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1.0 INTRODUCTION

Work performed under and in support of the Reference 1 Contract demonstrated
that introducing a mixture of proper amplitude and phase of muitipte harmonics
(steady through 4Q) as a control command to a deflectable servoflap, located
near the tip of a torsionaliy-elastic rotor blade, could improve the airload
distribution over the rotor disk. The results of this improved distribution
are a delay in stall and compressibility effects, reduced hub vibratory shear
loads, and reduced blade vibratory bending moments. Computer programs were
developed by both the Contractor and by Ames Research Center that are effec-
tive in predicting efficient control input settings for favorable tradeoffs in
the important response parameters, given computer-calculated responses to an
array of possible control combinations at a particular flight condition. At
these efficient control settings, significant improvement over conventional
rotor control was shown.

Based on the results of the work discussed above, an existing experimental
Controllable Twist Rotor (CTR), developed and wind tunnel-tested for USAAMRDL,
FEustis Directorate, was modified to incorporate control modifications per-
mitting the mixing of up to four harmonics of flap deflection, with indepen-
dent control of the magnitude and phase of each. The control modifications
and subsequent testing in the NASA Ames Research Center 40 x 80 wind tunnel
were performed under Contract NAS 2-8726. Data from the wind tunnel tests are
presently being analyzed for comparison to previous predictions.

The next Togical extension of the work performed on the manually-operated sys-
tem, developed and tested under Contract NAS 2-8726, was to conduct a prelimi-
nary design study to define and analyze a closed-loop self-optimization func-
tion. The purpose of the work, which is the subject of this report, was to
study the feasibility of automatically providing higher harmonic control
through feedback of selected independent parameters.

Because the feasibility study was to be based solely on the results of the
initial study work performed under Contract NAS 2-7738, it was felt that the
rotor configuration used in the study should be updated to the configuration
tested which involved shortening the servoflap to half-size spanwise, and
altering the mass balance and stiffness characteristics. The updated analysis
is described herein.

Following the updating of the analysis, control parameters were selected for
input to the feedback system. The study work was then extended to arrive at a
preliminary circuit design that would condition the selected parameters,

weight limiting tactors, and ultimately provide a proper output signal to

the muiticyclic control actuators. Because the early study work was restricted
to one flight condition (120 knot level flight), certain assumptions have been
made concerning varying flight conditions and these assumptions are explained
in the appropriate sections of this report.
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2.0 MULTICYCLIC FLAP SYSTEM (MFS) - ANALYSIS UPDATE

2.1 Range of Study

The primary purpose of the multicyclic servoflap system is to reduce helicopter
vibration levels by reducing rotor-generated vibratory loads that are trans-
mitted to the fuselage. Although vibration problems are more severe at extreme
operating conditions, the accuraté prediction of rotor loads and performance

at those conditions is difficult. Therefore, the prime thrust of this inves-
tigation is in an area where retreating blade stall and high advancing blade
Mach number effects are not significant. Rotor blade and disk loadings cor-
respond to contemporary practice, and the propulsive force is representative

of utility-type helicopters.

The following flight condition and 1oad1ﬁg condition was investigated for the
CTR with multicyclic controls:

Advance Ratio .333
Disk Loading 4.67 psf
c,/o 092
CX/G ~.0071

The preceding parameters correspond to a rotor that has a diameter of 56 feet,
a tip speed of 613 fps, and a solidity of 0.062. The ranges of disk loading,
blade loading, and propulsive force Toading correspond to the sea Tevel flight
conditions of a utility helicopter with a gross weight of 11,500 pounds and a
flat plate drag area of 20 square feet. The study was conducted at an advance
ratio of 0.333 (120 knots).

Figures la and 1b show the planform, inertia and stiffness of the rotor used
in this study.

2.2 Analytical Procedure

The baseline rotor chosen for this study was the CTR developed and tested under
the Reference 2 contract. This configuration differs from that examined in

the Reference 1 contract in that the servoflap is reduced to half-size, and
both mass balance and stiffness are increased.

One disk loading was investigated with constant inflow across the disk
(x» = - .037). The rotor drag, (Cx/o was held constant at .0071, which is equi-

valent to twenty square feet of flat plate area at u = .333 (120 knots).
Lateral force, Fy = 0,

This rotor was optimized using the method outlined in Reference 3 for dual
control rotor optimization. The following rotor parameters and Timits were
used as a measure of the effectiveness and determination of secondary control
optimization:
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a. Rotor horsepower < 750

b. Maximum local biade angle of attack < 12 degrees
c. Maximum out-of-plane bending moment < 9 in-kips
d. Vibratory hub shears < 220 1b.

The angle of attack 1imit was chosen to provide a margin of maneuverability
before local blade stall would be encountered. The 9000 in-1b peak-to-peak
bending moment was selected on the basis of the calculated infinite blade Tife.
The maximum out-of-plane moment occurs in the flap region of the blade where
the endurance 1imit is + 4500 in-1b.

Each of the four dependent variables outlined above can be expressed in quad-
ratic form in terms of the independent control variables. These equations
have 1inear coefficients and are developed for trim conditions only. Equa-
tion (1) is the typical form of the relationship between a dependent variable,
j.e., horsepower. and the collective and first.harmonic flap Tnputs:

2 2 2

HP = a. + a, 6. + a, & + a + a6 61C

ot 9 tay 8

8

1s 33 81 3y & 5 S1g

+ay 0g 814+ ag Sy 8y + ag Sqg Sy, F Ay §g O95 Oy (1)

Similar equations were written for the remaining three parameters of interest.
Appendix A is a listing of the regression analysis program SURGEN. The program
uses a.number of trim cases to calculate the rotor parameter equation coeffi-
cients for the disk loading desired. In addition, the multiple correlation
coefficients, standard error of the estimate, and a table of residuals are
Tisted by SURGEN. Analysis of residuals for sum, sum of squares, mean, vari-
ance and standard deviation, and a 1isting of the orders of the residuals from
the most negative to most positive are also tabulated for convenience.

With the models, a tradeoff study was previously made to establish a region of
flap control that would produce values of the four rotor parameters that meet
the criteria established. Using a plot program on the Hewlett-Packard com-
puter, representative contour plots, as in Figure 2, were generated.

2.3 Multicyclic Flap Input

Multicyclic control was investigated with the same rotor for one gross weight
corresponding to Cz/c of .092. For Cz/c of .092, the constant inflow across

the disk was - .037.

For the multicyclic flap concept, the range of cyclic control was limited to

+ 5 degrees for each harmonic, such that the resultant maximum deftection for
the 2nd harmonic and higher contrcls was + 8 degrees. The flap ranges were
sefected based on the CTR work that had been conducted in the past. The
restriction of the resultant of the 2nd and higher harmonic inputs to a maximum
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V=120 kt u = .33
F_ = 11500 1b C, /o = .092
F, = 907 1b C /o = .007
GR = 613 fps §g = - 1

Figure 2. CTR Control Optimization, 60 =~ 1.
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of 8 degrees was to prevent excessive flap deflection from negating the bene-
fits of higher harmonics. The following control range was established as a
base:

Steady 6g = = 1°

First Harmonic Sine and Cosine 615 = 3, 61c = b

Second Harmonic Sine and Cosine . +5 1t -5

Third Ha}monic Sine and Cosine + 5 to - 5] Random Selection
Fourth Harmonic Sine and Cosine +51t-5

The selection of a control matrix by a method similar to that for the CTR was
considered impractical because of the large number of centrol combinations pos-
sible. For example: Involving only 2nd, 3rd and 4th harmonic controls, with
seven control levels for each of six controls (i.e., 859 855 O3¢5 835 Sp0s

84 ), a combined total of 1]7 649 cases are possible: A base of 140 cases

w1th various combinations of 2nd, 3rd and 4th harmonics was selected by use of
a random number tab]e This method avoids individual prejudices and statisti-
cally provides equal weight to the independent variables. Thus, a better
chance is provided to account for the effects of each variable.within the 1im-
ited number of cases that were run,

In Reference 3, cases trimmed at a fixed value of collective and first har-
monic contro]s, together with variation in h1gher harmonic controls, showed
horsepower, bending moment and maximum blade angle of attack to have signifi-
cantly smaller changes from the base case values having no higher harmonic
controls as compared to changes in vibratory hub shears (see Reference 3,
Cases Al, I9, J3, M6, N8). Since the study objective was to arrive at optimum
controls that reduce vibratory hub shears while keeping bending moment, horse-
power and maximum angle of attack with prescribed bounds, a single optimum set
of collective and first harmonic controls was selected for the MFS study.

Aside from the smaller variations of bending moment, horsepower and maximum
angle of attack with higher harmonic control input, another reason for using a
single set of collective and first harmonic flap control inputs is the very
large number of trim cases which need to be generated to be able to create a
reasonably accurate model which includes variations of collective and 1/rev
controls. The number of linear regression model coefficients for each rotor
parameter for the latter situation would have to be expanded from 27 to 54.
The program scope did not permit such an expanded analysis.

As previously stated, the set of collective and'first harmonic controls chosen
for case generation with higher harmonic controls was: 60 = -1, 615 = 3 and

G]C = 5 (see shaded region of Figure 2). Since variation of collective and

first harmonic input was eliminated, the Tinear régression mo@el of each depen-
dent rotor parameter expands to:only 27 coefficients for the independent

7 ‘ " b



KAMAN

AEROSPACE
CORPORATION

OLD WINDSOR ROAD., BLOOMFIELD, CONMECTICUT 08002

KAMAR

CORPORATION

Report No. R-1494
21 January 1977‘

control variabies. FEquation (2) is the form of the equation with hub shear
being illustrated as one of the dependent variables:

] 2
Ry = 8g * 8y Spg + 8y 890 + a5 850 87 83+ a5 8, + a5, +a; Sy
T ag §ye 8pp tag Syg O30 F 290 oo S0+ Ay Spg Gy
2
T Ayg Spg G tayg Gy T agy Sp. Bgg Fagg 8y S5 F Ay Sy Sy
- 2
* 217 8¢ Sgc ¥ 218 O35 * 219 S35 83¢ * 20 93¢ g5 * A1 O35 Oyc
Fan, 8, 2t an. 8. 8, +an, 8o 8, Fan. 8, % +a., 6, 6
22 83¢ T 893 830 Spg F 894 835 Opc F 5 Spg F Ayp Ggg Sy
2
+ a27 64c (2)
where:
§=6. 4

0 615 sin ¢ + 6]C cos ¢ + 625 sin 2 Y + 62C cos 2 Y + 635 sin 3 ¢

+ 63c cos 3¢+ 643 sin 4 ¢ + 640 cos 4 (3)

Due to the increased complexity of the higher harmonic flap inputs, it was not
possible to use a graphic method to predict the best area of higher harmonic
control inputs to minimize rotor parameters. Emphasis was placed on the use
of successive models to predict trends. Since one purpose of this study was
to determine the effect of higher harmonic control input on the reduction of
4/rev pylon excitation, the major effort was oriented toward this goal. Since
reduction of vibratory hub shears is of primary interest, the model for hub
shears was used to predict higher harmonic controls which achieve minimum in-
plane and out-of-plane vibratory hub shears. The model was introduced into
the BASIC language program, MCMOD1, Appendix B, which scanned all possible
integer control combinations between - 4 degrees to + 4 degrees for each set
of higher harmonic control (i.e., 625, 626, 635, 63C, Spq2 64c) and resulting

in an absolute resuitant higher harmonic control setting of Tess than or equal
t0 8 degrees.

6F cases were then executed using selected model predicted controls that pre-
dicted minimum out-of-plane hub shears.
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2.4 Analysis Results and Discussion

The following is a 1isting of the flight conditions examined for both the
Mutticyclic Controllable Twist Rotor (MCTR) and CTR:

CZIU = ,092 F = 11500 1b rotor 1ift
Cx/o = ,0071 Fy 0
u = .333 (120 kts)

The CTR regression model (Equation 1) was based on about 42 trimmed cases. The
model coefficients are tabulated for the rotor parameters of interest in Table 1.

Figure 2, discussed previously and resulting from the above models, yielded
good correlation between the models and actual trim.

The MFS study was concerned with determining whether flap inputs with greater
than first harmonic frequency could be used to reduce vibratory pylon Toading
without severe detriment to the remaining rotor parameters.

Qver 140 cases were trimmed at this rotor loading (11500 1b). This allows
direct comparison with the CTR evaluated at this level. The fixed coliective
and first harmon1c servoflap contro]s were chosen frcm the optimal CTR control
region (6 -1, 6]3 = 3, 61 = 5).

The regression model coefficients generated by SURGEN for in-plane hub shears,
out-of-plane hub shears, out-of-plane bending moments, horsepower and maximum
angle of attack are presented in Table 2.

Table 3 is a compilation of the multicyclic trim cases generated showing
values of the above rotor parameters for the control inputs presented.

Table 4 presents the comparative values of in-plane hub shears, out-of-plane
hub shears, bending moment, horsepower and maximum blade angle of attack for
the multicyclic SURGEN model and the 6F trim program with only optimum collec-
tive and first harmonic control input.

These values are used for base comparison of cases having higher harmonic con-
trol input It is seen from Table 4 that, for the hub shears, bending moment
and maximum angie of attack, the SURGEN mode1 predicts high as compared to the
6F program trim cases and, therefore, the SURGEN model appears conservative.
Better agreement could be achieved by including more trim cases in the SURGEN
model. However, for the purposes of this study, the model predictions are
adequate.

Tables 5 through 7 present cases having minimum out-of-piane hub shears within

the Timited trim cases generated. The out-of-plane hub shears for these latter
cases are found to have reductions up to and over 70% with higher harmonic con-
trol input. Bending moment and maximum angle of attack increased up to 27% and

hqrsepower values increased by as much as 7% over the case values generated
with no higher harmonic control input.
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TABLE T. CTR ROTOR PARAMETER MODEL COEFFICIENTS

HP BM oy R,
a, 737.5 7776 13.38 248.6
aI 0 ] 0 0
a, 2.367 333 _ 554 - 11.68
a - 777 - 252 - .564 - 4271
a4 0 0 0 0
ag .265 28 .028 1.983 .
a .253 18 ' .066 .453
a 0 0 0 0
a8 0 0 0 0]
ag - .23 13 0 - 1.125
a]0 q 0 0 0

10
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TABLE 2. MULTICYCLIC ROTOR PARAMETER MODEL COEFFICIENTS
v (Resultant) Rvop Rv1'p BN HP ®max
ay 297.0 287.32 79.29 ' 4410.59 744 .94 11.05
a - 17.589 - 18.51 5.83 - 142.22 1.40 .20
ay 9.34 12.59 6.13 - 206.07 1.25 .59
as 27.14 25.17 8.81 32.57 2.92 .07
a 1.62 .07 .35 52.89 1.25 .01
a 48.99 48.86 3.72 - 10.43 .27 .03
ag - 15.76 - 14.47 13.51 53.99 .43 .13
ay 2.17 2.64 .59 37.94 1.60 .08
ag 8.84 7.92 1.45 3.69 1.12 .03
Ch 2.49 2.68 02 - 20.54 A7 .08
arg - 2.77 - 2.73 40 - 12.94 .07 .03
A N 1.07 54 - 25,76 .57 .03
ayo - 7.72 - 7.92 3.0t - 22.42 .18 01
arg 12.58 12.38 2.70 29.91 1.50 .12
a1 2.58 2.79 1.33 - 12.56 .06 .06
ayg 1.30 3.03 6.29 - 49.34 02 .09
IS - 1.43 - 70 4.48 - 5.04 .08 .02
ap; - 14.41 - 13.82 - 2.56 35.07 .57 .06
a9 6.08 6.39 1.90 60.62 .78 .04
g 3.68 4.25 .46 16.38 .25 .003
250 16.39 16.18 1.16 - 13.56 .03 .05
251 -  6.94 - 6.9 .94 - 98.58 .39 .06
99 11.06 11.08 3.79 16.27 A .05
a3 13. 11 10.83 8.50 55.97 .05 .09
oY 24.10 21.44 .09 - 12.51 .36 .06
Ay 15.13 14.76 3.10 68.83 1.36 .07
e 5.66 6.12 1.52 30.84 .03 .Q06
a5y 19.60 19.20 3.15 87.33 1.19 .06

