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ABSTRACT

Practicalizing quadratic optimal control algorithms were used to design load
relief systems for the C-5A, a large flexible aircraft, The predicted rms
stresses at the wing root were reduced by more than 40 percent. Handling
qualities or stability were not compromised. The control is realized with a
gyro and three accelerometers affecting ailerons and elevator -- two accel-
erometers more than an existing stability augmentation system, The quadratic
performance index is defined to enforce good handling qualities and to limit

the control system bandwidth,
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SECTION I
INTRODUCTION AND SUMMARY

Quadratic methodology was applied to the denign of a pitch-axis load-
relief control system for the C-5A aircraft. Predicted rms stresses due to
wind gusts at the wing root were reduced by 50 percent, while stress rates
were reduced by 31 percent. ' This was done without serious degradation of
the handling qualitities or the stability of the aircraft. Similar reductions in
peak and steady-state stresses due to maneuvers were realized. Symmetric
ailerons and the inboard elevator are driven by control signals from acceler-
ometers and a gyro. One accelerometer and the gyro already exist in the
stability augmentation system (SAS). The additional load improvement con-
trol system (LICS) acceleiometers would be placed on outer wing panels.

The effectiveness of active control for effecting load improvement is

summarized in Table I. Results are given for two systems. System I uses
ailerons to reduce the loads, whereas Systemn. II uses spoilers in addition to

Tablel. Wing Root Stress Relief Summary

Ratio of Controlled Aircrait to Free Aircraft

System 1I: Aflerona + Spoilers,

System I: Aflerons, One
i Two Extra Sensor Sets®

Parameter Extra Sensor Set

Wing root stress® n.80 0.22
Wing root stress rate® 0.69 0.58
Peak mapeuve 0.57 0.36
nm."‘g e

Steady-state 0.57 0.3%
maneuve,

stress®,

%ror Lockheed flight condition 37 (w = 893,184 1b; M = 0.833; h = 10,000 t)
using a six-flexure-mode representation.

Bror +1.8 incremental g using 25 deg of up afleron. The ailerons would hit
the down stops of 18 deg at -0.9 incremental load factor.

SFor 10 deg of up spoiler at +1.8 incremental g.



the ailerons. Table I shows that rms stress and stress rate can be reduced by
50 percent and 31 percent, respectively, using System I. Peak and steady-
state maneuvering stresses can be reduced by 43 percent of their nominally
attained values using System I, System I requires one additional set of sen-
sors to achieve the gust relief improvemente cited. In the study conducted,
virtually no improvement was obtained using additional sensors.

By using spoilers, performance could be improved as indicated for System
II in Table I. For System II, use of a pilot-operated switch is recommended to
activate the spoiler portion of the system. In normal use the spoilers would
not be deflected; the performance would be that of System I. In rough air,
the spoilers would be activated to achieve the results noted for System II. The
spoilers would be biased at 10 degrees in this mode of operation.




SECTION II
FRGBLEM FORMULATION

DESIGN PROCEDURE

The design approach used is based on quadratic optimal control theory -~
optimal with respect to u quadratic performance index subject to practical con-
straints. The background for this methodology is given in References 1 and 2.

The design is accomplished by miniraizing a quadratic performance index
which weights mean square stresses, stress rates, model-following errors, /
control surface rates and control surface deflections. Simple compensation i
filters were included in the measurement constraints to improved bending-
mode damping and handling qualities. The model-following errors were
weighted to enforce good handling qualities,

kel Jit Atngn

The quadratic optimal design technique requires that the aircraft be
modeled as a linear time-invariant plant representing a single flight condition:

x = Fx+Gyu+ Gy (1)
r = Hx + Du (2)
y = Mx (3)

where

x = State vector (including rigid-body states, actuator and servo
states, flexure-mode states, sensor states, model-following
states, and wind states)




u = Control input vector

Unit-variance white noise vector

3
"

r = Response vector

Measurement vector

<
"

CONTROL LAW
The control law is constrained to be of the feedback gain form
u = K*y . (4)

where the asterisk is used to diffo;'entiate this matrix K* from the optimal
full -state foedback form

u = Kx (5)

PERFORMANCE INDEX
The performance index is defined to be

J = E(TQr 1)} )

THE PROBLEM

Using Equations (1) through (6), the problem reduces to minimizing the
performance index J with respect to the gains matrix K* subject to the con-
straint of system stability and Equations (1), (2), and (3).




