 364uihe

104356587
G0«30000%

GO ISgyule

¥Yidr)

20 JEe0nie
G0.30000T.

80 JSECHTs

Vidmy

10 3Ggusge
G0<3L000T

LU 35g58Ege

YidH]

€0 3e022gs

EC 300001

GO 360229

%G A0gL02e

EQ F0LQ0Te

€0 308.0&s

HC 3Ey36Te

€0 300001

20 Jeygzeds

20 zt9cey*

O JLERTC e

£0 30uQdly

0= e

L

vV 3&0sget

20 3pg6Es

£0 30ueCl.

00 363466

e

= WNS

00 3CCo00s

£C drsagye

GG 3CCO00s

3x

* uns

08 ACa00s

£0 3cguot-.

cc ASocno.

R

I

%C 168T9E* = wpe

MV [ =71

£0 300001

Gle3GYEte

El

£C 3C0n0Ts

EC J0D0OT

1o 3Co007s

ER

IX

178



(panunuod) sinding weldodd uoINgiIjuo,) IDUBIIBA °LL 2Indi1g
gU=384Tge® 2 wNs
Vg 300000¢ L0 30CCO0Cs 00 300000« Q0 300000+ 90u3694E2+ E0a3%4e0Es  90«3297€Te  £0-3Geakls O7-3guetes €O 3060000
d0 3000g2* EQ.300001. E0.30000T+ €0 300001« 20 300062+ §0-3¢000T+ §0.300001+ €0 300001+ £9 3000Ule g0 3CQOOTS
Up 3I00C0Ge OO 300000 Q0 300000 00 300000+ R0uIwLg€6+ ECeIFglee 00 3291ET+  g0.IGwgwls  27-380Cgle 00 3C0000
A o 184 34 M o] YiI3HL n EL ax
M
£0=3TE688"  * WNS
uo uo.o@oo. 0 300000. 00 300000+ 00 300000 /0a37907S8s 21:38Bg06Ts 60435€964¢  L043890LES E1a36980%s 00 3C0000s
¢0 300052+ €04306007. EC.300001: £0 300007 20 300052. $0-36C00Ts 504300007, E0 300001+ £0 300007« g0 3C00DT»
YD 300000 00 300000« 00 300000« 30 300000+ 80.3/2402+ 90.38g0gle EQ.35E96.+ 038904 6T=-359e0%s 0O 300000
A ¥ Isd 34 " 3 YLi3HL n 3 X
v}
#0*302G6E° 9 WAS
Up 30000Gs OO0 300000« Q0 300000 OO0 300000« +#0.3G2gZEr  17e3tg211e 90a36TE09+ G0.3E9529+ Sta3ecglSe 00 3CO000.
¢0 3000gze gL=300001. €0«300007+ €0 300001 20 300052 G0=3G000Te 50a300001s g0 30000Te g0 300C0Ts g0 3C000T*
90 300000+ G0 30000C. OO0 300000s 00 300000. GO.30GOETs G0-3Cgzlle 00 361£0gs  (0.3E96291 #1a3EG916 00 300000
A ¥ 1sd 3A M B Y13HL n EL] 3ax

yiHl

179



50«326602"

20 3009G2*

LT-3695E9 "

40=308E06¢

20 3000g2*

20326 19E*

"0 IEELELe

20 3000G2*

<0 3lgelse

(panurjuod) sinding weadoad UoIINGLIIUuO) SOUBTIR A

01-3E826Te

ECw30C00T.

YU=3EBI6T

6Le386T 420

£0w30G00Ts

SLedRETHae

20=326EGE

EC=30C00T.

20 326ESEs

90 30000

EQu3000CT

00 3000000

1sd

£0«300C0Ts

£0w300G0 s

10 300007

1sd

"0 3ATg0nls

£Cs30Q00T.

20 3TgCHTe

iSd

U0 300000.

€0 30000}~

00 300000

3A

GO 300000

£0 300007

00 300000

3A

E0 30000%s

€C 300007s

I8 300001s

3A

00 300900

20 30Cpgae

00 J00QGC

00 300000.