1
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TABLE 3. COMPILATION OF MULTICYCLIC 6F AIRLOADS TRIM CASES

A FLAPTINPUTS-DEGREES YIBRATORY " HUB - SHEAYS ™~ "~HENDING “— HORSE =~ MAXT
Yo . ~+ 4/- LBS . HOMENT-0P POWER ANGLE OF
03 ois piC p2s D2 D35 p3c _D4S _D4C TOTAL op P-4/ IN-LB ATTACK-DEG
$9° ~1.327 3,300 5,000 0.0 0.0 ° L.00D 0.0 . =2.121 2,121 232.0 22840 75.0 539240 T48.0 11.55
=TI~ ~1u033 “U3,000 = 5,000~ 0, TOT-" QUTOT" ~ 24629 24829 24000 T )] === 85140 ""B3Ta0  1B1i0 © 5500.0 " 440 ‘'10464° "
"3 -ia) 0 3.009  B.DOQ ~Ll.4l4 1,416 Lo4l4  1l.6l4  DeO 3ed 456.0  430,0  108.0  5640.0 42,0 12.00
T ~1,7M33 3,300 5.0890 0.0 0.0  =2.121 2,121 2.000 3,0 453.0  432.0 14240  5531.0 760.0 .11.47
STEY =10903 0 3.000 0 5,000 2.000 0 0,0 —=3.%38 3,536 T-25707 T 3.TIT - 282,0° - 366,0 122.0 5187.0 - 176.0 13.53
TS =1,377 34000 5,000 0.0 0.0  =2.121  2.121  4.000  3.D 654.0 622.0 208.0 £207.0 773.0 12.25
f7 =1.322  3.080  5.000 -7.707  0.707 0.0 g.0 3.000 2.0 66640 65640 119.0 5285.0 « 760.0 12,33
TS - -1a231 7 3,000 7 5,000 1.000 0,0 <3000 0.0 R2012L T2 LR, 186,08 T 16T, 057 93.0 < 517540 S~ 760.0 ~ 12.00 -
T -1.330 3,300 5,000 ~0.T07  0.707 =3.536 3,536 .0 1.0 . 427.0  421.0 10T.0 5177.0 ToheoD -1 12436
T =139 30002 5,000 2.000 0,0 =2.121 2,121 0.T0T  2.737 34640 334,0 100.0  4877,9 - 763.0 12,70
22- =1,990  3.000 5,000 C.0 0.0. 4,000 - 0.0 "° -2.121 72,120~~~ 301.0 ~ 288.0 126,0 516T.0 -~ 755.0 * 12.92 -
23 -1,373 3,930 5,000 0.0 0.0  ~0.707  0.707  1.4l4  1.41% 452.0  445.0 78.0  5069.0 52,0 10.95
L% ~3.93% Sadod 5. 009 [ ] 0.0 —-le.41l4 L-4l4 2.0 D 296.0" 20040 (62.0 4563, 0 752+ 0 Ile45
TS <“=14232 0 3,000 0 5,000 0,0° 0,077 =13414 T 10414 TU4L000T 0.0 <<% 6B2.0 - 65640 IB4.0' " 6045.0 ' °  768.0 12,15
EF -La33) 0 G.utd 5000 Slasle luala ledle 1.4l 24121 2,321 38640  380.0 93,0 5074 0 /L 12,99,
¥ =LoDI3 Bedud 54302 Ledl% Le4i4 49000 (a0 ~ladlé  LedI4 354,0  344.,0 143.0 4572.0 T64.0 12485 -
Ryt 1,000 3.020 5.600 dal2l 2.121 ~1a.414 Lagl4d '2,0 Tt daD e vttt 298.0 297.0 ~ 30.0 4012.,0 - — T69. 0 1399 77,
AA =1433)  3.iu0 5.000  2.000 -1.000 -2.000 -3.000 -2.000 2.0 483.% 46440 149.0  5322.0 78240 1l. 15
AB =1,23)  3,)J0 5,005 2.0€0 -1,000 .-1.000 ~=1.000 =-3.000 3,002 420.0 389.0 159.0 5935.0 . 798.0 12.22
TACTT-1.390 73,3300 T 5,000 7 2.900% -1, 0007 10000 < 1.000 ~=3.0007T 900 T 162,07 139.6 T 8290° ~5139,0 T 770,07 12.86
A =1.0072 3adid S.u90 2.000 O.0 O« 0 =-1.000 =-3.400 D2 39845 336D 1260 5356. 0 773-9 12.57
AE -1 3.u0) 0 5.10A 2300 L, 000 D0d =1.000  =44020 2.3 . 497,  469.0 174.0  5p81.0 790.0  13.35
ATT -1.733 0 3.400 0 5.090  2.0%0 1.000 0.0 0.0 “4.D00 T 2.933F 7T 373,0 ° 338,0  158.0 575440 761.0 13.63 ~
AL —1.300  3.3J0 5,000 3.000 -32,000 -2.900 0.0 -1.003 =1.37) 237.0 23840 57.5  5390.0 TTL.0 12.70
AN ~E.39F 3.0l 50RO 3,000 -1,000 Qa8 1000 <3.029  2.213 277.0  263.0 87,0 33910 790e&  13.57
AFT=1,3307 3,003 77 5,660 7T 3,000 0050 7 LLODD TU-3,000734000 T L AT 238,0 " 216.0° " 161.0° 53580 -—— 782.0° 13:37-
A =1e300 0 34010 5,000 3000 L, 000 =1.000 0.0 -3.000  1.272 209,0 27440  135.0 5337.8 86,0  13.71
AR =1.02)  3.098 5,000 3000 1,000 9.0 =1.000 =3.090 2,020 322.0 290.0 152.0 5598.0 TRG. 0. .13.56 .
AL =1.330 3,000 5.00C '4.000 -3,000 "-L.000 -1.000 12830 "3,} """ 206.3  204.0 °  83.0° 5745,0 791,80 12,72
AM  —1.333 3,400 5,000  4.000 ~3.000 ~1.000 0.0 ~14039 3.0 147.0  136.0 62.0  5748,0 785.0 13404
AN =107 3,040 5,000 A.000 =1.000 -2.005 -1,000 -1.230  J.0 268,92 ZoBaD 95,0  5273:0 786.0 1343
AP S -LaM3) 0 3,513 B.IGH 281230 2,121 —1.414 “"1.AT4°° 0.0 - " I 0T TTTTUT298.D0 T 297,07 C33.0 . 4012.0 ©C 7 766.0 - 13.59°
ay 10} 93 S.unh 0,0 0. 0 4,000 D.D ~2.121  z.i2l 381,00  289.0  126.0  5285i0 . 55,0 12.92
A W33 Jeawl 5000 DD 0ull  =DuT07 D707 laklbe  eklh 4530 445.0 78,0 5068;0 752,0 10,95
A3 ~~1,233 3,330 CH006 0,8 "t Sladld © La8l4 " Dolt “ 726 7Y 2060 0 C200.0 U 62407 456340 .7 7520 1le kB "
AT S1,2%) 3,000 5,000 D49 Gt =Lidléd  L,40% 44000 3aD 6UZ.0  6BGa0  1B4a0  406T.0 W00+ LZald *
AJ -1.000 3,000 5,000 <l.4l4 1.414 1,414, . lobl& =-2.121 2,121 386.0  380.0 03,0 509440 151.0 12,99

]

I =103, .
at; +1.037 3,320 5,000 0.707 0,787 ‘2,000 ' 0.0  -3.536 3.53%

AY  —1.220% 3,009 5.000 l.ala 1.414 0.0 - 0.0 ~2.121 2.121
AL" =143 EX D] 5. 066 ~1,000 c.C 0.0 T 0a0 TT=le4ld T lafgTT T
24 =100 3.002 5.000 0.0 0.0 3. 000 0.0 -2.829 24823

8L 1,12 Fadold 5,800 -D.707  O.707 ladlé Lateld 1.414% laklh
an—-1.272 34J0d0 7 5.000 4,000 0.0 ~0.707 0. 707 © De0 ™73,5 "
BE =1.2)1 3.202  5.000 0.0 0. 0 ~2.121 2121 =34536- 33535
81 =1.332 3.0 5.000 2.000 | 0.0 ~h.4l4 la4lée  D.0 142

36020 "TUBLG90 TLLALE VL ALATTT B 000 T TOT0 FT-LaWlE T 1414 T 3544077 344007 7T 143,077 46164077 764007 12,857

317.90  302.0 120.0 607740 ™' 779.0 13.16

1T4.0 - 15649 96.0 5215 0 TTGe O 12463
“14L.0 140.0 S 43.0 7 4958.0 ' " T T56.0 1le56 °
257.0 239.0 98,0 3714.0 739, 0 12.96
540,0 627.0 100D 50b3.0 750.0 1l.02
"173.0 T 1T72.0 22.0 4472,0 T TT8.0 7 13.T75 ¢
693,D 683.0 12040 63172 79540 12,21
185.0 176.0 52,0 42670 760. D 12, 68
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POMER AWGLE OF
ATTALK~DEG
788,0 15,00
Tt To6.0 ¢ 12.36°
750.0 19,88
FeBa0 L1. 25
Tul. 0 1107
T16.0  Llau3Z
761+ 0  1le56
75840 7 11435
75,0 13,713
759.0 1130
" 765,07 11469
T08.0 12,59
769.0 11.71
TC 75100 ¢ 18,98
764.0  12.10
T54a G 11437
Tehol  lieo9
750,314l
T66. 0 11.30
T 7G50 1v. 14
762,0  12.82
156,06 1l.16
L& 11439
T49.0  1l.2%
a0 1L3T
746,00 T 1l.23
Te4.0 11452
3,0  ld.56
762.0  12.89
775.0 13.29
Til.0 11.55
778.0 1314
73,0 12448
52,0 Ll.43
758.0 " 10a57
703,0 12, %%
755.0  11.45
755.0 11,32
751,06 12.30
768,80  14.34
52,0 L. 77
T%B,0 12,57
750.0 11.98
72,0 13,00
77L.0 13458
75%.0

TABLE 3. COMPILATION OF MULTICYCLIC 6F AIRLOADS TRIM CASES (continued)
~—CAS ¢ T 77 PLAPT IRPUTS“DEGRELS-— o= = 'v = oo = wecrssecs womee—— Y IBRATORY HUB SHEALS BENDING
NO +f~ .BS MOMEN T-0P
D) Dls 01icC D2§ 02zC 038 D3L D45 D&C TOTAL L 1 /- IN-LB
e - L T - - - - v -~ v Ers - - DR B A Y L ~
LT =1.007 32330 2.000 2,829 24829 .0 0.0 3.000 Jed 734.0 730+9 TL.4 4370.0
TEET=E Y0 3.000 T EL 000 U0 TTTTT00 T R 414 Tl AL T S AT I ST T B 24,0 BLE.5 T T129.5 5282.0
Ly -1.3090 3.339 5. 000 0.0 0.0 l.a4ls ~l.41% 0.0 J.0 327.0 320.5 92.2 4208.0
Ml -1.%30 5aJdud ¥.U00 (0 0.0 G TOF  —De 07 latl4 L.tl4 423,90 42144 35.5 4450, 0
=T Me =1,137) 3.2 be DDO 0.2 t.n 4. 000 0.0 2.121 " =2.121 t940.0 léaQ 2298 LL02.0
M7 -1.33D Jaua B. 000  2.829 2. 829 V. TOT 0. 707 1.000 3.0 0d5,0 6042 7.0 3811. 0
M3 -1.2302 3,090 5.000 0. TOT ~0.707 3.536 =3.536 0.0 3.0 553.0 548.1 180.¢ 5335.0
TrMGral 300 3,000 TU5I000 1000 0,07 7T 340007 0.0 TR, 121 TTRZ L 121 T 861,07 840,0 199.4 6007.0°
01 <1.320 3,000 5,000 2,829, 2.829 2.000 0.0 V0.0 el 597.0 592.0 119.3 4189,0
« 02 -3 - 3.0bLd 5.000 D07 -0, 7107 0.0 D, 0 3,000 0.0 585.0 572.5 121.9 - 8244, 0
03 =100 3,000 7 5.000 0.0 U 040 U T 2,000 77 0.0 T G000 F3L,0 7 T 9130 T T900.3 163.2 " 5605.0
D4 ~1.37% 3edud 5000 0.0 0.0 20121 =Z.121 4000 J.0 B64.0 B55. 4 13143 5041.0
05 =1.330 3000 5,000 2.000 0,0 3,536 3,536 DJTDT  ~2.707 703.0 b84.0 190.2 5193.,0
T05 = w1,30077 3,009775.000 TT1.0007T 000 U 1S000 T 0.0 T T1u4167 L4 43L,0 "T%TB.D " 50.3 44240
07 ~1,32) 3.403 5000 D0 0,1 a0 D.0 4+ 630 0.0 16140 Théad L4646 8700.¢
0é  =1.302 deduld 3eJ20 DD 00 3. 536 3+ 530 0. TO7 JIDT 787.0 T75.0 160.9 5801.0
0% ~L.300 3.0490 5.000 0.0 0.0 - 2.121 ~-2.121 - 2.000 3.0 7T 60640 4000 1i5.4 43491.0
Pl ~1.209 2.390 5,000 1,414 ~-1,4914 l.414 le4le 0.2 Ja0 345.0 334.0 158.2 4913.0
P2 ~1.070 3,030 be GO0 0,707 =0, 707 1. 000 0.0 44900 Jad 8DLl.0 784.8 15%.0 5651.0
STTPITTLI02Y T 3,000 T 5a000 T 4.0007 0.0 0.0 ™ 0,0 T Z.8297-2.82Y T 16840 °° T72.0 158,6 T 532%.0 -
Ps =1.303 3ndua 5. 000 Zel2i 2el2l 3000 0a 0 lesls Teilé 67840 4T5.0 1156.2° 4183.0
PS5  =13030 3.000 5.000 0.707 -0.707 2. 829 2.829 2.000 0.0 803.0 17844 278,56 5950.0
—Pb -1.393 3,930 5.0p0 0.0 0.0 1.030 0.0 T 2.121 '=2.121 T 708.0 S88.0 170,2 ZlaT.0
PT =1.01) 3.000 5.000 1.000 0.0 2.121 =2.121 1.020 3.0 492.0 448.0 1iz2.0 4393.40
P3  =1.03) EFP L] 5.00% 0.0 0.0 3.536 2.536 2707 34727 7872 7750 1ED. 5 56070
TR S1e30T7TFR0IY T 5040 TT 0. TATTT Qe TOT T Le4ld T ledld T DLTOTUUTTOSTOTTTUUUU511.0 0 50643 0 9049 4333.0
Nl =1.222 3004 5.000 0,707 0. 707 Letl4 Letly 3.3 3.0 41%.0 403.4 95,6 4413.,0
K2 =1.27D ERY D 5. 000 24121 24121 0. 70T =0.707 Q.707  -2.7317 554.0 552.0 5.0 3747, 0
TUN3 G -1.33) T3,.320 3,000 0. 707 0. 707 34536 " =3.53p 22000 "7, TTTTYSTL0 7 752.0 164.0 46750
N3 =LY 3.34¢ 5.002 4,000 e 0.0 0.0 3.000 el 59240 580, 7 111.1 4975.9
N6 ~1,3%) a0 5.700 0.0 0.0 2. 000 0.0 2.121 -2.121 T85.0 To%a0 L8806 5638.0
TUHT ~14307 3. 040 7 50000 0,707 =" 0. toet o 0,0 7 5L.MIRTTIL.E T OTTTTR3S.0 9706 170.2 ~5300.0
NE  =1.230 Seud 5,000 2.009 Gu O 0. 0 0.0 4.900 3.0 T54.9 Ti%.d 147,32 5225.0
Al =-1.23% 3,002 $+000 2+121 -2.121 0. 707 0.707 1.0090 3.3 E12.0 357.8 195.0 fHuwb. O
TR -1.0)) 3.390 5.000 ° 0,707 " =0,707 2¢121 =2,121 ° 0.0 ° Ded TTTTTT 343,07 3767 15:1 7 4828.0
o7 ~1.300 3.320 2.000 3.000 | 0.0 luo4ls  =1.414 3.9 3.0 349.0 348.9 £7.5 %175.0
Q28 -~L.32Y 3edud 5,300 0,707 ~Ca 707 3.5306 34538 0.0 Ja0 547.0 635. 6 192.5 6217.0
eI ~1.032 7 3,000 54000 0.0 - 0.0 1.000 * 0.0 2.L21TT24LINTTTT75%0.0 0 59242 67.0 " 5092.0
5 =1.33) 3.000 5.000 =0.707 0.707 3.538 3.536 9.0 2D 68%.0 678,0 172.0 5103, 0
51 ~1.232 3.ub0 5.000 3,000 0.0 =letle Leths 0.0 a2 150.0 147.9 4.0 4423,0
TREZTTLLIYY T 3.vdd T 5.000 ~0,707 C 0.707 . -2.121 00 7 0,0 "7 T 7T 292,80 20840 70.0 4722, G
5S4 -1423) 30437 5,000 -2.121 2.12% 0. 707 0.707 1.000 Ja0 569.0 56040 116.0 A173.0
$% ~1.21) 34030 5.000 0,0 0.0 2. 000 0.0 “2.121 2.121 221.0 208.0 Toa U 52558.0
TESETT 1YY T 3.0007 5400070707 T 0.T0T7" -345367 3VEIETTTELI00TTT 0.0 7T 530.0 ™ 504.0 171.0 3550, 0 i
37T =l.d) 3,000 5.000 2.121 2,121 ~0.707 D.T0T  =3.T707 2.727 203,0 " 193.0 6240 4344.0
58 -=1.3)2 ERT I 5,000 1.000 0.0 ~2.121 2el21 1,000 JuD 34).0 322.0 10%. 0 4895.0
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TABLE 3.
CASE—=- s wmvmsmp -otr s - AP INPUTS=0EGREES “m ~==
NG
=2 Ti> Dit 023 Gac D3s
87 =1.020 1,000 5.000 - 0.0 0.0 2.121
B8 - w1.99D - -3iu90~ - 5,000 0.0 -~ 00 ~m
€T -l."02 EP IR Sean2 .0 0.2 D« J
22 =1.932 5000 34300 2.121 2.121 2.121
Ny =100 Jeaat 5420 4. 000 Ce 0 2.829
0> ~1.%%2 3,039 3,000 1.0 (1790 ] Lsdla
£S5 =1.,033 3,040 N TL L] N0 0.0 20 GO0
1 ~1adX < 30000 7 E.000  tlatis vt legl4 e 3, 00D
g2 =121} Jadud Se7030 2. 200 Q0 Gn 0
wWe o =132 20030 $.200 0,707 =04 707 4« 000
En =1,0M 3.0y 5.n110% QN 0.0"" 3, 836
E! =-1s702 30000 P la] o000 C. 0 1.000
£ =1.33% 3e2ap 5.980 0,07 T 0.T07 5,000
LR B 24330 5 240 Y. 0 J. 2 T 4,000
B2 ~1.3Y) EERM] Je a0 i.0re Us 3 2. 829
FX =14222 P 5300 2.829 ~-2,829 2121
EEREE T b 3ewad 34000 lells 1. 414 OgO
£ =13 3.0 5,000 0.0 0.0 3.536
£g =107 3.204 5.04% 1.121 =Z.121 L+ 020
Gt =1, 31.030 ° 5.000 LL.GDO 0.0 0.0
G%, -L.302 3e dod be OO Oed 0.3 2.121
[T ] Sadan Fe0J0 9. 70T ~C.T0¢ 0. 707
TS T ] LEIVE] D200 2. 000 o, 0,707
3 -il.0v) daded S a0 a 34 536
3 =1.073 3a2d9 5.000 2+829 -2.829 1. 000
VY W R sa tad Er il "0 a0 1., 1
I =le Y saduld 3,000 2121 2,121 2el2)
[ E T S I Il Iodew 5.030 2:090 Ou 24829
HY =Ll 3D 3. 400 5,000 2+ P09 0.0 Q. 707
w7, =1.3%3 EXE b S5.92%0 2. 529 2.482¢ 2al21
Ii -l."¥ Er ) 5. 0720 2500 {19 ] 0.0
2 -Lan 3,260 7 H5.900 7,300 0.0 1ah14
£E7 =43 Jetath 5,000 YS! 2+ 329 le2tl®
I =1, 24000 J.a00 0.707 =3, 707 Ladla
1 o-l.an ZeJdud 3.4 l.00% 4a 0 5. 000
LS PR b 2ad2) 53,9000 2+ 740 Je 0 21,536
Ky =l.320} 3.ddu Se 000 Dl Y] 3. NHa
KE  =1.33% 3.320 GeDID LAY ~T.829 4.000
AT =127 EPR NS bYe290  2.000 0.0 La4lh
L P B b LYP AR 5.900 q.0 A7 ] Se 300 ¢
"Ll ~1.272 34000 5,000 2.829 -2.829 1.03%0
E2 =133 3eddJ 5. 000 0.707 0. TO7 2« 000
L -1,.339 3.0l 5.000 Laftlh Lablh 4, DNO
L™ =1432) 23,3 5,200 2.536 -3.E536 0. 707
LS =1.301 3.300 5.000  l.4l4 ~l.4lad l.4ls
Bk -1.923 3eJddd 54000 -le4l4 latlé 0.0
“BL ~1e300 * T3.300 " “5,0007 C Z,000 0.0 T T-Z.E29
B¢ —1.33% 3,900 5.000 2.12)

2.12Y =-2.12%

4

Dac

2.121

Das

3.0
Qo0 —TRI2427 00T T TIRD TS 30

+
D4cC TOTAL

.