There are two parts (o this problem. This first part involves determining
the full-state feedback [ Equation (5)] . The second part involves constraining
the feedback [ Equation (4)] and is also known as the fixed-form optimal con-
trol problem. The first part of the problem is discussed in Section III. The
simplified control law is discussed in Section IV.

=y
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AIRCRAFT MODEL

The design approach was applied to the pitch axis of the C-5A aircraft
at one flight condition (FC-37) which is a low-altitude cruise condition with
, the following parameters:

b fon 2 can o by

il e

® Gross weight - 593,154 1b (50% fuel, 50% cargo)
® Mach number - 0. 333
e Altitude - 10,000 ft

® Dynamic pressure - 292 psf
® True airspeed - 577 fps
e Center-of-gravity location - 31¢ MAC

The general arrangement of the C-5A is shown in Figure 1. The spoilers
being considered are the outboard spoilers (which consist of throe panels).
Figure 2 shows the locations of the sensors that will be considered in the con-
trol synthesis.

The procedure described in Reference 3 was used to reduce a C-5A model
to the form of Equation (1). The procedure included the quasi-elastic effects
of bending modes neglected, as only the three most prominent modes were
included in the design. The final designs were checked using a six-mode
model.




The Lockheed data (listed in Ref. 4) for FC-37 were processed by the
computer programs developed for a con. ’-configured vehicle (CCV) (Ref. 3).
Satisfactory agreement with load allevia’ a and mode stabilization (LAMS)
results (Ref. 5) was not achieved. Two errors in the processing program
(Table II-13 of Vol. II of Ref. 3) were found. After making these corrections,
the results shown in Teble II were obtained. Agreement is now considered to
be sufficient for the intended purposes.

The notation used for column headings in Table I (e.g., LAMS-6) refers
to the data soarce [LAMS (Ref. 8) or this contract] and the number of bending
modes used. The number ny (shown in row 2) is used to convert 8 from rad/

sec to in/sec. It is equal to 0.8066 x 10™°,

The state vector, x, for optimal state feedback designs was (17 states):

'r L] . ] [
X = (wc olnzn ﬂlo nsn ﬂao ﬂlo nap nav 6.: oe » Pl. on pso (7)
P4+ Pgs Pg: wg)

where w is the rigid-body vertical velocity (in. /sec), 6/112 ir a normalized

rigid-body pitch rate, N is the first bending-mode coordinate, s is the sixth {
bending-mode coordinate, N3 is the third-mode coordinate, 6. is symmetric
aileron displacement, Oe is the inboard elevator displacement, Py through Pg
are wind distribution and lift growth states, and w_ is the vertical gust velocity.

|

The control input vector, u, contains the inputs to the actuator models
(two controls):

8 = -68 +6u
a a 6‘

(8)

ae = =8 6e+8 uoe
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Table I. Comparison of RMS Regponses Due to 1-FPS