20 30006

00 300000

0s 30CQ0Cs

20 3c00&8c.

36 300000

GG AV0CO0.

G0=3C000Ts

€0 3C000C.

0Q 300000

G0~300007s

00 3CQCC0.

Go 3C0Q0Cs

§0«350C0T s

00 3C0Ca0Y

00 30CCC0.

S0.300007

00 300000

Yidny

00 3000UQ.

G0.300C07Ts

00 300U

YidHy

00 30C000.

SCe3CQ00T .

Q0 300Q00.

Y1i3Hy

‘LL @andtg
g0=3Tz622* = WNS
GQ 300000« 0OQ 300CCCLs  0C¢ 3CO0OC0e
£E0 300301+ €0 306cUTs g0 300007
G0 30000U~ 29 3000CC. Q0 3C0Q00s
n A R
H
€0*32ECET" =« Wwns
0¢ 30000Cs 30 j0000C. G0 300000
£0 300001« £0 j00c8le g0 3CQ007Te
GO 300000 ag 300000 00 3CQ0poe
n EC] ax
154
90 3018L2° = wns
Co 30000G«  0p 300000 ¢o 3C0000
EG 300007 £0 300c0ls g0 3ICOQOT
GO 300200« 00 30000C. Q0 3C0000e
n EL 3x

A

180



{(pepnloucd) sindinQ weadodd UOTINLIIUO)) SOUBIIBA L)L 24nJ1g

Ealaiesl »dalss
20 3T6LRGGEYe  *yIIiy3A dI7 <0 3e08GeT49+  =TvinallsgH «32

GgU=3T008E* = WNS

$0=30G/8€+ L0«39ECS3s  ©O0 300000+ 00 300000+ 00 300000+ GO 3CCCCOs QG 300000 € 300009+ 20 J0000Cs 00 3CO0OCH

¢0 3000G2+ E£0«3CCCOTs €0-300001¢ EC 300001+ 20 300082+ S0-3C0C0T. ©0.3C0CCTe €0 300007+ €0 300c0Ts g 300007+

402300861  E0=39ECGEs 00 300p00C+ 00 300000+ Cop 300000+ Q0 3C0COCs OO 300080 00 300000« 0 3cocGls 6 ACOD00:*

A L.} i1sd 3A M ul vidHy n EX ERS

181



SECTION IX
CONCLUSIONS AND RECOMMENDATIONS

The following conclusions were drawn from the demonstration example:

® The results of the stationary-nonstationary comparison
analysis indicated that no appreciable difference existed
between the delivery performances obtained from the
fixed and the time-varying controllers. This led us to
believe that the use of fixed optimal gains in the weapon
delivery controller would be sufficient.

e It has been observed that the steady-state values of the
performance measure for a frozen-time point linear data
is considerably higher than that of the finite-time model.
For this reason, the weapon delivery performance evalua-
tion (i.e., computation of the total covariance and the CEP)
should be based on the finite-time (i.e., nonstationary)
model.

® An aircraft using the optimal controller with a perfect
measurement system reduced the CEP 10 to 1 with
respect to a free airframe.

° The contribution matrix of an iron bomb indicated that: (a)
the longitudinal states, u, w, and 8 were the prime contri-
butors to the down-range impact variances, and {(b) the
lateral states ¥ and v were the major contributors to the
cross-range impact covariance.

Limitations inherent in the example included:

® Only order-of-magnitude checks were made on the time-
varying data generated in the demonstration example.
More elaborate checking via data transformation as ex-
plained on page 105 of Volume I is needed to validate the
data prior to extensive parametric study of a given system.

® The aerodynamic data tables for the airframe used in the
demonstration example are limited to a maximum Mach
number of 0. 8.

The primary emphasis in this study has been on the model and soft-
ware development and the demonstration of their use, These have been
achieved, For future work, a detailed parametric error analysis study
using ADAPS is recommended,
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