2.0 474.0

Tal) 2121 2.12) 550.0
" 2.121 0.0 Tl 87110
2.829 0.0 2.3 - ttte 502.0
1.414 Q.737 2.73¢ 49240
C.Q 4097 Ja2 913.0D
T 0.0 L3000 TRt e 557,00
3.0 2e829 =2.829 783.0
0.0 Latbls ls41l4 1Jo.0
©3.535 - 0,0 i I R /% & P
Cal 24829 2.829 Ti6.d
0,0 ledit =)l.&l4 911.0
9.0 Le#ls =il.4l%~ —™ BL4,Q
2.829 2.000 Ja2 831.0
2.121 2.0 3.0 407 .0
0.0 Ga70T 2.797 375.0 °
3.536 J.0 3.0 5671.2
L] lafle <~lebl0 489, 3
‘0.0 el " 3.6 =t~ 264,00
2.121 24121 =Z.121 Blo.d
-0.707 24000 2.2 483.0
0.70Q7 24829 24829 == t02.0
-3.536 J.TDT J.727 55643
9.0 3,002 I 639.0
0.2 - 5.020 3.3 T YN B
=-2.121 4000 2.0 357 .9
~2.529 D707 34TIT 46640
~ 0.TO7 24829 7U2i823 7 "T40.0
-2.12L. La000 243 67840
De? laktls  lakls 3992.0
“la4l4 0,0 T JWd T T TT 34340
la%l%  DaTOT  DL704 603.0
Lagly lagla Leala 1572
2.0 1e003. 5.2 Toba.D
2,535 20 J.0 631.0
0.0 2eB29 -—24329 1001.0
9.0 DaO 7 DD T 493.0
=1.4t4 1,000 2.2 439 .0
0.0 24030 2.2 896.7
0.0 24307 "24) - T BIl.U 7
0.0 34536 =3+53% 1119.9 1
0.0 l.416 =1,a1% B79.0
=0.707T “Ladléd ~ ~1.616 " —""473.,0
Leklt 2.121 =2.121 676.7
Qe 0.0 J.0 284.0
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COMPTLATION OF MULTICYCLIC 6F AIRLOADS TRIM CASES (continued)

BENDING ~ HORSE MAX -t
f= 8% MOIMENT-CP  POWER ANSLE OF
P I? +/~ IN-LE ATTACK-DEG
53,8 134.0 5053.0 7369 10.546
504377 145,97 BLT0L0 "7 “T56.0 TlLié9C
S44e T30 5253.0 156 0 [1le49
570.3 10244 4451.0 T60.0 13.32
*93.0 163.8 453B8.00 783.0 12.20
“R2.7 181.5 4656.0 T4T.0 10.52
930.0 163.2 5605, 0 T65.0 11449
649.5 =" 133.6 ~ A4f43.0 7 75040 "-1L.73
To4.0 170.1 S057.9 T8l.0 L3.02
700.1 135.0 5185.0 Taba O 11.09
6590 '182.5 6072.0 153, ¢ 1l. 60
710.1 100.1 5484.0 ToB.0 1i.79
892,0 208.0 6418, 0 159.0 1l.41
792.0 2ne, 6 632440 753.0 1103
0110 152.2 S5i24. 0 T56. 0 Ll-31
390.32 141.7 S5671.0 Té8. 0 L2 TL
36543 100.7 4017.0 752, 0 12445
6559.0 162.5 60729 753.0 l1.60
468, 0 l4Z2.0 514640 75849 Lle17
262.8 50,1 4742.0 198,49 Lh.20
T1%.1 218.8 5997, 0 15%.0 11455
4T2.8 8.2 4589, 0 755.0 10430
690,1 132.8 6552.0 - Toda i2.13
555,68 le3a 4 5021.0 T5440 12.60
62044 152.9 5432, 0 1T6.0 11.50
94843 "7 181.7 £060.0 176. 0 E2s 51
9513 123.2 4257+ 0 T82.0 Ltdent
4eh.0 133.% 4398.0 762, 0 i« 84
T30.8 ~ 122.7 5535.0 U TT0.D Il.54
672.9 1544 6 4480. 0 780, 0 l4e 34
396.0 57.3 £549.0 58,0 Li.53
3306.5 B3.8 408740 753.0 ile3n
601,75 T8.4 3585.0 T77.0 13.7%%
57743 493.3 5030.0 754.0 11.00
" T54a7 18646 Lli2. G Tohe 9 a3l
612.3 172.1 5852.0 T60.0 12463
9760 235.0 ' 6al¥.0 Tole B L. 75
478.7 L64.0 £311.0 70.0 12,39
452.9 5.6 40469.0 753.0 Ll.k%
88145 19543 6L39.0 758.0 1146
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TABLE 4. SURGEN AND 6F TRIM ROTOR PARAMETER COMPARISON

Case: 3315 Multicyclic CTR Without Higher Harmonic Control Inputs
(MCTR w/o HH)

Controls: 60 = -1, 615 = 3, 610 =5
ROTOR PARAMETERS SURGEN PREDICTION 6F PROGRAM.TRIM VALUES
Ry (Resultant) 297 212
RVop 287.3 210.3
Rvip 79.29 _ 448
BM 4470.6 4175
HP 745 748
Choax 11.05 10.83

15



IKAMAN Corroration -

OLD WINOSOR ROAD. BLOOMFIELD, COMNECTICUT 08002

KAMAN

CORPORATION

Report No. R-1494
21 January 1977

TABLE 5.

SURGEN AND 6F TRIM ROTOR PARAMETER COMPARISON

Case: 3301X4 Multicyclic CTR,

Model-Predicted Controls for Minimum

Dut-of-Plane Hub Shears
antro]s: 60 1, 615 = 3, 625 = 4, 635 =0, 645 = -2,
S}C = 5.3 azc = = 2, GBC = ]’ 64(: ":L-I
% VARIATION % VARIATION
ROTOR SURGEN FROM 6F PROGRAM FROM
PARAMETER PREDICTION MCTR W/0 HH TRIM VALUES MCTR W/0 HH
RV (Resultant) 163.2 - 45% 118.7 - 449
Rvop 148.9 - 48% 113.7 ~ 48%
Rvip 87.7 10% 36.3 - 19%
BM 5344.6 21% 5340 28%
HP 789.6 6% 791.7 6%
o ax 13.74 24% 13.78 27%
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TABLE 6. SURGEN AND 6F TRIM ROTOR PARAMETER COMPARISON
Case: 330112 Multicyclic CTR, Model-Predicted Controls for Minimum
Qut-of-Plane Hub Shears
Controls: 60 = -1, 615 = 3, 625 = 4, 633 = 0, 645 = - 2,
610 = 5, 62c = -2, 63c =1, 54c =0
% VARIATION % VARIATION
ROTOR SURGEN FROM 6F PROGRAM FROM
PARAMETER PREDICTION MCTR W/0 HH TRIM VALUES MCTR W/0 HH
RV (ResuTtant) 143.6 - 50% 141.7 - 33%
RVop 139 - 52% 140.0 - 33%
Rvip 68.7 - 13% 22.5 - 50%
BM 5437.3 21% §317 27%
HP 785.7 5% 786.2 5%
O ax 13.8 25% 13.82 27%
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TABLE 7.

SURGEN AND 6F TRIM ROTOR PARAMETER COMPARISON

Controls: 60 =

-1, 8

1s = 3> 8o

=4, 8, = -

Case: 3301X5 Multicyclic CTR, Model-Predicted Controls for Minimum
Qut-of-Plane Hub Shears

8

- 1.

3s * T4s
1 = 92 S5 = = 25 83, > Oge = 0
¢ VARIATION % VYARIATION
ROTOR SURGEN FROM 6F PROGRAM FROM
PARAMETER PREDICTION MCTR W/O HH TRIM VALUES MCTR W/0 HH
RV (Resultant) 156.7 - 47% 70.0 - 67%
RVOp 148 - 48% 62 - 71%
Rvip 75.8 - 4% 30.7 - 33%
BM 5238.6 19% 5268.5 26%
HP 781.8 5% 780.9 4%
*hax 13.58 23% 13.58 25%

18



A

AEROSPACE
I{AA\‘AL \ CORPORATION CARLAN
OLD WINDSOR ROAD, BLOOMFIELD, CONNECTICUT 06002 CORPORATION

Report No. R-1494
21 January 1977

In comparing the results of the SURGEN model predictions with the 6F trim cases,
it is seen, as in Table 4, the SURGEN model is conservative. The SURGEN model
predicts bending moments, horsepower and blade maximum angle of attack quite
adequately. The hub shears are usually higher using the SURGEN model. However,
the trends with higher harmonic control input are the same.

It is also seen in Tables 5 through 7 that the controls that minimized the out-
of-plane hub shears, in most cases, reduced the in-plane hub shears. When the
in-plane hub shear SURGEN modet! was used to obtain minimum in-ptane hub shears
and these controls were then used in the out-of-plane hub shear SURGEN model,
the out-of-plane hub shear increased 33%. Thus, it appears that the out-of-
plane hub shear model is predominant, in that the out-of-plane hub shears are
of the greatest magnitude and the controls that minimize the out-of-plane hub
shears also reduce the in-plane hub shears.

The SURGEN model's Timitations are possibly due to the relatively small number
of trim data available (141 cases) upon which they are based.

Variation in phasing of higher harmonic controls also shows proncunced effects

" on all rotor parameters. Tables 8, 9 and 10 present trim cases with variation
in phasing of the 2nd, 3rd and 4th harmonic flap -control inputs, respectively,
while amplitudes are held fixed. Limited phasing variations were used in the
trim cases to generate the SURGEN models; therefore, optimum controls may not
be obtained with ‘the present models.

Variation in optimum collective and first harmonic control input was not inves-
tigated.

2.5 Concluding Remarks

The following observations were made regarding the updated muiticyclic analysis:

© With the addition of 2/rev, 3/rev and 4/rev higher harmonic
flap control input, reduction of the 4/rev pylon excitation
loads by at least 71% compared to the same rotor without
higher harmonic control input was shown possible.

Whereas the previous MFS study, cited in Reference 1, showed
only 2/rev control input to be beneficial to reducing vibra-
tory hub shears, the present study shows all higher harmonic
controls together aid in reducing the vibratory hub shear.

e Vibratory hub shears, bending moment, blade angle of attack
and horsepower are significantly variant with both higher
harmonic control amplitudes and higher harmonic control
phasing.
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TABLE 8.

EFFECTS OF HIGHER HARMONIC CONTROL INPUT PHASING

Controls: 6. =

Case: Pl and T3 6F Trim, 2/Rev Phasing Effect

-1, 8&_. =3, 86

= 1.414, &

0 1s * 738 4s
61c =5, 63c = 1.414, 640 =

P1 T3
ROTOR PARAMETER 62 = 2/135° 62 = 2/-45°
Ry (ResuTltant) 346 456
Rvop 334 450
Rvip 108.2 108
BM 4913 4640
HP 750 742
O ax 11.41 12.0
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TABLE 9, EFFECTS OF HIGHER HARMONIC CONTROL INPUT PHASING
Case: Q7 and ST 6F Trim, 3/Rev Phasing Effect
i Controls: 60 = -1, 613 = 3, 625 = 3, 645 =0
610 =5, 62c =0, 64c =0
Q7 51
ROTOR PARAMETER 63 = 2/135° 63 = 2/-45°
Ry (Resultant) 349 150
RVop 348.9 147
Rvip 875 44
BM 4175 4433
HP 763 768
ooy 12.04 13.34
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TABLE 10. EFEECTS OF HIGHER HARMONIC CONTROL INPUT PHASING
Case: AW and L3 6F Trim, 4/Rev Phasing Effect
Controls: 60 = -1, 515 = 3, 625 =4, 635 -2
61(: = 5, SZC = = 1, 63c.= - -l
Al L3
ROTOR PARAMETER 64 = 2/-45° 64 = 2/135°
Ry (Resultant) 354 879
Rvop 344- 864
R‘”.p 143 180
BM 4616 5845
HP 764 762
O ax 12.85 12.03
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& Minimization of 4/rev out-of-plane vibratory hub shears show
the most pronounced effect on overall reduction of vibratory
hub shears.

@ In view of the pronounced effect of phasing higher harmonic
controls on rotor parameters, more comprehensive investigation
of phasing is required, together with amplitude variation in
higher harmonic’ flap controls for trim case generation and
subsequent rotor parameter SURGEN model development.

® Incorporation of flap collective and first harmonic variation,
at least within the optimum control region of the basic CTR,
is anticipated to give a better understanding of the inter-
relationship of all flap control inputs on rotor parameters
of interest.

3.0 CONCEPTS OF MULTICYCLIC ADAPTIVE-CONTROL

3.7 Control Function

The purpose of the multicyclic control is to minimize certain parameters to the
greatest extent possible while keeping others within acceptable limits. To
accomplish this with feedback control, the definition of an "optimization" para-
meter as a function of the various controlled parameters is required. Feedback
is then used to vary certain controlling, or independent, variables in such a
way as to minimize the optimization parameter. The controlled parameters that
have been selected for this feasibility study are as follows:

Bending Moment

Horsepower

Maximum Angle of Attack

Hub Shear
One of the criteria for selecting controlled parameters for the feasibility
study was the ease with which they could be represented analytically on the
basis of data from the 6F Aeroelastic Loads Program. When it comes time to
implement this concept, a more important criterion will be the ease and repeat-
ability with which the parameters can be measured on an operating rotor system.
In this case, the control parameters are more likely to be:

Control Tload related to bending moment

Engine pressure

Pitch 1ink Toad

Fuselage vibration levels
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The controlling parameters, or independent variables, have been taken to be
the sine and cosine components of the 2, 3 and 4/revolution servoflap control.

The function of the feedback control system is to determine the effect of each
independent variable (x's) on the controlled parameters (y's) and, thus, on
the optimization parameter {P}. The system then manipulates the x's to mini-
mize P. Mathematically, the general case is:

Optimization Function

P= flyys ¥ps ¥gs ¥,)
Change in P

AP = )
k=

where:
.yk = gk (X‘ls xz: X3: Xq_: x5: xs)
15 Byk'

byy = .Z] . D%
1= 1

i

4 ‘ 6 dy;
w = 3 {93— - 1 ——%-ij]

The change in P caused by changes in a particular X is:
& y
oP k
ap, = 3 L Ky,
1 k=1 ayk ax i

and the sensitivity of P to changes in a particular X; is:

Piloy o M | A
iokE1 Yo 9%

From this, it can be seen that the feedback control system requires two kinds

of information. The first is the relative importance of each of the controlled -
variables. The second is the sensitivity of each of the contro]led variables

to changes in each of the independent variables. ' The first is determined by

the characteristics of the defined optimization function; and the second 1s
determined by the rotor character1st1cs

24



KAMAN Sorroririon KAMAN

OLD WINDSOR ROAD, BLOOMFIELD. CONNECTICUT 05002 CORPORATION

Report No. R-1494
21 January 1977

3.2 Optimization Parameter

The optimization parameter provides an integrated measure of the "goodness" of
the rotor operation as described by measurements of each of the controlled
parameters. In effect, it provides a measure of the relative vaiue of changes
in each of the controlled parameters. An optimization parameter of the fol-
Towing form has been used in the feasibility study:

P = f](BM) + fz(HP) + f3(AM) + f4(RV)

The individual functions associated with each of the controiled parameters have
been established on the basis of the operation of the feasibility study rotor
with no multicyclic control and considerations of the consequences of each of
these parameters in the operation of a helicopter. Figure 3 provides plots of
the magnitudes and normalized slopes of each of these individual functions.

The function for maximum angle of attack considers that the parameter is of no
consequence as tong as it is below the threshold value (12°). Operation above
this threshold becomes undesirable at a very rapid rate. Bending moment and
horsepower are -similar to angle of attack, except that it is considered advan-
tageous to reduce these parameters below their thresholds of 7000 in-1b and

750 HP. In practice, it may be desirable to have the horsepower threshold be

a function of some helicopter parameter such as forward speed; however, this
feasibility study is only concerned with a single operating point of the rotor
and, therefore, the threshold is fixed. Hub shear, and thus induced body vibra-
tions, is considered to be of increasing concern from 0 on upwards. A decrease
at a high level of hub shear is considered more valuable than the same decrease
at a Tower value of hub shear. The mathematical functions used are as follows:

Bending Moment:

BM < 7000 £1(BM) = 37 + 100 [73—‘3-5 - 1]
4
_ BM BM - 7000
Horsepower:
- HP
HP < 750 f2(HP) = 20 [755 - T]
4
- HP HP - 750
HP > 750 fz(HP) = 20 [755-— 1] + 10 [ 5E ]
Maximum Angle of Attack:
“max < 12 fS(Gmax) =0
o > 12° f.(a ) =10 (AM - 12)°
max — 3 "'max



BEAMAR AERGsPACE KASMAR

OLD WINDSOR ROAD, BLOOMFIELD, CORNECTICUT 080072 CORPOQRATION

Report No. R-1494
21 January 1977

[E9]
k>
- Jd 0
— e~
o
S
&
-4 8~
. e
o
] 1 1 1 1 L 1 1 1 1
1
Lt
- -
™ - . .
-y v
—_
S 5
> =
o
-+ 40 = 4+
- B Q
<
@
1 H ! | ] | 1 ! \ 1
o
o
o
43
a3
™~
-
1=3
-
4 +
- - =
o
-]
j. l._.ln W o
o @
0 -
. J0 =
« O =
+ L
t 1 I | I L1 1 I 1
0
T 4
LY b
+2 O -
- > - ]
e b n
=
] . .
] —_ 2
= e %) g0 &
= L =
= b= =
2 = o
o 1 ! 1 N 2 1 1 t o
=) [=) =) =) =) o o o =) [ o [=)
o L L] w {Te] (T3 o Lo [ w
o~ — — ' o4 o™ — r—



KAMAN Coxroration KAMAN

OLD WINDSOR ROAD. BLOOMFIELD., GONNECTICUT 06002 CORPORATION

Report No. R-1494
21 Jdanuary 1977

Hub Shear:
2

- . (R
f,(RV) = 100 [300]

Parameters such as horsepower and angle of attack could have been defined with
discontinuities at the threshold points; however, operation of the feedback
control system is better if the functions are continuocus at all points. The
scaling chosen in the functions above provides a value of the optimization
parameter of about 100 at the rotor operating point corresponding to no multi-
cyclic control. The measure of the improvement in rotor operation is provided
by the decrease in this parameter from its initial value of 100.

The use of this particular optimization function in this feasibility study is
not a Timitation on the applicability of the results. In fact, it was chosen
because it represents a variety of subfunctions. The effect of some other
optimization functions are discussed in paragraph 4.1.

3.3 Rotor Characteristics

The rotor used for the feasibility study was analyzed under a variety of multi-
cyclic control conditions with the 6F Aeroelastic Loads Program, as described
in Section 2 of this report. The data developed from this analysis were then
used to fit a 7-dimensional quadratic surface for each of the controlled vari-
ables. The coefficients for each of the four surfaces are shown on Table 11,
The equation for each surface consists of a constant, six first order terms
and twenty-one second order terms. The indices on the two dimensions of the
matrix of coefficients represents the sine and cosine components of the second,
third and fourth harmonic of the multicyclic control. For example, one term

in the equation of the surface for bending moment is:

- 12.94 - Xos ' X3

The dimension used for the x's is degrees.

The real interest is in the slopes of these surfaces as represented by the
derivatives of each of the controlled parameters with respect to each of the
independent parameters. The coefficients of the derivative equations are given
on Table 12. The equation for the derivative of a controlled variable with
respect to an independent variable contains one first order term and six second
order terms. The coefficients for the first order term and the off-djagonal
second order terms are the same as the coefficients for the surfaces; however,
the coefficients for the second order terms on the diagonal are double the value

for the surface since they correspond to an x2 term.