RMS Gust
Parameter LAMS-18
“nl "e, 10. 42
#/n,y (in/sec) 1.48 .12 1.123
" {in,) 0,421 S== 0.549 0.8%0
%y Un/sec) 1.6t 1.992 1.94
Ny (in.) 0, 0332 Slele 0.0331 0.0339
fig  (in/sec) 0.3: 0.314 0.329
s (in.) 0.01368 .ee 0. 0098 0.00968
flg  (in/sec) 0. 1482 .- 0.0411 0. 0486
8y (paf) 138.8 E § Jali } 178.0 179.0
‘l (pei/ sec) 892.4 1040.0 871.0 864.0
8, (pei) 143.8 243.1 183.8 181.0
iy (pet/sec) | 883.7 1576.0 841.0 870.0
No. of modes [} 18 3 [}
Modes used 1,3,4,6, Al 1.3,8 1,2,8,4,8,8
Gust penstration | No Yes Yen Yes
Wagner dynlmie# Constant Second- Constant Constant
(unity) order (unity) (unity)
Mode approxi- Truncated Completed Steady- Stead-state
mation state retained
retained
Scale lﬂ!!h (n) | 1000 1000 1750 1780

The complete transfer function for the elevator and aileron is third-

order and was used for evaluation only:

5
‘ =
. (_;_”) (8-5) , 0.328 1)
8
£ . 1
-
8

(9)
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RESPONSE SELECTION

The objective of the LICS design was to significantly reduce wing root
stress and stress rate using active control without degrading the existing
handling qualities. This reduction was to consider both maneuvering relief
as well as gust-induced stresses. Therefore, the response vector, r, mini-
mized was

I'T = (.1, '2' '.lp ..2. 6‘0 60' aao oen b/nz) (10)

whex:e 8, is the stress at the wing root, 8, is the stress at a mid-wing panel,
and 5/:)2 is a model-following error. The model-following error represents

the difference between the pitching moment equation of the aircraft and a
rigid model with desired handling qualities. That is,

8/n, = (F - F, )x (1)

where F‘2 :8 the second row &2 the stability matrix F of the aircraft and F2 m

is the second row of the stability matrix of the model. This row is given by

F

2m'(F

21lm’ F

22m’ 0y ¢, 0, F

2,11, Fa,17) (12)
Here, F‘2 im and F22m are selected so that the desired short-period
frequency and damping ratio are computed from

w2 = F._F

o0 - F11faam "FaimF1z 4

= -F

2 C.p Wep 11 ° F22m (14)

where Fu and F12 are elements of the first row of F. This is because the
z force (row 1 of the model) is taken to be

Fim = (FipoFige0ee s OF) 40 o Fy 00 (18)

im

11

R N




The wind coefficients of the model are taken to be the same as the air-
craft itself. The wind coefficients of the model in Equation (12) should
probably be adjusted to agree with an adjustment in an' the coefficient of
w. However, in this design, lem and Fzzm are the same as le and Fzz.
Thus, the model-following error tends only to decouple the bending modes
from the rigid body.

The matrices of Equation (1), (2), and (3) corresponding to this flight
condition are tabulated in the Appendix.

12
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SECTION III
OPTIMAL STATE FEEDBACK CONTROL

Optimal full-state feedback designs were obtained for various quadratic
weighting selections on the responses of Equation (10), Not all responses
were weighted; some were only monitored to ensure that they were not com-
promised, This was especially true with s, and l.z, the mid-wing stress and
stress rate,

The quadratic weights selected versus chronological designs are shown
in Figure 3, Zero weights are not shown. The weights on §_ and 5/:12 are
not shown, since they were held constant at 20 and 10'4, respectively. These
weights, as well as the initial weights (iteration 1), were determined in
previous designs with erroneous stress equations. The weights on 6e and
3/n2 were iteratively selected to constrain the rigid-body frequency and
damping ratio. This was done with relatively little effect on stress control,
Figures 4, 5, und 6 present the root mean square (rms) responses and rigid-
body frequencies and damping ratios corresponding to the weights of Figure 3.
The dashed lines represent responses which are not weighted. Table III lists
the corresponding frequencies, damping ratios, and actuator root locations of
14 optimal (full-state feedback) control designs. The rationale used in the
designs will now be discussed,