An inspection of these coefficients gives 1ittle, if any, indication of one
independent variable being dominant with respect to any controiled variable.
For instance, while the second harmonic would dominate bending moment when
theré is little or no multicyclic control {all second order terms at or near
0), 3s, 4s or 4c components with magnitudes in excess of 2° would have a
greater effect, as would 3s in combination with 2° of 4c, or vice versa.
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TABLE 11. SURFACE COEFFICIENTS

2 SECOND

COEFFTCIENTﬁ FOR BMI L CONOTANT= 4410.594

28 142,220

2 206,070
387 A2I570
3C 53, 890
48~ ~10.,430
a6 53 990
COEFFICIENTS FOR
25 15490
20’ ~1-+ 250
35; - “":-.’.09;?.0
3C -7 -1.250
45 =0, 270
AC 0,430
COEFFICIENTS FOR
25 T 04196
a0 03594
38, . ~0.068
30 ~0.. Q0%
45 ~{r: 932
4C, -0, 130
COEFFICIENTS FOR
25, ~ 175590

20 P340

g 274140
I AR EAY:Sel

A8 aB9%0
AT 15,7460
TIONE

K

ORDER
28 20 . 35 30
37,940 3.,690 20,540 ~12,940
- RGP0 ~LR. 560 —49,340
40,4620 " 16.380
, - 164270
HF:  CONSTANT= 744.94
Le600 1,120 0,170  0.071
1500 ~0.059 -0.019
. 07RO 0,250
0,210
H
AM:  CONSTANT= 11,053
04079 ~0,027 ~0,082 = 0,030
C L T0IRE ~0,06) . ~0.087
v, 00041 -: ““0+003
¥ ' , Y0047
RY$ LONSTANT= 297+ 7 _
2WA70 B4BAQ L 2 4P0 20770
Fe o 4ZEB0 L 2VEB0 L 10300
S &80 - 3.680
T 11060
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45 AL -
25,760 ~R22.4P0
-5 040 35,070
1. HHO 98,580
H5.970 -12.510
63830 F0.940
87,330
~0,570 0,180
~0.082 0,570
~0.033 0390
~0,050  0.340
1,360 ~0.030
1.190
“‘00030 ““0‘}015
0,019 .~0i057
~0. 054  0.083
"'00(?8& “"()e-()rj'? *
0.071 ~0.006:
‘. S0 05
0.4L0 7,720
=1 430 ~145 410
144390 +62940
13,110 24,100
15,130 5.640
' . 19, 6'00
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TABLE 12. DERIVATIVE COEFFICIENTS

FIRST SECOND DRDER
ORDER 2g o 39 30 48 ac

COEFFICIENTS FOR DERIVATIVES OF BM: . .
28 "14M‘ﬁh0 75,880 3:690 «20.540 12,940 ~25.,760 ~22.420

20 2084070 3,690 59,820 ~12.560 ~49.390 5,040 35,070
38 I2.570 20,540 ~12:560 121.240 16,380 ~13F.060 - 98,480
30 B2.890 12,940 ~49.340 146,380 . 32,540 SH.970 ~12.510
45 7 S10.430 ~25.760 ~5.040 -~13.5460 DH.00 137.660 30,940
4C 53,990 —22.420 35,070 -98.580 -12.510 30.940 174.660
COEFFICTIENTS FOR DERIVATIVES OF HPS |
28 1+400 3,200 1,120 . 0.L70 0,071 -0.570 0,180
20 -1+ 350 1120 3.000 ~0.059 ~0,019 ~0.082 ~0,570

3G TR 920 0170 ~0.,059  1.540 0250 -0.033 -0,390
3C Lo 250 0 0,071 -0.019 0.250- 1.420 ~0,080  0.360
A . 0270 ~0.570  -0.,082 -0,033  0.030 2,720 -0.030
4C. 0.430 0180 ~0.570 ~0.,390 0,340 ~0.030 2380
COEFFICIENTS FOR DERIVATIVES OF ami: .-

25 0196 01588 ~0.,027 ~0.082  0.030 ~0.030 -0.013

20 04594 0,027 | 0,250 ~0.061 =0:;087 0,019 -0.087

T3S ~0,068  ~0.082 ~0,061 0./083 -0.003 -0.054 0.063
3C 0,009 0:0320 =0,087 =~0,003 0.0%4 -0,086 ~0.059
4% ~0032 ~0.030  0.019 -0.054"' -0.086 0.142 --0.,006
AL ~Fy13¢  ~0.015 -0,057 0,063 -0.08? 0,006 0.117
COEFFICIENTS FOR DERIVATIVES OF RV! .

I -7 BP0 4340 . 8,840  2.490 24770 0,410 7720
2c 94340 8.840 25,160  2.580., 1.300° ~1.430 -14.410
38" 274140 2,490 2,580 12,1607 3.600 164390 ~6.940
30 - L6620  =2,770.  1.300° 3.680 22,120 13.110 24.100
44 48,990 0410 ~1.430 16.390 13.110 30.280 5,680

40 "144760 m?a7£Q_f1ﬁ+410: ~& 940 * 24100 G.6460 39,200

LONE
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Another view of these coefficients is provided on Table 13. In this case, the
coefficients have been reordered to bring together all of the derivatives with
respect to a particular independent variable. In addition, the coefficients
have been normalized to 1% of the threshold value used in the optimization
function for the correspond1ng controlled variable. The arrangement of this
table provides a view of the effect of each independent variable on the opti~
mization parameter: however, for the picture to be complete, each of the coef-
ficients should be multiplied by the slope of the corresponding optimization
function for a particular operating point as given in Figure 3. This indicates
that each of the independent variables has significant impact on the optimi-
zation function, even the 3¢ component which has small first order coeffi-
cients, has second order coefficients associated with 3c, 4s and 4c which are
sizeable.

While it is dangerous to make sweeping conclusions based on rotor performance
data at a single operating point, there are two conclusions that can be drawn
that are important to the remainder of this feasibility study. First, the
second order coefficients of the derivatives can be dominant .under a variety
of operating conditions. This tends to confirm the necessity for determining
the derivatives during actual operation of the rotor, rather than incorporating
them as part of the pre-programmed control function. The second conclusion is
that each of the six independent variables has significant effect on at least
bending moment and shear and, therefore, must be incorporated as part of the
feedback control function.

3.4 Effects on Rotor Thrust Vector

In general, the changes -in multicyclic control introduced at the tip end of
the blade to minimize the controlled parameters also change the 1ift and hori-
zontal thrust vector developed by the rotor. Therefore, to maintain rotor
trim, it would be necessary to introduce changes to the 1/rev cyclic pitch at
the root end of the rotor. If this were not done and if the effects of the
multicyclic control were large, the changes to multicyclic control would cause
changes in helicopter operation which would, in turn, require a constant pilot
attention in order to maintain the required operating condition. However,
work with the 6F Aeroelastic Loads Program has indicated that the effects of
multicyclic control on rotor trim are, in fact, small at the operating point
investigated. Therefore, for the purposes of this feasibility study, the
effects of multicyclic control on rotor trim are taken as not large in compari-
son to other effects for which the pilot must continuously compensate. This
assumption would probably not be valid if the rotor tip end pitch changes at
1/rev were made subject to feedback control.

3.5 Search Strategies

The feedback control system requires a strategy to direct its search to find
the path from the current operating point to the "best" operating point as
defined by the optimization parameter. This strategy is contained in the

logic that is used to analyze the measurements from the operating rotor in con-
Junction with the characteristics of the optimization function to determine
which of the independent variables to increment next.
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TABLE 13. NORMALIZED DERIVATIVE COEFFICIENTS (REORDERED)

IFARST . SECONL QIRUER

QTR 24 20 3% RN 45 a1
DEREVATIVES WITH RESFECT TO 28 :

I3 R ORD L 0OB4 0053 =0.293 -0, 185 ~0.368 ~0,320
B 0.8/ 0427 0.14% 0,023 0,009 =-0.076 0,024
"M 1635 LaJ20  ~0.228 0,433 o RUn Q20 0,124
1y -5 43 1,447 EPRLP 0. 830 LPE3 0137 ~2.573
NERIVATIVES WLITH RESPLCT TO 20

It s I -F ¥ 0. 0MS OLBSE  -0.17%  «0.70% -0.072 0.5L01
HI (o L&Y De1AG Gad00 -0.008 0003 0,010 0,076
A 8,95z - () @08 PL,082  ~0,011 0 ~0.7RE 0 0LINE - (L4774
Rl 13 - pepay 8,387 0,840 0,433 Q. 477 =4,.803
NERIVUATIVES WITH RESPLCT 10 38 :

B 00465 ~), 0% 0,179 Le#32 O P38 =04 LP4 1,408
e ~ (), 389 G023 0,008 L. 208 0,033 =0.,004 -0,082
M 0 E “0.68%  ~0.541 D487 -0.008 —0.447 GL,504
fey 2,047 0, B30 0. BAHD 4, 0L3 12327 B as% ~9L.313
DERIVATIVES WITH RESPECT O 30 :

i 0756 w0 A8 -0, 700 o234 0465 QB0 ~0. 17V
HE “0 147 0,009 ~0,003 0,033 0,189 ~0.,007 0.048
fied “Q.077  QLELR 0L FRE ~0.026 - D.FRT =0.718  -0.495
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3.5.1 Maximum Slope. Theoret1ca11y, the shortest path from a given operating
point to the "best" operating point is found by moving at ali times in the
direction of maximum slope on the seven-dimensional surface relating the six
independent variables to the optimization parameter. Movement continues until
the slopes in all directions become,zero. In a practical system where move-
ment takes place with a finite increment, the point where all slopes equal
zero is not found. Instead, the slope changes sign as. the minimum point is
passed. The ab111ty to_get closer to the minimum point is inversely propor-
tional to the size of the increment used. On the other hand, the time required
tc move from one operating point to another is also inversely proportional to
the size of the increment. Therefore, a tradeoff or provisicn of a variable
increment size is required. However, in a .practical system, the noise associ-
ated with the measurements of the operation of the rotor also limits tha
degree to which the minimum point can be approached.

To implement this search strategy, the control system must first determine the
derivative of the optimization parameter with respect to each of the indepen-
dent variables. These derivatives are then inspected to select the :one with
the maximum magnitude. The independent variable corresponding to that deriva-
tive is then incremented in a-direction corresponding to the sign of the deriv-
ative.

3.5.2 Determination of Derivatives. As indicated in paragraph 3.1, the con-
trol system must be responsive to the derivative of the optimization function
with respect to each of the independent variables. This may be expressed as
the sum of the products .of the derivative of the optimization function with
respect to the controlled variable and the derivative of the controlled vari-
ables with respect to the independent variable. Knowledge of the first deriv-
ative comes from the optimization function specified. Knowledge of the other
derivatives must come from measurements on the operating rotor. However,
there is no method for measuring the latter derivative directly. ‘Rather, each
of the independent variables must be perturbed and the corresponding changes
in the controllied variables noted. Furthermore, the independent variable must
be perturbed in such a way that the changes in the controlled variable caused
by these perturbations can be distinguished from other normally occuring
changes in the controlled variable. This can be accomplished by using a per-
turbation of sufficient amplitude or by accomplishing the perturbation with a
recognizable modulation. In either case, a sufficient time must be provided
for the dynamics of the rotor system to respond to the perturbation.

The sensitivity of the optimization function to changes in the independent
variable can be found in one of two ways:

4
AP 1 ] (
= v Yo = Yep)
where:
3P

is the derivative of the optimization function with respect
Y to Yo evaluated at the current operating point (1)

o
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or:

NI

By " - xey (FV12e Yzor Yaz» Yag) - FUps Yop Yar ~‘/41)]
where:

f(yk’s) is the optimization function evaluated at the current opera-
ting point (1) and the perturbation point (2).

Theoretically, both methods are the same; however, there are some practical
differences. For instance, the accuracy and resolution requirements on the
calculation of the second are more stringent than on the first because the
second involves the difference of two large numbers. However, depending on
the nature of the optimization function, the storage of coefficients and the
method of caiculation may be simpler for the second than for the first. With
efther method, the resolution and accuracy requirements on the measurements of
the controlled variables are the same.

One method of perturbing the independent variables is to modulate them with a
frequency, low with respect to the rotor dynamics, and then observe the con-
trolled variables for a sufficient number of modulation cycles to separate the
changes caused by the perturbation from the other changes. In general, the
number of cycles required is inversely proportional to the amplitude of the
perturbation. (The limiting case is 1/2 cycle; i.e., the independent variable
is deflected from its value at the operating point for a sufficient time for
the rotor dynamics to respond.) Since the rotor dynamics are fixed, the time
to make a measurement is, in effect, inversely proportional to the amplitude
of the perturbation. If some form of modulation is used, it would be possible
to perturb several of the independent variables simultaneously and then separ-
ate the responses of the controlled variables into the proper components cor-
responding to each of the perturbed independent variables. However, if several
are perturbed simultaneously, the amplitudes will combine and, therefore, the
maximum perturbation amplitude allowed on each independent variable is inver-
sely proportional to the number of variables that are perturbed simultaneously.
Therefore, simultaneous perturbations will not decrease the time required to
accomplish the measurements.

The discussion above indicates that several rotor time constants are required
to acquire the full set of derivatives. In addition, time must be allowed for
the effect of the increment of the selected independent variable to take place.
Therefore, because of its reguirement to have all six derivatives, the maximum
slope search described above may not be'the minimum time search.

3.5.3 Sequential Step Search. The maximum slope search spends six time inter-
vals determining derivatives before incrementing an independent variable
towards the optimum point. During some of those six intervals, the system
would have been incremented in such a way as to move closer to the "best"
point. Therefore, the search time can be reduced if this possibility is recog-
nized. This can be accompiished by noting whether the optimization function
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decreases or increases as a result of each increment of an independent vari-
able. The increment is retained if the optimization function decreases and
removed if it increases. The derivatives can also be determined when these
Increments are made. There are a variety of search techniques using this con-
cept. They differ in the basic sequence used to increment the independent
variables and in the logic used to modify that sequence in response to the
results obtained from the increments. Possible criteria for establishing a
basic sequence are:

a. Increment each independent variable in turn, i.e., all with the
same frequency

b. Increment the most important independent variables more frequently

c. Increment the independent variable with the Targest derivative
most. frequently

Inspection of the coefficients in Table 13 indicates that there is no apparent
basis for establishing certain independent variables as being more important
than others. Therefore, b. has not been considered. An approach based on c.
cannot be accomplished without knowiedge of the derivatives. These are con-
stantly changing as the operating point moves and, therefore, must be deter-~
mined at some minimum interval. This can be accomplished with a method based
on a. The method chosen for the purposes of this feasibility study uses a com-
bination of a and ¢. A basic 12-interval cycle is established. During the odd
numbered intervals, each of the six independent variables is incremented in
turn. The direction of the increment is determined on- the basis of the last
slope determined for that independent variable. The even numbered intervals
are used to increment the independent variable with the largest derivative.

A derivative is determined in each interval and stored for future decisions.

Variations of this strategy are also categorized by the action taken when it~
is determined whether or not the increment of an independent variable
increases or decreases the optimization function. Some of the possibilities'
are: S

a. Remove the increment if the optimization function increases T
b. Retain 1/2 the increment if the optimization function increases
and if the slope changes sign, the assumption being that the
increment caused the operation to move past the minimum point

c. Try an increment of the opposite sign if the optimization func-
tion increases and the slope has changed sign.

The effects of these variations and others have been studied in the simulation
studies described in Section 4.

3.5.4 Magnitude of the Increment. There are two considerations that call for
a large increment of the independent variables. These are better immunity to
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noise and other random variations in the controlled parameters, and more rapid
response of the system to changes in operating condition of the helicopter,
The considerations for a smaller increment are a closer approach to the minimum
point and tess likelihood that the effect of the perturbations become objec-
tionable to the operation of the helicopter. Some of each of these consider-
ations can be accommodated by making the increment variable. The advantage of
this complexity is dependent upon the noise levels that will be encountered,
rate of change required of the multicyclic .control components to accommodate
changes in helicopter operation, and the sensitivity of the search to the size
of the increment. Some of these effects are investigated in the simulation
studies described in paragraph 4.2. However, the determination of the magni-
tude of the increment will be Targely dependent upon experience with an oper-
ating rotor,

3.5.5 Choice of Independent Variables. While it was stated in paragraph 3.1
that the independent variables would be the sine and cosine components of the
2, 3 and 4/revolution pitch angle, consideration should also be given to using
the magnitude and phase angle of the 2, 3 and 4/revolution pitch angle as the
independent variables. The latter approach might reduce the search time in
response to changing operating conditions. This would be true if the best
phase angles of the multicyclic control angles are a function of the direction
of the rotor thrust vector and if the best magnitude of the multicyclic con-
trol angles are a function of the magnitude of the rotor thrust vector. 1In
order to determine the advantages of this approach, rotor characteristics
would be required describing a variety of operating conditions.

There are also disadvantages to using magnitude and phase angle as the inde-
pendent variables. For instance, when the magnitude of one harmonic is near
zero, changes in the phase of that harmonic will have little or no effect.
Furthermore, at a given phase angle, the best magnitude may be near zero.
These two conditions can cause a suboptimum "depression" in the optimization
function surface. The magnitude of this problem is dependent upon the rotor
characteristics for various operating conditions and the characteristics of
the optimization function.

In view of the potential problems and the lack of any clear indication of a
specific advantage to using magnitude and phase angle as independent variables,
the sine and cosine components are used as the independent variables in this
feasibility study.

4.0 SIMULATION STUDIES

Many of the factors that must be investigated in the course of developing a
preliminary design for the feedback control system cannot readily be treated
analytically. Therefore, two computer models have been developed to allow
' these effects to be investigated. The first of these is based on the maximum
slope method for selecting the operating point. Since this represents the
most effective search procedure {without regard to the determination of the
derivatives of the rotor characteristics), it is used to investigate those
effects that are not associated with a particular search method. It is also
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used as the standard against which to compare the results of other search
methods, The model is described in Appendix C. The other model allows the
investigation of particular search strategies and the way in which they are
affected by various system parameters. This model is discussed in Appendix D.
The results, using each of these models, are discussed below. Unless noted
otherw;sg, each model used the optimization function of Figure 3 and an incre-
ment of 0.5°,

4.1 Effect of Various Optimization Functions

The relative value of the various controlled parameters, as reflected by the
optimization function, determines the operating point selected by the control
system action. The effect of the optimization function on this selection pro-
cess is dependent upon the rotor characteristics. The interaction of various
optimization functions with the given set of rotor characteristics has been
investigated using the maximum slope model. This model was chosen so that the
results will be the least dependent on the particular search strategy used.

Two basic optimization functions were used in this investigation. The first
places equal value on each of the controlled parameters. This is represented
by the following equation:

BM HP + OLmax + RY

7000 T 750 T 12 ' 300

P =100

The second is the optimization function presented in paragraph 3.2 and des-
cribed in Figure 3. The variations investigated include various combinatijons
of the terms from these two functions, as well as changes in the constants
used in the second. The results are judged in terms of the operating point
selected by each function as described by the values of the four controlied
variables. The results are summarized on Table 14. The operating point with
no muiticyclic control has been incliuded as a basis for comparison with the
operating point selected by the various optimization functions.