On iteration 1, the aileron actuator root was large (caused by a signifi-
cant negative feedback of 6. to uo.). Thus, the aileron rate weight, Qb" » Was
increased for iteration 2. There was a corresponding increase in stress 8y
In an attempt to simultaneously decrease 6‘ feedback and increase aileron
effectiveness, the weight on aileron displacement, Qo.. was removed for
iteration 3, This had very little effect. Thus, for iteration 4, this weight
was reinstated and the aileron rate weight, Qa’. , was increased further,

The aileron feedback became positive and the stress increased; so, on the
fifth itcration, the Qf weight was cut in half,

13
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The iteration 3 controller was quite acceptable, if the 6. feedback could
be successfully eliminated later during practicalization designs. Stress was
reduced 87 percent on that iteration, and stress rate 50.5 percent. The
iteration 5 controller is a compromise, with a 49, 5-percent reduction in
stress and a 42, 3-percent reduction in stress rate,

In an attempt to reduce stress rate even more, the stress rate weight,
Qs y * Was increased and QO was removed for iteration 6. Both stress and
stress rate decreased, with a significant increase in bending-mode damping,
although the model-following error, short-period damping ratio, and be
feedback to ug_increased somewhat. This controller was also considered
a candidate for practical design; however, from past experience, it was
expected to lead to difficulty. Generally, practical measurements cannot
produce this much bending-mode damping without excessive filtering. This
is especially true when slow actuators are used,

Iterations 7 through 11 were further attempts to reduce stress. Finally,
by deemphasizing reductions in stress rate, otress cou!d be reduced much
more within the constraints of the actuator bandwidths, The stress rate
weight, Qg y Was removed by iteration 12, However, the 6‘ feedback to uoa
was still high, Iterations 13 and 14 brought this feedback to within reason
for practical design. The iteration 14 controller was also a candidate for
practical design., With this controller, stress was reduced 67, 8 percent and
stress rate 36 percent, with small 05 to “6‘ feedback.

17




SECTION 1V
SIMPLIFIED FEEDBACK CONTROL

This section summarizes the LICS control design effort. The first set
of controllers used ailerons and elevator and was based on a three-mode
model, Both full-state and measurement feedback were evaluated (Table IV),
Three of the 14 full-state feedback controllers were successfully simplified.

The second set of controllers also used aileron ané elevator but was
based on a six-mode model, .Both full-state and measurement feedback were
evaluated (Table V).

The last set of controllers used spoilers and elevator with a three-mode
model, Only full-state control was considered (Table VI).

With the iteration 3, 5, 6, and 14 controllers as baselines, practical
designs were attempted using their respective quadratic weights and their
optimal gains as starting points. The practical designs were attempted with
different measurement complements. The candidate measurements are listed
in Table VII,

T

For most of the practical designs, the state vector, x*, included 18

states:

T . . . . .
x = "o elnzo Ny ﬂoo ﬂso ﬂlo ﬂeo ﬂso 6‘. 60 ’ OL' -
Py» Pg» Pgs Pgs Pgs Pgo "’
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Table V. Design Results Summary with Six-Mode Model

(o wind * 5° 2 fps)
Faraiatiak Ar:::." l 2 Contr:llor - .
s, (10% pot) 0.930 0,483 0.311 0.410 0,581 0, 467
s, (10 pai) 0.940 0.580 0.4 | 0.8 0.820 0.887
8, (10° pai/sec) | 3.928 1.606 1.007 2,301 2.262 2,928
5, (10° pai/see) | 1,827 32,407 3,879 3. 127 3.928 3,010
"iota1 (100 .78 42,20 43,00 38,43 38,78 38,83
é/ny (in/sec) .88 5.60 5.63 4,55 5.18 4. 38
8, (rad/sec) ° 0.0468 | 00704 | 0.0871 | 0.0438 | 0, 0088
8, (rad/sec) 0 0.0150 | o.,0183 | o.0164 | o.0102 | o.0184
8, (rad) 0 o.0108 | o031 | o0.ms5 | o,01631 | o0, 0268
8, (red) 0 0.004s | 00088 | 00048 | 0.005s | o0 0047
Actustor model | --- 1* 1 P s® ®
Feedbacks None All All Same as | Same as | Same as
states | stawes | Moo v | Tevie v | Tovie v

Spirst-order model [Refer to Equation (8)].
brhird-order model {Refer to Equation (9)).