The first case is the Tinear optimization function where each of the con-
trolled variables, normalized to a particular value, has equal weight. This
shows that a significant reduction in the hub shear (RV) can be achieved with
only a small increase in the other three controlled variables.

Cases 2, 3 and 4 show the cummulative effect of successive changes of the
terms associated with hub shear, maximum angle of attack and horsepower, from
those of Case 1 to the optimization function described in paragraph 3.1. The
change in the hub shear term places a greater jmportance on hub shear with the
result that it is decreased at the expense of increases in the other three
parameters. The change in the angle of attack term eliminates the penalty of
angles near 12° so that the angle of attack is further increased, providing an
additional reduction in hub shear. The change of the horsepower term
increases the penalty of 771 HP. Therefore, horsepower is decreased and hub
shear increases. The change in maximum angie of attack is just the conse-
quence of the different selected operating point. The change in the bending

36



LE

TABLE 14, EFFECT OF VARIOUS OPTIMIZATION FUNCTIONS
SELECTED OPERATING POINT
INDEPENDENT VARIABLES CONTROLLED VARIABLES

OPTIMIZATION FUNCTION 25 2C 35 3c 4s 4C BM HP o _RV

Base Line: No Multicyclic Pitch 0 0 0 [ 0 0 44M 745 17.1 257

1. P=%}-+Hgﬁ+%—+% 2 .5 5 0 -1 4549 759 1.7 21

2. Change RV term to that of Figure 3 2.5 .5 .5 0 - 1.5 1 4653 765 12.0 197

3. Also change @, term to that of Figure 3 3 .5 .5 0, -1.5 1 4723 m 12.4 186

4  Also change HP term to that of F1gur'ea3 2.5 .5 0 0 - 1.5 1 4653 765 12.0 197

5. Optimization Function of F:igure 3

(i.e., also change BM to that of Figure 3} 2.5 5 50 - 1.5 i 4653 765 12.0 197

6. #5 without 1inear BM term 2.5 .5 0 o - 1.5 1 4683 766 12.1 195

7. #5 with HP threshold increased from 750 to 800 3 .5 0 0 - 1.5 1 4723 mn 12.4 186

8. #5 with o threshold increased from 12 to 13 3 .5 .5 0 - 1.5 1 4688 770 12.3 188

9. #5 with HPf = 800, Ot = 13 4.5 1 0 0 - 1.8 1 5054 792 13.6 156

10, #5 without Tinear BM term, P, = 800 3.5 1] 0 Q - 1.5 1 4880 77 12,7 173
1. #5 without Tinear BM term, % © 13. 3 1 0 b - 1.8 1 4794 770 12.4 180 °

12, #5 without Vinear B term, HP, = 800, o, = 13 4.5 1.5 0 0 -~ 1.5 1 5165 792 13.5 153
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moment term results, in Case 5, in the full optimization function of Figure 3.
Since this new term has essentially the same value as the original term at a
bending moment of 4653 in-1b, the operating point is unchanged.

Cases 6, 7 and 8 show the effects of making changes in the bending moment,
horsepower and maximum angle of attack terms. In Case 6, the linear portion

of the bending moment term is removed. The operating point then selected indi-
cates that, with these rotor characteristics, allowing greater bending moments
does not significantly decrease the hub shear that can be obtained. However,
Cases 7 and 8 indicate that increasing the threshold for either horsepower or
maximum angle of attack does allow a decrease in hub shear to be obtained.

The fact that the horsepower and maximum angie of attack are essentially the
same in Cases 7 and 8 is .caused by the particular rotor characteristics being
used and not the optimization function. The optimization function is assigning
an essentially equal penalty in either case whether the penalty is caused by
horsepower being above its threshold or angle of attack being above its thresh-
old.

Cases 9, 10 and 11 show these three changes being applied in pairs. In Case 9,
the thresholds for both horsepower and angle of attack have been increased and,
as would be expected, another significant decrease in hub shear is achieved.
Cases 10 and 11 again show that bending moment does not represent a serious
constraint with these rotor characteristics. Although the elimination of that
term does allow a greater decrease in hub shear than the increase of the two
thresholds by themselves.

Casé 12 incorporates all three of the changes described above and, in effect,
represents the addition of the bending moment deletion to Case 9. As indi-
cated, this does not provide much further reduction in hub shear.

In conclusion, it can be seen that with these rotor characteristics, signifi-
cant decreases in hub shear, and the resulting body accelerations, can only be
achieved at the price of increases in horsepower, maximum angle of attack and,
to some extent, bending moment. Therefore, the optimization function selected |
must accurately reflect the relative value of these parameters for the multi-
cyclic control system to be effective.

4.2 Magnitude of the Increment

The factors to be considered in chosing the amplitude with which to increment
the various independent variables were discussed in paragraph 3.5.4. The
effects of various increment magnitudes have been investigated with the maxi-
mum slope model in the absence of other factors, such as noise and the peculi-
arities of particular search strategies. Some of the results are shown on
Figure 4. The optimization function of Figure 3 was used and the model was
started at the operating point corresponding to no multicyclic control. The
increment was first set at 1° and the model allowed to run until it reached
its best operating point. The increment was then changed to .5° and_the mode]
was allowed to continue until it again reached its best operating point. Two
additional cycles were taken with the increment at .2° and .1°, respectively.
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Figure 4. Effect of Increment Size.
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These results indicate that, with the optimization function and rotor charac--
teristic used and without considering noise in measurement of the rotor char-
acteristics, there is 1ittle benefit in decreasing the increment below .5°.

4.3 Effect of Search Strategies

The general considerations for search strategies were discussed in paragraph
3.5, with particular emphasis on sequential step searches in paragraph 3.5.3.
The simulation mode]l described in Appendix D was set up to investigate the
characteristics of the varjous alternatives for sequential step searches. Two
sequences were investigated: one with a basic cycle of six intervals, wherein
each of the independent variables was incremented, in turn; and the other with
a basic cycle of twelve intervals, wherein the six independent variables were
incremented in the odd numbered intervals and the independent variable having
the maximum slope was incremented in the even numbered intervals. Within each
of these sequences, four alternatives on the action to be taken if the optimi-
zation parameter increases as a result of an increment were investigated.
These four alternatives are:

. A. Retain the increment and move to the next interval in the cycle

B. Remove the increment and redetermine the operatiﬁg point without
the increment :

C. Remove one-half the increment and take the new value of the opti-
mization parameter to be the average of the values with and
without the full increment

" D. Try an increment of the opposite sign. If the optimization
parameter still increases, remove the increment and redetermine
the operating point without the increment.

In each case, the siope (AP/AX) is determined in each interval and stored for
use in determining the direction of the increment the next time the corres-
ponding independent variable is to be incremented. In addition, in method D,
if the increments with opposite signs both cause the optimization parameter to
increase, the slope is set equal to zero, with the sign equal to that of the
smaller of the two slopes. .

In methods B and D, the redetermination of the operating point with the incre-
ment removed is necessary in order to allow the system to follow changes 1in
rotor trim conditions. It is also necessary to account for the effects of
noise and other random variations.

The results are summarized on Table 15. This shows, for each of the cases,
the number of iterations for the optimization parameter, P, to reach 60, 50
and its minimum. The minimum value of P' is also given. The remaining four
values in the table are the average values and the standard deviation of the
optimization parameter, P, and the hub shear, Rv’ after steady state has been

reached. The particular vaiue of RV is, of course, a function of the
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TABLE 15. EFFECTS OF SEARCH STRATEGIES

SEQUENCE ACTION
IF P INCREASES

ITERATIONS TO P =
60 50 MIN

P

P

STEADY STATE

o

R

min P v Ry
Each X in Sequence
1A Continue 25 - 45 48 46 58 8 198 12
1B Remove A; restart 26 47 48 18 49 1 193 4
IC Remove 1/2 A; P = average 25 40 44 46 54 6 198 12
1D Try - A; if P, < Py, restart 38 49 65 47 48 1 197 5
Each X in Sequence,
Alternate X with Maximum Slope
2A  Continue 30 41 44 46 52 4 196 9
2B Remove A; restart 27 41 62 46 47 1 187 5
2C Remové 1/2 A; P = average 19 32 56 46 49 2 191 8
2D Try - Ay 1f P still increases,
restart 25 33 52 46 48 1 193 5
2D' Same as 2D, except 4 = 1° 22 35 55 48 59 20 188 12
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optimization parameter. However, the value of the standard deviation of RV is

an indication of the stability of the operating point achieved. A plot of the
operation of method 2D is shown on Figure 5.

Comparison of the four methods, wherein each independent variable is incre-
mented in sequence, shows that method A has the largest average optimization
parameter and the largest standard deviations. This is caused by the incre-
ments that drive the system away from the "best" operating point remaining

in existence for the six intervals of the basic cycle. In case B, where the
increment is removed if P increases, the steady state operation is improved
without any significant change in the time to reach the steady state condition.
Removing one-half the increment, as in method C, provides a slight reduction

in the time to reach steady state. However, the steady state condition is more
1ike that of method A. Method D was an attempt to reduce the time to reach
steady state while retaining the steady state characteristics of method B.
However, the improvement in time was not achieved.

The sequence wherein the saquential incrementing of the independent variables
is alternated with the independent variable providing the maximum slope, gen-
erally reduces the number of iterations necessary to reach the steady state
condition. Method D showed the greatest reduction and does provide a signifi-
cant decrease in the number of iterations to achieve steady state while
retaining the steady state characteristics of method B. The improvement in
the steady state conditions for methods 2A and 2C over 1A and 1C, respectively,
is probably due to removing the bad excursions from the "best" operating point
sooner through the provisions for incrementing the independent variable pro-
viding the maximum slope.

The effect of increment size is shown by case 2D', which is the same as 2D,
except that the increment is 1 degree (the increment is 1/2 degree for all
other cases). While it might have been expected that the time to reach steady
state would have been reduced, such was not the case. Undoubtedly the results
would have been different if a greater amount of multicyclic control were
required to reach the "best" operating point. Whether or not this would ever
be an advantage is dependent on how fast the operating point must be changed
in response to rotor trim changes. The deterioration of the steady state con-

dition is caused by the larger excursions from the "best” operating point
caused by the larger increments.

Methods 2C and 2D appear best, with 2C providing somewhat faster initial move-
ment towards the "best" operating point, but 2D providing slightly better
steady state conditions.

The final choice of a search strategy is dependent upon the requirements for
the system to follow changes in rotor trim conditions. This is, in turn,
dependent upon the rotor characteristics under a variety of trim conditions
and the characteristics of the final optimization function.
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4.4 Noise Investigation

" The control system must make measurements of the dependent variables to provide
feedback to the control process. In addition, the measurements of these depen-
dent variables also provide the basis for determining the derivatives of the
optimization function with respect to each of the independent variables. How-
ever, the instrumentation used to measure these dependent variables is sub-
jected to various external effects. 1In addition, the dependent variables them-
selves are perturbed by sources not related to the increments of the indepen-
dent variables. Both of these effects constitute noise which can misiead the.
control system.

To investigate these effects, a noise generator was included in the simulation
model described in Appendix D. A random process is used to- generate noise with
an amplitude that is normally distributed about zero. These noise amplitudes
are then added to the calculated values of the dependent variables. The noise
géenerator has been arranged so that the RMS amplitude of the noise added to a
particular dependent variable is equal to a given percentage of the threshold
value used in the optimization function for that variable.

Runs of the simulation model were made with RMS noise amplitudes of .2%, .5%, .
1%, 2% and 5% applied to all of the dependent variables. The results are shown
on Table 16. No results are shown for the 5% case, since the system did not
show signs of reaching a stable operating condition during the first 175 iter-
ations. P was calculated before and after the noise was added to the dependent
variables, and information about both is provided on Table 16. The RV infor-

mation is also given without noise, since that represents the actual Rv'

Since the noise generation is a random process, many runs at each of the opera-
ting conditions would be necessary in order to draw definitive conclusions.
Such has not been done within the scope of this feasibility study. However,
from Table 16, it would appear that noise begins to have an effect at 1% RMS.
The 2% case was interesting in that the system seemed to find one operating
point after approximately 65 iterations. This point was held for 30 or 40
iterations and then the system moved to a different operating point, as indi-
cated on Table 16. The run was terminated after 200 iterations, and at that
point there was an indication that the operating point was again shifting.

A detailed investigation of some of the data produced by the simulation model
indicates that the noise added to the horsepower is a major contributor to the
instability evidenced by the model. A review of the derivatives of all of the
dependent variables with respect to the .independent variables also indicates
that horsepower is most 1ikely to be a problem. These derivatives are given
on Table 17 for the initial point, that is the operatihg point with no multi-
cyclic control, and the "best" point. These derivatives are calculated from
the data given in Table 13. This data shows that, except for the sine component
of the 2/vev at the "best" point, the derivatives of horsepower are very small.
Changes of the multicyclic components of one-half degree provide only a very
Tew tenths percent change in horsepower. Thus, with noise of 1% RMS and
"signal" of only a few tenths of a percent, the signal to noise ratio is very
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TABLE 16. EFFECTS OF NOISE
RMS NOISE ITERATIONS T0 BEFORE NOISE WITH NOISE BEFORE NOISE
% STEADY STATE P o] p g R e ]
p P v Rv
0 a0 48 1.8 48 1.8 189 6
.2 50 49 2.0 49 2.4 188 6
.5 50 49 1.5 49 1.7 198 5
1.0 55 51 3.3 55 8.6 204 7
2.0 65 66 4.3 69 7.4 2417 9
135 52 3.5 55 9.2 204 9
5.0 Unstable
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TABLE 17. VALUES OF DERIVATIVES
DERIVATIVES OF DEPENDENT VARIABLES
INDEPENDENT VARIABLES WITH RESPECT TO INDEPENDENT VARIABLES
COMPONENT  VALUE BM HP O R,
(% OF THRESHOLD/DEGREE)

Initial Point

2s - .0° - 2.0 0.2 1.6 - 5.9

2¢ 0° - 2.9  -0.2 5.0 3.1

3s 0° 0.5 - 0.4 - 0.6 9.0

3c 0° 0.8  -0.2 - 0.1 0.5

gs 0° 0.1 - 0.0 - 0.3 16.3 .

ac 0° 0.8 0.1 - 1.1 - 5.3
“Best" Point

2s 3.0° 1.4 1.4 6.5 2.5

2¢ - 1.0° - 3.6  -0.1 1.7 - 0.6

3s - 0.5° 1.5  -0.4 -1.8 - 1.0

3¢ 0.5° 0.1 0.0 2.3 2.4

4s - 1.0° ' - 2.4  -0.6 - 2.5 2.0

4c 0.5¢ - 0.7 0.4 - 0.1 1.8
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low. This is aggravated by the fact that at the "best" operating p01nt the
derivative of the optimization function with respect to horsepower is very
large. Therefore, the system sees large changes in the optimization parameter
and attributes these to the incremental changes being made to the independent
variables-when, in fact, the large changes in optimization parameter are a
result of the noise on the horsepower signal. That the system functions at
all in the face of 1% noise can be attributed to the fact that the system con-
tinuously makes many, many measurements of the dependent variables and so the
effects of noise tend to average out, at least to some extent.

The results above indicate that noise.must be given special consideration
during the detail design. . The effects of noise will be influenced by the
rotor characteristics and the characteristics of the optimization function
finally chosen. These characteristics and the characteristics of the noise
ant1c1pated in the measurement of each of the dependent variables will deter-

mine what type of signal processing will be necessary to reduce noise to
acceptable levels.

4.5 Dynamic Considerations

In feedback control systems, action is taken on the basis of response to the
previous action. Therefore, the total system characteristics are dependent
upon the dynamics of the response of the controiled element to variations in

© the 1ndependent variables. Generally, the dynamic response of the controlied
element is given and cannot be considered a design variable to the designer
of the control system. In this multicyclic control system, the major design
variabTe that influences the total system dynamics is the rate at which the
independent variables are incremented, or the iteration interval.

In order to investigate the effects of the iteration interval, a way is needed
to characterize the dynamic response of the rotor system and the instrumenta-
tion and signal processing used in the measurement of the dependent variables.
For the purposes of this feasibility study, this response has been character-
ized as a first order time lag. This is adequate for establishing the gross
effects of various iteration intervals. It certainly would not be adequate
for an investigation as to how the dynamic characteristics of the control sys-
tem might be adjusted to compensate for the dynamics of the rotor.

The effects of dynamic response have been incorporated in the simulation model
by adjusting the calculated values of the dependent variabies in accordance
with the conventional equation for the response of the first order system as
shown below:

y(t) =y, - (v, - y,) et/T

where:
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Yo = calculated value of y‘

Yo = value of y at beginning of interval

T = time constant equivé]ent of the dynamic response
t = Tength of iterat%on interval

This adjustment provides the value of the dependent variables at the end of
the iteration cycle and it is these values that are used to calculate the opti-
mization function which, in turh, is-used to determine the slopes and the sub-
sequent control action. Whiie the model has the capability of incorporating a
different time constant for:each of the dependent variables, the work in this
feasibiTlity study has been confined to the use of a single time constant. It
will be noted that the response of the system can be characterized by the

ratio of the iteration interval to the rotor time constant.

Runs were made with the simulation model of Appendix D under conditions ranging
from an iteration interval very long with respect to the rotor time constant to
one which was 10% of the rotor time constant. The results are summarized on
Table 18. The important parameters are the time to reach a more or less steady
state and the -conditions that exist during that steady state. The time para-
meter on Table 18 is expressed in terms of the rotor time constant and is
obtained from the product of the number of iterations and the ratio of the
iteration interval to the rotor time constant. <Conditions during steady state
are characterized by the mean and standard deviation of the -optimization para-
meter, P, and the hub shear, Rv' Time, the mean value of P, and the ratio of

the standard deviation to the mean of hub shear are also plotted on Figure 6

as a function of the ratio of iteration interval to rotor time constant. '

It will be noted that the time to reach steady state continues to decrease as
the iteration interval is decreased, until the interval becomes iess than 15%
of the rotor time constant. Below that point, the system did not arrive at a
steady state condition within 300 iterations, or 30 rotor time constants. The
scatter of the points on Figure 6 is exactly reprecducible for identical condi-
tions and is, undoubtedly, caused by the particular sequence of events that
take place as a result of a particular set of conditions. More consistent
results would probably be obtained on the basis of averages derived from using
a variety of operating points. An exampie of the action that can take place

in response to a particular set of circumstances occurred when the ratio of the
iteration interval to the rotor time constant was .24. In this case, the oper-
ation settled down to the conditions shown on Table 18 after approximately

126 iterations. After an additional 325 iterations, a new operating point was
found, wherein the mean value of the optimization parameter was 52, and its
standard deviation 1.