Table VI. Spoiler Effectiveness for Gust Relief
@ ying = 5-2 fpe)®

Parsmeter Atreraft comet1 | comrata
s, (10° pot) 0.%5 0.037 0.084
ay (10% pat) 0.951 0.921 0.8511
i, 10% pet/sec) 3.0m 0.308 0. 065
&, (10% pei/eec) 4.300 0.94¢ 1.407
Yotar P9 37.04 .94 Q.37
/ny (in/ sec) 8.0 1.8 N
8, (rad/sec) 0 0.0088 | o0.084
8, (rad/sec) 0 0.0198 0.0148
§, (rad) 0 0.0034 0.0168
6, (red) ° 0.0088 0.0088
8, (rea) ° 0.03¢ 0.0248
§, (red/vec) ° 0.00¢ 0.0898

®Three-mode representation with first-order actuators,
deflected spoller system, state control. )
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Table VII. Candidate Measurement for Practical Designs

Measurement
Number 3 D..cﬂm'oﬂ
1 Accelerometer located at fuselage panel 4 (forward)
H Difference batween accelr rometer located at fusela

pane] 4 and average of »ccelerometers located at wing
panels 23 ‘tip)

3 Difference between ac ‘~larometer located at fuselage
panel 4 and average of accelerometers located at wing
panels 18 (mid-wing)

4 Combination of lagged and hllhbnud rate gyro located
at fuselage panel] 4 (forward) with frequency cutoff at
0.88 rad/sec (-Zy)

8 Rate gyro located at fuselage panel 34 (aft)

(] Lagged measurement 2 with frequency cutoff at 2 rad/sec

which is the same as Equation (7) with the addition of éL‘ the lagged fuselage
panel 4 rate gyro output used to construct measurement 4 of Table VII. In
the designs where the lagged acceleration measurement was used, the state
vector included 19 states:

T [ . . o L] |
x* = (w, 6/ny, ny, g, Mg, My, Ngs Ngs Oy, O, 6, (1 |
7
&, Pln pz* p3o p4n psn poo Wg)

where ar is the lagged acceleration measurement,

The design procedure described in References 1 and 2 was used to
realize the practical designs. Using this procedure, the measurement gains
are written as a function of a scaler parameter, \, such that

Ke(\) = K1 (\) + 2K 0srcl (18) |
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The incrementing parameter, \, is equal to 1 for the optimal state feedback
controller, and \ is equal to zero for the optimal measurement feedback
controller,

The starting point (A = 1) {s found by using the optimal state feedback
gains and the measurement matrix (augmented with direct measurements of
states not necessarily measurable so M'1 exists):

K*(1) = KM} (19)

The measurement constraints are applied gradually by stepping \ to zero.
The matrix KI(O) is the fixed-form solution and has the gain structure

desired,

This procedure of 'backing off'' from the state feedback controller is
{llustrated in Figure 7 for the design of controller 14C (defined below). The
same quadratic performance .ndex was minimized while the measurement
constraints were gradually applied,

The cost J is minimized at each increment of \, with respect to the gains
on the measurements. The gains are predicted for each increment, The
minimization of J is the correction, The differences between the gradient
norms before and after the corrections are also shown in Figure 7.