Figure 6 indicates that the performance of the system begins to degrade as the
iteration interval becomes about one-half the rotor time constant. However,
the final determination of this threshold wmust await further definition of the
rotor operation under other rotor trim conditions, and determination of the
dynamic response associated with each of the measured variables.
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TABLE 18. EFFECTS OF ITERATION INTERVAL, t
TO REACH CONDITIONS
, [TERATIONS STEADY STATE DURING STEADY STATE

t/1 1 - T Prin TOP . ITERATIONS TIME* 3 o R, Sy

1 46 52 54 —- 48 1 193 5

3 .95 46 43 45 135 48 1T 193 5

2 .86 46 44 54 108 47 1 188 5

1.5 .78 47 45 54 81 48 2 193 5

1.2 .70 16 54 72 86 48 2 185 7

1.0 .63 48 48 80 80 50 2 188 6

.8 .55 49 40 90 72 48 1 188 6

.6 .45 47 41 90 54 48 2 190 8

A .34 48 39 108 13 54 2 193 12

.3 .26 " 52 56 162 47 67 2 204 20

.24 .21 56 42 126 30 61 3 211 9

.2 .18 59 96 117 23 65 2 212 20

15 14 60 44 126 19 71 5 216 13
. .095 60 18 | —memee- Did not settle out within 300 iterations------- ,

*In units of rotor time constants.
|
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4.6 Cbmbined Noise and Dynamic Effects

In paragraphs 4.4 and 4.5, it was indicated that either noise or dynamic
effects can influence the stability of the feedback control system and the
quality of the operating point. These effects became noticeable with an RMS
noise of 1%, or an iteration interval of about 1/2 of the effective system
time constant. Therefore, these two effects have been tried in combination to
determine the extent to which they interact.

The simulation model of Appendix D was run with an RMS noise of 1% and an iter-
ation interval of 1/2 the equivalent rotor time constant. While the system
did move towards the previous operating point for 60 to 80 iterations, it then
began to move rapidly away from that operating point. Reducing the noise by a
factor of 2 had very Tittle effect. Doubling the iteration interval did pro-
vide an improvement in that the system did come close to the previous operating

" point and remained close to it for several hundred iterations. However, it
then began moving away rapidiy.

Several other combinations of noise and iteration- interval were tested, and the
results are summarized on Table 19. This shows that there is con51derabie rein-
forcement of the effetts of noise and iteration interval with, perhaps, the
system being somewhat more sensitive to the iteration 1nterva1 It also indi-
cates that there must be a significant increase in the iteration interval or
decrease in the noise level over their respective "threshold values", as deter-
mined independently, for acceptable performance. A combined factor of at least
4, and more 1ikely 8 or 16, appears necessary.

5.0 PRELIMINARY DESIGN

5.1 Implementation Concepts

The basic algorithm for multicyclic control and its performance in conjunction
with the rotor characteristics of Table 11 and the optimization function of
Figure 3 has been described in the previous sections. This section is con-
cerned with the implementation of this control algorithm and its interface
with the existing MFS/HPR Module System.

The calculations and decisjon points involved in the control algorithm strong]y
suggest the use of digital concepts in its implementation. Furthermore, since
flexibility will be an important attribute for the test configuration, program-
mable dlg1ta1 concepts should be used. This can be accomplished with either a
mini- or a microprocessor, depending upon availability and the degree of flex-
ibility determined necessary. A teletype or CRT terminal in conjunction with
the processor can provide the necessary operator interface, aithough other
methods can also be considered. This provides fTex1b111ty in the displays and
controls available to the operator through chandes in the processor program.

‘There is an analog control system in existence with provisions for generation
of the second, third and fourth harmonics of the rotor azimuth angle, provision
for modulat1ng, or changing the ampiitude and phase angle, of these harmonics
with manual inputs, and provisions for summing the modulated harmonics to
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TABLE 19. COMBINED NOISE AND DYNAMIC EFFECT

(ITERATION INTERVAL)
(EFFECTIVE TIME CONSTANT)

RMS NOISE ) .5 1 2
1% Unstable Divergent Fair
1/2 % Unstable Marginal Fair
/4 % Marginal Fair Good

Categories:

Unstable Does not reach or does not hold a stable
operating point.

Divergent Reaches and holds a stable operating point for
a few hundred iterations and then diverges.

Marginal Reaches and holds a stable operating point, but
wanders away from it for short periods

Fair Reaches and holds a stable operating point,
such that the optimization parameter stays
within 20% of the "value" without noise and
dynamics.

Good Operation essentially uneffected by noise and
dynamics.
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generate the specific control signals for each of the four blades. These con-
trol signals, in turn, drive the blade servos associated with each blade. This
system has shown itself to be more than adequate for the puposes of the test
configuration. Therefore, the feedback control system should interface the
existing system at the modulation step. The control processor can provide mod-
utation signals for each of the harmonics that replace the function of the
existing manual inputs. However, it is more convenient to provide the modula-
tion signals and implement the modulation process in terms of the sine and
cosine components of each harmonic, rather than the amplitude and phase, as is
done with manual control.

A block diagram of the preliminary design concept is shown in Figure 7. Sig-
nals from each of the.sensors are conditioned by analog circuitry for input

to the control processor through an analog to digital converter. {W{hen the
total signal processing task has been established on the basis of more complete
knowledge of the characteristics of each of the measured signals, a determina-
tion will be made as to which parts can bhetter be done in the analog signal
conditioning circuits and which parts might better be done digitally within

the control processor.) The signal conditioning for the body acceleration
signals is the most complex, in that the requirement is to extract the ampli-
tude of the fourth harmonic of a weighted average of these signals. The fourth
harmonic can be extracted by a synchronous detector using the sine and cosine
components of the fourth harmonic as generated by the existing harmonic gener-
ator. It may also be desirable to extract a particular harmonic from the con-
trol load signal which is representative of bending moment. The average of
the horsepower signal and the peak of the pitch link load signal is determined.

The processor senses each of the measured inputs and implements the control
algorithm to generate the ampiitude of the sine and cosine components of each
of the three harmonics. These six signals are then used. to modulate the har-
monics of rotor azimuth as developed by the existing harmonic generator and,
thus provide signals that replace those generated by the present, manually
controlied modulator. These signals are then summed in the existing ampli-
fiers to provide the specific control signal for each of the four blades.

The processor also provides the interface with the operator through a teletype
or CRT terminal. Other methods may also be considered when the complete
requirement for operator interface is established. Among requirements to be
considered are display of the measured variables and the calculated indepen-
dent variables, initiation and termination of feedback control, change of con-
trol parameters such as iteration interval and increment size, and override of
feedback control with manual control.

Other degrees of flexibiTlity which should be provided; but not through the
operator interface, include changes in the signal processing characteristics
and the control algorithm.

5.2 System Test Sensors

As stated in paragraph 3.1, the parameters selected for control in the feed-
back system are Bending Moment, Horsepower, Maximum Angle of Attack and Hub
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Shear. A1l studies to date have indicated that these parameters should be thé
primary contro111ng factors indicating.satisfactory multicyclic performance.

It is possible that data from wind tunnel tests may indicate that additional
parameters may be sensed to limit the harmonic inputs to maintain alil systems
within acceptable load Tevels. The feedback system, which is the subject of
this study, does not consider these add1t1ona1 limiting parameters; however,
they could be added when necessary.

Direct measurement of the parameters listed above presents some problems.
UTtimately, a flight version of the feedback system must be considered which
makes the measurement of bending moment impractical from a reliability stand-
point. Horsepower, angle of attack and hub shear cannot be measured directly
in either an aircraft or the wind tunnel model. It is necessary, for all of
the above parameters, to select control parameters that are either directly or
indirectly related to the desired parameters.

Blade bending moment can only be measured directly by strain gage bridges.
While this would be acceptable for a wind tunnel model, the installation of
strain gage bridges on flight blades that may be exposed to varying weather
conditions is not satisfactory for a reliable control system. There is a high
probability that blade bending moments are related to control loads. The rela-
tionship must be verified and defined through analysis of wind tunnel data.

If there is, in fact, a relationship, reliable load cells can be installed in
the fixed control system. For wind tunnel test, it is more practical for cast
considerations to use existing instrumentation that measures pitch Tink load.

Horsepower is a more straightforward parameter with which to work. In the
wind tunnel model, rotor shaft torque can be used, whereas in a helicopter
transmission, torque pressure, for which standard sensors are available, would
be used.

Blade angle of attack cannot be d%rectly measured, but there is a relationship
between angle of attack and pitch 1ink load. Again, in a flight helicopter,
it would be more desirable to work with load cells in the non-rotating control
system.

Hub shear has always presented a measurement problem. In the case of multi-
cyclic control, the interest in vibratory hub shear reduction is due to the
resultant reduction in fuselage vibration. Vibration measurement by accelero-
meters will provide the initial control measurement. It is uncertain, due to
data availability, whether or not the accelerometer signals can be fed directly
to the feedback circuitry or if the vibration levels must be first related to
hub shear through methods of Force Determination. The number and location of
the accelerometers is also uncertain until more data becomes available. For
the purpose of this study, the accelerometer signals are fed directly to the
feedback system.

5.3 Processor Functions

A flow diagram of the processor functions associated with the controi a1gqrithm
is shown on Figure 8. (The other major function of the processor, which is not
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Figure 8. Processor Control Functions.
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shown, is the servicing of the operator interface.) Three branches are shown.
The "Initiate" branch is entered each time the feedback control function is
initiated. [ts purpose is to provide the initial values of the six components
of multicyclic control (X's) and the initial values of the slopes of the opti-
mization function with respect to each of these components (S's). The latter
will- usually be initialized at zero. Two flags, A and B, and a counter, C,
that are used to control the operation of the control algorithm are initialized
to the 1 state. The magnitude of the increment to be used in conjunction with
the independent variables must also be set.

The "Input" branch is associated with measuring each of the inputs and accom-
plishing that portjon of the signal processing that has been assigned to the
control processor., Depending upon the nature of the 'signal.processing to be
accomplished within the control processor, this branch may be entered more fre-
quently than the control branch.

The "Control" branch is concerned with the control function itself and is
entered once each iteration interval. The first step is to calculate the opti-
mization parameter from the measured and processed inputs. Next, flag A is
checked to determine if there is a valid basis for determining whether the
optimization parameter has increased or decreased as a result of the most
recently incremented independent variable. If there is, and if the optimiza-
tion parameter has decreased, the current and previous values of the optimiza-
tion parameter and the increment, I, are used to calculate the slope to be
associated with the most recently incremented independent variable, SN. Flag

B is then examined to determine whether the next independent variable to be
incremented is to be selected on the basis of maximum slope or the numerical
sequence. The counter, C, is used to keep track of the numerical sequence.
The maximum slope criterion is not used if the maximum slope is less than .01.
After setting the value of N (the independent variable to be incremented), the
value of A and the baseline value of the optimization parametér, Py, are set

to the values appropriate for the next iteration cycle. The independent vari-
able corresponding to N is then incremented in a direction dependent upon the
sine of the sTope associated with that independent variable.

If, back in the beginning of the "Control” branch, the optimization parameter
were found to have increased, and if flag A is not in the 3 state, steps are
taken to increment the most recently incremented independent variable in the
opposite direction. If this had already been accomplished {i.e., flag A in
the 3 state), the last increment is removed and fiag A is set to 1 so that a
new baseline value of the optimization parameter is determined on the next
jteration cycle. In addition, the sign of the slope associated with the most
recently incremehted independent variable is set equal to the sign of the
smaller of the slopes determined from the positive and negative increments.
The magnitude of the slope is set near zero so that it is not considered in
the determination of the independent variable with the maximum slope.
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5.4 Modulator Function

A schematic of one implementation of the modulator function is shown in Figure
9. One set of inputs is the sine and cosine components of the second, third
and fourth harmonics of the rotor azimuth angle generated by the existing har-
monic generator. The second set of inputs is the required amptitudes of these
components as determined by the control processor. The eight blocks marked M
generate the product of their respective inputs. Pairs of these products are
then summed to provide the signals required by the existing summing amplifiers
for each of the four blades. The M blocks may be implemented in either of two
ways. The first uses digital to analog converters on each of the six control
processor outputs and eight, four-quadrant, analog multipliers. The second,
uses eight ladder networks, each being switched by the appropriate digital
output of the control processor.

6.0 CONCLUDING REMARKS

During this feasibility study, several of the concepts associated with muiti-
cyclic adaptive control have been investigated and a preliminary design for
their implementation has also been generated. In the course of the investiga-
tion, some questions have been uncovered which require further resolution;
however, no fundamental problems were discovered. The preliminary design also
“indicates that the concepts can be implemented with available technology.
There are certain areas where further work is required to support the develop-
ment of a detailed design. These areas may be grouped in four categories:

the characteristics of the optimization function; the characteristics of the
measured variables; control system stability; and rotor characteristics.

6.1 Optimization Function Characteristics

The simulation studies have shown that the optimization function not only
affects the selected operating point, but also affects certain system operating
characteristics. It is important to know the nature of the criteria (i.e.,

the tradeoffs among the controlled, or measured, variables) for describing

the “best" rotor operation and the nature and numbers of controlled variables.
Consideration should also be given to the necessity for changing these criteria
as a function of the rotor trim conditions.

6.2 Characteristics of Méasured Varidbles

The characteristics of the optimization function will identify the kinds of
variables that must be measured to provide the necessary feedback. Knowledge
is required of the nature of the dynamic response of each of these measured
variables to changes in the independent variables, as well as the amplitude

and frequency characteristics of the noise to be associated with each of

these measured variables. The latter is particularly important in establishing
the nature of the signal conditioning necessary to reduce the noise to accept-
able levels. Since these characteristics are not peculiar to multicyclic con-

trol, they may be developed on the basis of experience with other helicopter
rotors and their instrumentation. :
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6.3 Control System Stability

Further study is required of the interaction among noise, rotor dynamics and
characteristics of the optimization function as it applies to the control sys-
tem stability and the total system performance. Consideration should also be
given to implementing the optimization function in ways that minimize its
effect on control system stability. Such studies will also indicate the bene-
fits that can be obtained from signal conditioning and other forms of compen-
sation for rotor and instrumentation effects that would otherwise degrade the
performance of the control system. These studies will involve the use of simu-
lation models such as those developed for the feasibility study. Their objec-
tive will be to develop the specific design criteria required for the develop-
ment of a detail design.

6.4 Rotor Characteristics

The analysis of the control system.performance requires a method of repre-
senting the characteristics of the rotor. This was achieved in the feasibility
study by the surface coefficients of Table 13. The derivatives based on these
coefficients should be verified to indicate that they represent the rotor to
be used in the test configuration. Changes of these derivatives should be
determined for the rotor with changes in rotor test conditions. This can most
realistically be accomplished by comparing the characteristics as derived from
the coefficients with characteristics derived from wind tunnel test data.

Some test data have already been collected and are currently being analyzed,
and additional wind tunnel testing is anticipated. The plans for this addi-
tional testing should also consider the need to develop data appropriate to
the analysis of the operation of the multicyclic control system.
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) A
IAMAN 25hoseact KAMAN

(]

OLD WINDSOR ROAD, BLOOMFIELE, CONNECTICUT 045002

OO0 OO OO

Report No. R-1494
KREAL M1 21 January 1977

CLMENS IGN Z(200+16), X{56)sY(56),20556,55),P(56456},
251(551,8(55) ’ANS 1{ 56}
3 HEAD(203,TITLES{ 15,5)
COMAON /MODAT A/ KMODEL
COMMON/TAO/N :
Caw ﬂJv/MDDHLS/F{ZOO.56),ZDPIG{200:T63
3 FGRMAT {1Hls////,10Xs*SURGEN*%%% GENERATES A RESPONSE MATRIX TO FIT
1 A 3ET OF DATA POINTS'//} -

REAJ{1,535) HEAD
515 FO3RMAT{2)4A4)

NBATPT = N3 OF DATA PCINTS {CASES)
NG OF COLJMNS TO BE READ

NMOD = 1
" MODELL = MULTICYCLIC CONTROL THRU THIRD HARMONIC
. NMOD = 2 ' :
MBDDEL2 = CTR DG, D1S,D1C
NMDD = 3
MODEL 3 = MULTICYCLIC 4 HARMONICS

READ(1,13) NDATPT, NCDLS:VMDD,IDBUG
NCTL=T |
IF{ NMDOD L,EQs 21 NCTL=3
IF{NMODLEQW3) NCTL = 6
"IF{NMOD.EQ.4) NCTL=9
TLEFT=NCOLS-NCTL .
READ(L,310MUTITLESII+d)sd=1y5}, =1, ILEFT)

521J- FDRMAT{BISAZ}l
NV AR=43 :
IFlNMDD o EQ. ZjNV AR=14
IF{NMOD -EQ. 3JNVAR=27
IF{NMODs EQe & )NV AR=30

13- FORMAT(8I10)

INDEX=1 )
KOUNT=0
DO 20 I=14NDATPT
IF{NMOD +NEL.3) GO TO 22

FUR MODEL 3 WANT TO SKIP FIRST THREE WORD ON CARD DO,D1S,DIC
READ(1+33) {Z{1+J)sJ=1,NC0LS)
GG TQO 20
22 READ{1,323% (Z{(1,J),d=1,NCOLS)
2J3-CONT INJE
3) FORMAT(8F10.2}
33 FORMAT{3)X,5F10.2/8F10,2)
DO 25 I=1,NDATPT
DO 25 J=1,NCOLS
25 ZORIG(I,Ji=2(I,J}
Z1=NDATPT
22=NCOLS


http:IF(NMOD.EQ.43

35
533i

5332
5333

53)%
53J>

35

72

3J
32

52

wl=e s el

NZ=¥y AR+2 .

20 TQ {5)31:5002.5003;50043:NMOD
CALL O23YS{*LOAD*®*,'SURGMECD1"Y}
20 TO 5325 A
CALL CPSYS{*tLOADY,'SURGMDD2%)
od IO 5235 )

CALL OPSYS{* LOADY,*SURGMON3T)
wd TO 5CG)> .
CALL OPSYS{* LOAD*, 'SURGMOD4Y)
CONTINUE

DO 31 I=1,NDATPY
DO. 31 J=1,N2

Fil,3)=1.0

ARITE(3¢5)

AaRITE{3:516])

FORUAT /7 1)

WRITE{3,505) HEAD

GO TO {(43,45,42,48),NMOD
CALL MOOEBLL{NDATPT, INDEX)

o0 T3 46 ’

CALL MODEL3(NDATPT, INDEX}

GO TO 46 .
CALL HGDELZ(NDATPI:INDEX)

G0 TO 46

CALL MODEL4{ NDATPT,INDEX} -
KOUNFT=KOJNT+#1 -
IFINMOD+EQua 2+ AND N+ EQWwB} GO TO 412
pG 32 I=1,N1 ’

DO 32 J=1l,Nl

QiIyd1=0eD

Ptl,4)=0.0

DO 34 I=1,N1 '
Y{I3=0.:0

BLIi=0.0

DO 36 [=1,N2 -

X(t1)=1.0"

DO 55 1=1,NDATPT

DO 55 J=1,NCOLS
Z{I4J)=Z0RIGITI+J)

55240 -

$5=3,0
§$7=2.0

B0 523 L=1,NDATPT

DG 70-I=2,N2

X{I)=FlLs1}

DO B8)-1=1,N1

00 323 J=1,N1

"PUILJd}=PL{I, ) +X{1}¥X(J}
YO =Y (D #X{ T RXINZ)

ST=S7T+%X{N2)
S5=535+X{N2}*X(N2}
MI=P{l,1}

$2=Y(1)

DO 120 1=2,N1

A-2


http:IF(NMOD.EO2.ANDNEQ.8I

II=1-1
S1=P{L, 1)
33=Y(1)
S4=P{1,1)
A=MI %2S3-S1%S2
5E={ Al =54—S1#SL }E{MI*55-52%52}
RATIO=0e3 - .
IF{(A -EQ. 0.0) .AND. (BB .EQ. D.0)) GO TO 61
RATIO=A/SQRT{2B)
51 ROUND={{RATIO¥1300.+.5}/1000.}
aRITE(3,110) II,ROUND

11) FGRMAT{5X,"FACTOR'+I3y5%s "CORRELATION=",F6.3}

1J)=G{I11=A
_ CALL OPSYS{ YLOAD®,*SURGMATX?)

CALL MATINVIP,Qy, NGyN1}
IF{ NG .NE. 9} GO TO 105
WRITZ{3,101) .
1)1 FORMAT{5X, 10('¢-3,'ERROR IN MATRIX INVERSE +,10(%%t))
GO TO 412 -
135 IF  IDBJG <NEa OIWRITE{3,102){{P(NN,MMYy,NN=14NL)} ,MM=1 oNL}
IF { IDBJG oNE. OIWRITE(3, 1023 {{Q{NN,MM) ,NN=1 ,NL} ;MM=1 ,NL}
132 FORMAT(' MATRIX INVERSE*/6(10F12.4}//)
CALL MTRXMP{ N1, Nls14Q,Ys By 0}
ARITE(3,120)
12)- FORMAT{/,ZDX:‘CDEFFICIENTS OF BEST LINEAR FIT'/}
00 130 I=2,N1 ,
13) ANSLLI)= {{B{[)*1000.+.5)/1000.) .
WRITE(3+140) (ANS1{I),I=24NL1)
1%)- FORMAT (4{9F 1444/ })
CONST1= {(B{1)*1000.+.53/1000.}
) ARITE[B;lSO) CONSTL i
153 FORMAT{12X,* CONSTANT TERM=1,F10.4//}
ARIIE{B,laaa {TITLESIKOUNTJ }9Jd=1,45)
15) FORMAT (2)X,? TABLE OF RESIDUALS?/, 5X, *POINT NO1,7X,5A2)
GO IO (181,170,193, 194),NMOD

172 WRITE(34175)

175 FORMAT(1H#,37Xs7EST VALUE'.#X;'DIFFEREN,E';@X,'PERCENT',+X,'DB'
14X D1S%, 3X, *D1C /)

GO TO 187
131 WRITE(3,185) . : }
G3 TO 187

135 FORMAT{1H#,37X,?*EST VALUE‘.#X,'DIFFEREN”E',QX,'PERCENT‘,*X,’DO'
14Xs? DI1S* 13X, 2DLCY y 3X, ' D2S*¢3Xs "D2C*43X, *D35?,3Xy *D3C*
233X,9CQ *,3X*CLR/SY/ )

133 WRITE(3,192)

132 FDRMAT(1H+,37x.'Esr VALUE? , 4X, "DIFFERENCE "3 4X , *PERCENT* y& X,
1 TD25%,3X, 'D2C+,3X,035%,3X, 'D3C!
213X, D45V, 33X, 04C*/ )

S0 TO 187 ) S

134 ARITE(3,198) - .

133 FORMAT{ LH#+, 37X+ Y EST VALUE' 4% YOIFFERENCE ¥ ,4X, *PERCENTY 44X,*D0*,
L4X,* D1SY, 3%, fD1C*, 3x.'025',3x,=92c=,3x,'035',3x,'03c'
213X, D45 43X, 04C0 /)

137 T2=).0

DO 183 J=1,NDATPT
53=JGD
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DO 132 I=1.N1
133 58=58+F(Jy[)%B( 1) ;
T2=F2+{F{J,N2}-5S7/21)%=%2
SJ2=38—-FlJ+N2]}
£3=2.0
IF(F{J/N2] -EQ. 0.0) GO TO 191
22=50%100./FLJyN2]
121, #4RITE{(3,200) J,F{Jd,N2),58, SOyZO.iZDRIG(J Jdls dd=1,NCTL)
TF{NMOD.EQ.2) WRITE(3,2051Z6RI1GIS,8},20R16G1{J,9)

- 205 FORMAT {*+',590X,2FB.2)

132 7(Ys12=5D+
213 FORMAT{I13,F20. 3,¢F1,.3.F12.3,3x,9F5.2/)
2L) "FORMAT{///77 /20X, YANALYSIS GF RESIDUALS?)
NZ ERO= NDAT PT~1
DO 253-I=1,NZERD
M= I
MM=1+1
. DO 260- J=MM,NDATPT
“IF{Z{M,1)}-214,1)) 260,260,270
273 M=y
25):CONT INJE
. IF(M «EQe. 1) GO 7O 250 -
PT=Z{M,1} ,
Z{MeLI=Z(1,1}
Z{1,11)=PY
25) CONIINUE
S=J".3
$2=3.2
DU 280-I=1,NDATPT
) S=S5+72(1,1)
28) S2=52+2{I,1)%x%2
MI=S/71
V={Z21%S2-S*S)/{21%(Z1-1.J}
0=SQRT (V) )
WRITE(3,300) S+52,MIyV,D )
330 FORMAT{2DX;*SUM="F15.4/9X, *SUM DF SQUARES=?F15.4/13 X, TMEAN VALUE=*
1 Fl5e%4/ 115X "VARIANCE=",F15,4/y 5Xy *STANDARD DEVIATIDN— "F15.4/)
DU=S QRT{[MI/B{1))I%%2)
~ IF(DY-,01} 350,340,360
353-8(11=B{1)-MI
‘CONST 1=CONST 1-MI
GO TO 145
330 1F [{1e4=52/T2} «LE, 0.D) GO TO 371
R=5QRT{1.-52/T2}
370 - FORMAT{5X,?MULT CDRR COEFF='F6.3/)
WRITE(3,370) R )
-371 WRITE{3,380), -
DO D3 I=1,NDATPT
RRR=1
ZEND={RRR-45)%100./21
$)) WRITE(3,+410) Z{I,1},ZEND
41.):FORMAT{2F15.3}
4§12 IF{KOQUNT-TLEFT) 35,420, 420
333 FORMAT(2)X,Y CUJMULATIVE OISTRIBUTIONT/10X,*X*,10X,"CUM PSRCENT?
+ /21 X+"0OF PDPULATION'/}
%25 CALL EXIT
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END
/*
PHASE SJRGMOD1,*
// EBEAEL FFORTRAN .
SJBROJTINE MADEL 1t NDATPT, INDEXI
COMMON "/ MODAT A/ K
COMMON/ MODELS/F(200456)+2(200,16)
GO TGO{1,2), INDEX"
K=2J
OO 13 I=1,NDATPT
FL1.2)=21{1,1)
Fily3)=2(1,2)
FiI,y4)=201,3)
FLIy0)=Z11,+41
F{I:6)=211,5)
FLI:7}=2{1,6)
T F{I«83=Z{1,7])
FUT,93=281,1}%%2
F{ I" 10)=2{1,1)%2{( 1, 2)
FUI,113=Z(1,1)%2{ Ly 3)
FlI,12)1=2{1,1}%Z{1,4])
F(I,13)=2(1,1)%Z{[,5)
F{I:14)=2(1,L0=L{14+6)
F{I:15)=2{I+1)%2(Is 7}
FULs16)=211, 2)%%2
FUI2170=2{1.,2)%L{ I3}
F{le1Bi=2(142)*Z{1yv4)
FLI+133)=2¢]1,2)%2Z{1,5}
F‘I!ZD“:Z{I’Z)*Z{ I,6)
FO1 2L )=2{1,421%2(1+7)
Fl{1:22)=Z2{14y3)%%2. -
FL{I1,233=2{1,3)%2(14+4)
FULI4241=2{1+3)%2L1+5])
FII1,25)1=Z(1:3)*7{1,6])
FLUI+126)=2(T1+30*Z{ 1, 7)
FULy2T)=2{1,4)%%2
F{1:28)=211,4)*Z{1,5)
F(I1,22)=2{1+43%Z(1,6)
FL1,30)=2(1, EIETA 1,7}
FLIs3L1=Z( 1y 5)%%2
FUl1.¢32)=2{1,+531%211,6]}
FUI1933)=2(1,5)}*Z{(1+7)
FLIy34)S2(1,6)%%2
FUI1,353=2{1,6)}%Z{1I:+7)
FlI1,36)=2({1,7)%%2

e

F(I+37}=2(1,151/10000.
F(I1,38)=2(1,15)*2(1,1)/10000,
F{1+393=2{1,15)=%2{1,2}/10020.
F{I,401=2(1,25)%2(1,3}/1C000.
F{I,210=2(1,15)*Z{},4)/71GC000.
FtI1,42)=2{1,151%Z{1,51/10000.
F{1,43)=211,15}*Z1{1,61)/1C000,

12 Fil:44)=211,15}%241,7)/10000.,
INDEX=2
K=K+ 1



O

Y
rm
I

iS THE N3J. OF CDONTROLS OF SERVC FLAP

00 2) I=1,NDATPT
20 F{1,45)=2{14N)
RETJRN -
END
/%
PHASE SJRGMATX,SURGMODL
// EXEC FFORTRAN
SUBROJTINE MATINV {A,By . NG)NRA) . <
DIMENS ION A{56,56) IROW(56), ICOL (56),8(56,56} | +F(56)
NG=D )
N=NRA
M=N+1
Do 7 1
IRCA(I

u-...ll

DO 23-K=1.N

AMAX=B{K,K)}

DO 10 I=K4N

D0 10 J=K.N )

IF{ABSI{BII+d) ABS(AMAX)31019’9
3 AMAX=B{I.J)

Ic=1

JC=J

12 CONTINUE -
KI=1COL{K)
ICOLI{KI=ICOL{ILC)
IcoL{ICi=KI
KI = IRDA{K]
IROA{LKI=IROW{JC)
IROn{JC)=

- IF{AMAXIL11,12,11

12 NG=3
GO TQ 30-

11 DD 14 J=1,N
E=B{K,J}
B{KyJi=B(IC, 3)

14 B{IC.Jd)=E
00 15 I=1,N
E=B{1,K])
B{I,K)=B{I,JC)

1> B(IyJdC3I=E
DO 16 I=1,N
IFII-K)18,17,18

17 F(Ili=1
GO TO 16

L3 F{I)=]=

1o CONT INUE
PVT=B(K,K)

DO 3 J=1.N

3 BUIKyJI=B{KJ)}/PVT
FIKI=F{K)/PVT
00 19 I=1.N ’



IF(I-K)21,19,21
21 AMULT=8B{I,K}
PO 22 J=1sN
22 BUE+J1=Bl1,J)1—-AMULT*B(K,J)
FLI)=FLI)—-AMULT *F(K J
13 CONT INJE
DO 23 I=1,N
2) BUI,KJ=F(I}
DO 25 I=1,N
DO 24 L=1.N
IF{IROW{ I} ~L) 24423, 24
24 CONTINUE
23 DO 25 J=1,N
25 A{L,J)=8l1,4)
00 25 J=1,N
20 28 £=1,N
IF{ICGL{J}~-L)28, 29,28
25 CONT INUE
23 DO 26 I=1.N
25 BlI,Li=A114J)
3) RETJRN
END ,
SUBROUT INE MTRX-MPUNRA,NCA,NCBy AsB,C,NDIAG}
DIMENSION AlS56,56),8{56,1),Cl5641)
IF(NDIAG)100,120, 140
133-D0 110 I=1,NRA
DG 11D J=1,NCA
113 AlIJ)=—Al1,4)
RETJRN
122 DO 130 I=1,NRA
00 130 J=1,NCB ,
Cli,Jdi=0 -
DO 130 K=1,NCA
133=CLIvdI=ClIoJI+AL T KI¥BIKyJ )
© _ RETJRN
142:D0 150 I=1,NRA
D0 150 :J=1,NCB
159 CL{I,Jd}=A{I,1}%B11,J}
RETJRN
END

PHASE SJURGMOD2,SURGMODL
EXEC FFORTRAN .
SJBROUTINE MODEL 2¢ NDATPT, INDEX}
COMMON/ MODELS/ F{ 200,561+ 2200, 16)
COMMON /MODATA/ K
COMMON/TAHO/N
GO, TO(1,2), INDEX
K=3:
DO 13:=1=1,NDATPT
F{1,2¥=241,1)
FI{1,3)=2{1,2)
FtI,a}=2{1,3)
FL{I1,5)=2(1,+8)
FlL146)=701,1)%*2
FUIsT)=21]1,2)%%2

n -

A-7



Flis3i=71i,5.~~2
FLlI,2)=L(1,8}==2
F{I,10)=2(1,210%201,2)
FOLo111=Z(I,134*%2{1,3F
FI{L,12)1=211,2}%1(1,43)
FII+la41=Z2(1,s9}°
F{I+15)1=2{1,9)%x=x2
1) FlI1.13)=20L, 1)=20 1, 21%L(1:3)
INDEX=2
K=K+l
C THREE IS THE NO. OF CDNTRDLS OF SERVD FLAP
N=K+3
IFIN.EQe8) RETJRN
DO 20 I=1:NDATPT
203 rilislel=ZE8I,N)}
RET JRN
END
/= .
PAASE SJRGMOD3,S5URGMODL
f7 EXEC FFORTRAN-
SJBROJT INE MODEL3(" NDATPT, INDEX)
COMMON/ MODELS/ F(200,56), 2(200:16)
COMMON /MODATA/ K re
GO To{l, 23'INDEX
K=3 ¢
DQ 2 I= lyNDATPT
F{IL,2)=211:+1)
F{I1,3)1=Z11,2}
FLi1,41=2(1,3)
F{I,5)=2{T,4)
Flly0)1=2Z11+51}
FLI+71=Z(1+6}
F{Ly83=Z(1s1}%=%2
FAL,93=Z(T41}3%2(],2)
FIIyL0)=2{1,13¥%Z( 1,3}
F{I1,100)=Z11,13*2{ 1, 4)
F{I,12)=2{1,1)*Z(1,5)
F(Iv13]=2( Ie 1)*7( I.,6)
FlIs14)=2{1L,2)%%2
FLI,15)=2(1,2)%2(1,3)
F{I,16)=2{1,2)*2(1I,4)
FLi1,17)=2{1,2)%Z(1+5)
FlI,18)=Z{1,2¥%2(1,6)
FLII,19)=2{1,335%
FUI,20)=241,3)%Z(1,4)
FI11,21)=21{1,43}%Z(1,5)
FL{1,22)=2(1+43)%2{ 1,6)
FLIL1,233=2(1,43%%2
FL1I4243=211s4)*2(1,45)
FL1,25)=Z{T1,4)*2(1,6)
FL{I«26 "—'Z(I: 5)®x%2
- F{I,27}=2(1,5)*21{1,86)
13 -Fl1,28)=2[1,6}%*2
INDEX=2
K=K+1
c - SIX IS NJMB3ER QOF SERVG FLAP CONTROLS

[NV ot
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N = K+6
DO 20 1=1,NDATPT
20 F{1+29) = Z{1:N)
RETJRN
END
/%
PHASE 3>JRGMOD4, SURGMODL
/7 EXEC FFORTRAN
SUBRTUT INE MODEL4{NDATPT, INDEX)
COMMON/ MODDELS/F( 200,56}, 2( 200, 16)
COMMON/ MODAT A/K
w0 TO(1,2)y INDEX
+ K=0 ’
U0 13 I=1,NDATPT
F{I+2)=1{1y1}
F(I;31=Z{ I'Z}
FLiIea)=2(1,3)
F{115)=1( 194)
Fi1463=1{1+5)
FLIsTISIL 14 6)
F(I1,8)}=2{1,7)
Flle3 J)=2(1,4%4)%x2
FULelO=Z0TI,43%Z1 150
F{1,11)=2(1,4)%Z2{1y06)
FLL1,12)=7{1,4)%2{1,7)
FUI+13)=21{1,5)%%2
Filyla)=Z{1,53%2{1,61}
FL1+151=Z2{1,5)¥*2(1,7)
FlIs16¥=211,6}%%2
FULIWLTI=Z(1,60%Z{ 1, T)
FIlIs18)}=2{1,Ti%%2
F{I1s13)=Z({1,8B)%%2
F{1,20)=Z11,9)3%%2.
F{I1,2L)=Z(1,8)%2{(1,9)
FL{1,22)=2{1,4)%2{1,8}
F{ly23)=72(1+4)}%Z11,9}
Fl1:24}=Z(I' 53%7 4 1'8}
FU1,253=211,5)%7(1,9)
Fll,26)1=2{1,61%7{1,8)
FULy2T =21 1406} 1,9)
FL{I1,23)=2{1,7)1%L(1,8}
Fil,293=Z{1,71%211,9)
FII1,30)=2(1,8}
13 F(1,31)=2{1,9)
INDEX = 2
K= K+l .
c NINE IS THE NUMBER OF SERVO FLAP CONTROLS
N = K+9 . \
1, NDATPT
Z{UIN)

I~

DD 20 I

22 F(1,32)
RETJRN
END

n
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KAMAN corroration

OLD WIHDSOR ROAD, BLOOMFIELD CONMECTICUT 08002

AMAN

CORPORATION

MOTuEl:

TR Ld

T Al AS AT A AS AR AV AES RS
FEAR ];»_13;11]:,_!; !J:‘-r!:E uE"‘t_:-;u_l-_‘-' ®
FERT CGaDieC28s LRy Lo D DY

LR
R

L -
VD Oy

o FEIHT OUDIn wvOU CHECE STRTEMENT 1 FOR COPRECT FPRPAMETEFR
oINPT vE

& F.‘-’T'IHT “IEUT THE LIMITING DALUE OF PAFAMETER RESIFED™:
I orFUT N

3 FEIHT LiHiEl

5 pEIpT o eTnzs DAL DES DAC Depn D4

= FTEHT

3 FTP I=—d4 T2 3

HOFLT =—2 FO oG

Q FOR b=-4 70 2

L
Tt

o B O I TS P e R T | I P T
)

FOR L=—4 TO 4
FOF. M=—4 T0 4
FOR f=—4 TO 4
Si=SOR I+ 3 3130 0] AR FSOR LMEHEHEH
IF S1:2 THEN 248
,HH+HV

— . T e e 2
L B A I A

ERE e ol T e e M o i o U I R S B S LTI I e sy 5 B g B o
= Eﬁ*ﬁ*?‘ﬂﬂ'F*’*H*?HH"""’H*H

F oABs 21t THERH 244

FRINT HJIHG S0 e BN LMo 2

IFMAGE S{2D: 31 202D

HEST H

HEST K

HEVT L

HERT K

HENT .4

HELT I

PRIHT
0TI

i,
LML b

—
wt
T

)

DR PO M R A N
b [ )10 T

g
f

—
=
M

1%

0 00 s D D) S T e T L Pl [ e KR e e e e e S T I A A P R x PR PR s

i L

1 5[y

o8 FEM HE EOUH.

21 DATA T3, 832 13905 — 1. 20de 2. 9213« -1 2528, —. 2552y .4

2 DATA AT 3. 8714y~ 0884 L 175 1. 435, - 033y —. 81—  DEE,

23 DATH 2484, — B33, 2034y . V181~ A%31 s . D03, 1. 35 —,
FEM ALFHA HAY ECUH.
DATA 11.8%958, 1958 5942 - BevPE = 8033, —. B3 15y —. 123638 .
DARTHE —. 022 JA3EZ = 83—, B14%. 03— Bald— 3271, 019
DATH —, 0021« 0520, Bed%s 072 s — AR, —, 8593, , 8783 —,

FEM BM EOUH,

1
G I, SR 140, S 3y —ChE BT E R
i -

DATH CaOeSds 520 B4 18, J3ET
DATA 52,8302y 37, 9401« 2. 2873y 28, G408 — 12, A8, -25. Teh
2 IETA E?.ﬂl41!”1u-JJ34‘”4r-i SHe=D, AdS2 25, OTa3 20, 51T
3 DARTH — 13,5974y 30,5754 16, 27207 55, Manns — 18, SO8% 05, 23
w5 IRTA 27.33287
aa REM FLbEOUH.
D1 DATA 257 001,17 52807, 344987, 1376 1. 5109, 48, 257~
A2 DATH S.8333: 2. 4808, 2. 759 . 414 ~7. TS 2. S84 2. 2. 57 ed

IV IR O SRt I O A R I T
1 ”

2 IATH G075 3. 88150 16, 2308 —6. 3438 11,8951 13, 1055
4 DATA 19,8047

a0 FEM Fil P

31 DARTAH S=P.321s SO0y 12,5008, 25,0 1655,
S0 DATA 7.0249, 2. 88081 -2. V284 1 . 985, -7 91
SR UARTH —1Z, 8151, SETT G, E4FT I, 1 2GEy S
s34 DATH 14, 7V5E2y5, 12814 17, 1995

s FER FH IR

3L DRTH TR, 200 ~5, 80321« —4, 123158, 8073 —.
S0S DIATH JOS37. 3007 - D300 3L ROTE 2L 5287,
AT DATA 1,899~ 4595, 1. 1526y —. 2297, 2, 7233
ed IATA —1.5803,3, 1471

igms EHD

o
f
-—
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SS5a 1. 1852

T2y - B27
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APPENDIX C

MAXIMUM SLOPE

A flow diagram of the computer program used to investigate the maximum slope
search characteristics is shown in Figure C-1, and the 1isting is given in
Table €-1. The first step is to set the initial values of the independent
variables. These values are usually taken to correspond tc no multicyclic con-
t;o1, The ‘increment of the independent variable to be used in the search is
also set.

The first step in the actual processing Toop is to calculate the controlled
variables {y's) using the coefficients in Table 11. Next, the value of the
optimization parameter, P, and the derivatives of this function with respect
to each of the controlled variables are calculated for the particular optimi-
zation function being investigated.

The decision on whether or not P has increased is bypassed during the first
pass so that the next step is to calculate the derivatives of the controlled
variabies with respect to each independent variable using the coefficients of
Table 13. The derivative of the optimization function with respect to each
independent variable is then calculated as indicated in paragraph 3.1. If, at
this point, the maximum derivative of the optimization function with respect
to each of the independent variables is 0, the system has arrived at the “"best”
operating point and the process is stopped. If this condition is_not true,
the independent variable providing the maximum derivative of the optimization
function is incremented and the process repeats from the step where the values
of y were calculated.

If the value of P does not decrease as a result of a particular iteration, it
means that the operation has stepped across a valley of the surface deseribing
the optimization parameter in terms of each of the independent variables.
Therefore, the increment that caused that step is removed; the derivative of
the optimization function with respect to that independent variable is set
equal to 0; and the process is tried again using the independent variable with
the next largest derivative. Note that if another independent variable causes
a decrease in P, the whole process is repeated and a new derivative is calcu-
lated for that which was previously set to 0.

This process continues until an operating point is reached wherein increments
of each independent variable causes the value of P to increase. At that point
the process stops. However, the value of the increment can be changed and the
operation continued from the operating point just found.

The following outputs are printed for each iteration of the actual processing
Toop:
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( START )

INITIALIZE x's
SET INCREMENT

CALCULATE
¥'s

CALCULATE
OPT FUNC, P
AND EACH dP/dy

\

DIDP N\ _NO

DECREASE? /

YES

FOR EA x CALC
EA dy/dx AND
1(dP/dy) (dy/dx)

REMOVE INCREMENT

SET CORRESPONBING

SLOPE = U

MAX SLOPE
= 07

‘N0

INCREMENT x
HITH MAX
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Figure C-1.

C-2

Shortest Path Model.

Report No. R-1494
21 January 1977



KAl

BV AEROSPACE
“aﬂCORPORATKHQ

OLD WINDSOR ROAD, BLOOMFIELD, CONNECTICUT 068002

KAMAN

CORPORATION

R Y
Lite

pmde gt el LT 0 0
1SN R 00 ER L

I

0

b b
P TI eaary
DT T

11"
e
iz&

124

s

=z
146
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o TABLE C-1.
TATA a0y Fa Be 12 61

MAT REEAD X

FILES COEFF

Al=—.%

PE=1003

DIM ZE43s:%041

IRTH ”ﬁﬁﬁn?qﬁ:ie SR

FMAT READ 2

DiM Ef&l

DATH G 1B 1315218016
MAT. EREALD E

DI Mid. 32

MAT EREAD #13 H
IMAGE #: 20

TMAGE $»-dD
IMAGE #» 4D

D070 45

FRINT *C HHHL-:E "3
EHPUT alakg

IF =1=8 THEH 4&
IF Hi ‘& THEH 47
ahHEl=H2

LOTD 45

MAXIMUM SLOPE MODEL

IHPUT 0170023 s lE3]amEd s IS IH0E]

REM
FOR I=1 TO &
FRINT USIHG
MEAT 1_

- GOSUE Sas

FOF 1=1 T0 4

FRIMT

HERT 1

GOSUR S2@

FRINT LSING 523 18%P]
IF P1<PZ THEM 98

HIMET=HINZI-F2

SLNZI=E

FRIMT LSTHG

GOTO 852

2=F1
FOR I=1 TO &
[T 1=@
FOR k=1 T 4
S1=MIKy I+1]
FORE =1 TO &
F=MLKs [+ +RLT MIN 413
F=FRAL I8 {1+ (I=171
S1=5+A
HEXT
SLI =8
HEXT ¥
PETHT
HET

T
i
Ha=Ti=0

Slxa®nlll

s 2

=G[ T I+S1900K 120K ]

WSTHG S23%LIT+V0 T I#0 ) I=0)

!
|
i
1
1

L IMG 2o 18¥E0 1] ¢-3
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TABLE C-1. MAXIMUM SLOPE MODEL (continued)

S5 FoR =1 TS
ZA F RARLELEIlr L= T1 O vHER 2R
2 Ti=ABS(ZLII

L

EE HEMT 1

IF Ma=8 THEM 2992 .
F2=R1%SGH LM 1)
FRIMT  USIHG "2uSD™iHEEscH (A
HLIHRI=NIHE1+R2
LOTO =58
REM CALLC ¥i%
FOR k=1 TO 4
YLK I=MIKs 11
FOR I=1 1O &
CLEI=TLEI+MOKs 1+II%4IT ]
FOR =1 TO &
YLK T[l1+ﬁ‘le1+l+FE113¢aEI]¢ E!]
HEST .
HEXT z
HEHT K
FETUR
REM CALC Fi & DERIVATIVES
IF b= THEM £&1
Pi=1B6E% (Y [4]-FZ0411 18
A4 1=PEE#Y [4 17041
IF k=2 THEH &&5
RL31=0
CIF YIL33<E081 THEH &29 :
L Pl=Ri+ iR iR (Y31 F03T-10 01
(] g 3~uc43+4_a¢;1h¢L4t23**r -1
IF =2 THEH &75
PL=Fi+20% Y IR I02T-17
QL& =20
IF Y[R3 ZLE] THEH sd9
Fi=Pi+i@s (20 Y[2] 02111144
“Lu3~“[a3+1kﬁuﬁ£JB¢L|EE]’ﬂECj 11 is
IF =1 THEM &7%
Fi=F1+536, 90+ 1EE% (A0 11-2011-13
01 I=108
IF YEL1142011 THEH 6@ :
Pi-P1+1a+n FEVELIICZ01I~1101d
QL1I=RT1 1+oemeE PR Y L1 2110 13
- RETURH

DA N

(R o e W I T Loy 08 B o o R B X TR R Y

i

O Ju U S a0 0 T o Dl 0 ol D TR POOD R D ks T 00 L [0 0D

(U TR NI T B TR R e R R RN

a3 R R R TR B I A R R 1 7 B B IR A e R O K

™,

Dl N S JE ) Y O R o O PR P T I N A IO T R e I WK

s T (3 0T T o0 T 1T i T e T

= Fl=100%Y[41.-204]
= HEd =188 .
Fl=Fi+1B0%{Y[32]-11. IiﬂEqu
CRERI=1068
; F1~F£*1BU#I?E;]—“4qu¢[ 1
D2 ]l=18A

) FoemPieimdedy., 1~d43111. ._i_l‘}
NE 1 I=1EE

. FETURH

CENTT C-4

RO e 0 e 0 T
L1 ey o ] R T T LF 1T
oo T CTE e a5 T OO P e 200
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Each independent variable
Each controlled variable
Optimization parameter

Derivative of the optimization parameter with respect to each
controlled variable

Independent variable selected to be incremented and the direction.

C-5
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APPENDIX D

SEQUENTIAL SEARCH MODEL

A flow diagram of the computer program used to investigate the sequential
search characteristics is shown in Figure D-1, and the listing is given in
Table D-1. The first step is to set the initial values of the independent
variables and the slopes of the optimization function with respect to these
variables. The independent variables are usually taken to correspond to no
multicyclic pitch, and the initial slopes set to zero. The size of the incre-
ment, the degree of Tag and the amount of noise are also set as part of the
initialization process.

The first step in the actual processing loop is to calculate the controlied
variables (y's) using the coefficients in Table 11. Next, the effect of lag

is fintroduced on the basis of the calculated values of the y's, the previous
values of the y's, and the Tag parameter set as part of the initialization pro-
cess. These new values of y are stored for use in the next lag calculation.
Next, the nojse amplitude is generated for each of the y's and the values of y
with 1ag and noise are used to calculate the optimization parameter, P, from
the functions of Figure 3. It is the optimization parameter, affected by
noise and lag, that is used in the subsequent control action.

The decisions on whether or not P decreased and the basis for selecting the
next independent variable to be incremented are bypassed during the first pass
so that the next step is to increment the first independent variable in the
sequence. During subsequent passes, when P decreases, the change in P is used
to calculate the slope of P to be associated with the most recently incre-
mented independent variable. The basis for selecting the next independent
variable to be incremented can then be alternated between a fixed sequence and
the independent variable with the maximum slope. However, the maximum slope
criterion is not used if the maximum slope is Tess than .0T.

If P did not decrease and if an increment of the opposite sign has already
been tried, the increment is removed and a "restart" flag is set so that a new
baseline value of P is determined prior to incrementing another independent
variable. In addition, the sign of the slope associated with the most recently
incremented independent variable is set equal to the smaller of the signs of
the slopes determined with positive and negative increments. This aids the
search process when the most recently incremented independent variable next
comes up in this fixed search sequence. However, the magnitude of the slope
is set less than .01, so that it does not become a candidate for incrementing
in accordance with the maximum slope criterion., If the reverse increment has
not been tried, and if the search strategy being investigated requires that it
be done, the change in P is used to calculate and store a slope associated
with the most recently incremented independent variable, the increment is
removed, and one of opposite sign is applied.

D-1
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( START )

r

INITIALIZE X's, SLOPES
SET INCREMENT, LAG, NOISE -

- CALCULATE Y's
INTRODUCE LAG
STORE ¥'s
ADD HOLSE
CALC. OPT. FUNC., P

pip p
DECREASE

REVERSE
INCREMENT
TRIED

YES

1 ovEs
CALC. AND STORE y .
SLOP

REMOVE INCREMENT
SET SIGN OF SLOPE
SET. RESTART

A

NEXT THC. \
FRoM . YN0

A
SEQUESCE / . —_ f

CALC AND STORE SLOPE
YES REVERSE THCREMENT

FIND X WITH
MAX SLOPE

/ sLope
< YES < .00

HO
¥

FIND NEXT X
IN SEQUENCE

3

INCREHENT
SELECTED X

Figure D-1. Sequential Search Model.
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O =) 5T na

[¥x]

35
de

A
L

0 0 O (0 20 T T
DOy I SR Y I s TR

=

T

1
ia1
1603
1655
iim
il
i

113,

Lis

115

COM HBiels50ed .
DRTA S:8:B0 088
MAT FREAD B .
TRATA S8 0.6 Es [
MAT READ 5
FILES COEFF

TABLE D-1. SEQUENTIAL SEARCH MODEL

. Fl=@

Fe=Hi=Hz=1

Fl=— 13

FESTORE 1o

LIM Zf31:%L41aHE41: BL4T- D04
DATH 7G58 T3E 122608

MAT EERD =2

FEM FRIMT Fl: & OME Fl: @ HORMAL: 2 ALL
FEM FE2: 8 FESTARTs 1 IST PSS 2 SEDs 3
Po=299

IIM PL&] '

ATAH £ i8035 15 1es 1

] el
TS

3. MAT EEAL R

Dif mil4.22

MAT FERAD #1:1
I ASTi132B20113
IFMAGE #s 200

. IFAGE #9451

IMFGE #:470

EOTO 52

FRINT "CHAMHGE ™3

IHPUT - =i N2

IFai=0 THEH 5=

IF #i=5 THEH 57

aHlElI=HEE

COTa St . )

IMPUT WE332HEds Wi o HLd ] SI5] s BIR]
IF Fi=G THEH &2 .
FRIMT " &5 20 35 3¢
FRIMNT ®
FRINT * ORTH"S

45 40"3 )

HF 18R FL S

FRIMNT ™ S25 S20 S35 230 543 sS40
e

FOR I=1 TO & .
FRIMT USING 47§2%HI13
HEXT I

REM \

IF Fe»8 THEH 118

MAT Y=E .

COTO 183

FOR K=1 T4 '
TLRI=MLE <11

FOR I=1 o6 ° .
VERT=?TRKI#MIK 141382011, "7
FOR =1 10 & . -

YRR A=Y TE MO« T HRITTIMNITIEL]

g Bed

FAr SLIOFE
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154
158

s
T}

146
146
147
1 b
149
156
165
163
£
17
171
172
174
176
2R
183
154
S

R R

NEsT I

MEXT ¥ ° TABLE D-1. SEQUENTIAL SEARCH MODEL (continued)

MAT v
IF Fi=f THEH 1=
GOS4ia <

|u

FEINT H'IHF s L

IF Fid2 THEM 128

FEIMT U_IHh "EDVEYLII VIS 18¥Y LS YIA]

FEIMT LUSIMG "4 2zs"

FEM TIME LAG .
IF Fiz=1 THEH 133

MAT H={1-TI&#H

AT Y=I(Ti#¥{ )

MAT Y=+

FIHT H=Y

IF Fi=& THEH idg

FRINT USIMG 4283YE13a%LE T 0%y L2 T Y041
GOSUE @@

Ci=Ci+vid]

Ca=CE+Y L4371

[IMCE e ) ]

D=+l

Co=CE+P 142

REM GEMERATES AMD PRIMTS HOIZY DRTH
GOsUE =ﬁm

IF Fl<2 THEM 15 D

iF Fi% THEM 17

PRIHT USIHG “# dhA"1 1

FRIMT

PEINT LUSIHG "#Ha2300

PEIMT USIHG 425013 L2d- 18831041
GREUE &R

IF Fi=B8 THEHM 124

PRIMT " "3

FRIHT LUSIHG "#s3D"iP1

JIF Fedg THEM =21

Si={P1-F21-F2
IF Pl<F2 THEH 218

PRINT " "3 .
IF Fe=4 THEN &1@
Fa=d4

S[HA1=51
SIMZI=RIN21-2%AZ
RE=—FE

GOTO 308

=g

'EH;E—.EGi**FH[HE“i:[H*JJ HIH‘HE:L:1]J
= M3 1=HTMI 1A
TF Fi=i THEM 216

PRIMT .
GSOTD 216
SLHzal=S
'FFIHT “ﬂ"'
hnTu =
FR:HT ‘P“‘
Fritss F i

R T

o p-4
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TABLE D-1. SEQUENTIAL SEARCH MODEL

(continued)

siw-f F el THFR O LFH

. ) Them
ST

ns

Fa=s

ME=Ti=@

FOR I=1 T0 &

IF ABSELITNSTL THEH 2e2
Ti=REZ (LN

MZ=1

MEST 1

IF Ti<.81 THEH 2vVa

LOTR 2728

Ma=2

1Ty Ju 1 P

M i L L AR L

Fe=g

Mi=il+1-5%[Hi=6]

M2=H1

FE=F1% (S6H (SIH311+ (STNS1=a] ]
HIMII=HIMNET+AS

IF Fi=0 THEM 315

Py Da o Do T Do 03 TS Do o Do D 'i'

o Sy Kl o RN L kRS

P B R Rt N W BT i B B B Bt Y Y

FEIMNT LSIHG “#:53005F2
FRIMT USIHG "HDET MISEH IR
IF L2718 THEH
IF Fl#&E THEH =
PRIMT

:m

l'l,l oG

[

D3 Gl D L D D0 B0 Ty

VO A T O O 00 B T e

[ ﬁj i+ >

f_l:l

g Ja PO LU GO M

GOTO &2 .
REM RDD MOISE
For E=1 T2 4
11=1
Liz2=RHD{1}
IF ezl 5n
Po=lio— . 5

ill=-—1

+. BEED
o TH

ITH"H

f 22E

[ R el i sl e et e S Wy I TR UK
Do an

IS=L 15

YOEI=TUEIFUERZ 0 I

HEST E

REETUFH

REM CALC OPT FUMLITICH
Fl=1gE# (Y [41-20415 12

IF 9T234302] THEM od8
Fl=Pi+ie= (12 (YL21-202]-10 114
Fi=Pl+2ZEE VL2122 111

IF YE214ZL2d THEM =52
Fl=Fi1+ig® (2@ 21202111114
Pi=Fl+2e. 29+108¥YL1 1201311

RIS TR B DU I A
F ) B

';:l

e 0 e U TR L
[ L O oo I O O WP T % N o T Oy

T e 0 T l:r'! T (T 1
L0 O WP o e 00 03

o IF O NE13TFC1 THEN S

i ]‘"lnl"["’it'i""l E A a.i_lj o
pimb RETLRH
-3 T
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FRINMT HUSIHG 49350135021 5031:5041- 505050613

PRIMT USIHG "3D. D" R0I T K230 0210041 RS9 nlend
©PRIMT  USIHG "4Dt5iC1eTT SOR(CE<C3= (0103 el
PRIMT LSING "dD"iCE-05: SR (CS-CE- 04021 T2
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Once started, the model is allowed to run for a sufficient number of iterations
to characterize its operation. Provisions are made for printing the following
information on each iteration cycle:

Each independent variable

Each controlled variable as calculated, with lag, with Tag and noise

Optimization parameter from calculated controlled variables, with lag
and with Tag and noise

The slope of the optimization parameter associated with each indepen-
dent variable

Independent variable selected to be incremented and the direction

Mean and standard deviation about the mean for P and RV over a number
of iterations, usually 18.
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