The practical designs are summarized in Table IV, except for the
practicalization of the iteration 8 controller. In an attempt to practicalize
this controller using measurements 1, 2, 3, and 4, the rigid-body and first
bending-mode frequencies and damping ratios became unacceptable, as their
roots appeared to merge with actuator roots. The successful practical designs
will now be discussed.
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Figure 7. Incremental Gradient for C~-5A Design

N s, o

) Successful designs were achieved using iteration 3, 5, and 14 controllers
as baselines. Controller 5A had one more accelerometer measurement than
5B. This accelerometer gained very little stress and stress rate reduction
at the expense of overcontrolling the rigid body. It slightly improved mode 3
damping, with 1eéss' damping on modes 1 and 6. On controller 5C, aileron
feedbacks were permitted. This defined a prefilter for the actuator. There
was an improvement over 5B in stress rate and stress s, (not weighted) at
the expense of bending-mode damping. The aft rate gyro was included in
controller 8D, with some improvement over 3B in stress, stress rate, and
mode damping.




Controllers 3A and 3B are based on the iteration 3 controller, On con-
troller 3A, aileron feedbacks were allowed, with significant improvements
in stress and stress rate at the expense of bending-mode damping.

Controller 14 practical controllers 14A, 14B, and 14C produced lower
stress s, levels than the others., Stress rate levels were higher. On con-
troller 14C, measurement 6 (lagged acceleration) increased bending-mode
damping and lowered the short-period frequency. The short-period damping
ratio was somewhat higher, however,

Controllers 5D, 3B, and 14C are the most desirable controllers from
the bending- mode damping viewpoint, which could be important for stability
margins, Coatroller 3B is the least complex of the three; however, 14 C is
only different by o~ lag network, Controller 5D uses an extra sensor,

Table V summarizes the performance of two state-feedback and three
practical controllers for a more complex model containing six bending
modes, The results are not markedly different using a more complete
model,

Table VI shows the effectiveness of spoiler controls in providing gust i
load relief. These are for state controls., Since full-state feedback was
used, conservative depreciation was used from these answers to provide
the numbers of Table I representing the results of simplified control.

Table VIII presents results for maneuvering load contrcl (MLC). The 3
maneuver is a step column input that attains a steady-state value of 1.5 §
incremental g. :

The free aircraft does not use symmetric ailerons in the steady state.
At +1, 5 incremental g, the wing root perturbation stress is -17, 400 psi.
The peak perturbation stress achieved during the transient for the step .
column input is -18,700 psi (row 1 of Table VIII),
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Controllers 3A and 3B are based on the iteration 3 controller, On con-
troller 3A, allaron feedbacks were allowed, with significant improvements
in stress and siress rate at the expense of bending-mode damping.

Controller 14 practical controllers 14A, 14B, and 14C produced lower
stress s, levels than the others, Stress rate levels were higher. On con-
troller 14C, measurement 8 (lagged acceleration) increased bending-mode
damping and lowered the short-period frequency. The short-period damping
ratio was somewhat higher, however.

Controllers SD, 3B, and 14C are the most desirable controllers from
the bending-mode damping viewpoint, which could be important for stability
margins, Controller 3B is the least complex of the three; however, 14 C is
only different by a lag network, Controller 5D uses an extra sensor,

Table V summarizes the performance of two state-feedback and three
practical controllers for a more complex model containing six bending
modes. The results are not markedly different using a more complete
model,

Table VI shows the effectiveness of spoiler controls in providing gust
load relief. These are for state controls. Since full-state feedback was
used, conservative depreciation was used from these answers to provide
the numbers of Table I representing the results of simplified control.

Table VIII presents results for maneuvering load control (MLC), The
maneuver is a step column input that attains a steady-state value of 1.5
incremental g.

The free aircraft does not use symmetric ailerons in the steady state..
At +1,5 incremental g, the wing root perturbation stress is -17, 400 pei.
The peak perturbation stress achieved during the transient for the step
column input is -18,700 psi (row 1 of Table VIII),
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Table VIII. Maneuver Load Control®

Steady 3] sielay- | 5e3

- eady- -

Ststo (ltl)?“ " Smoy smoy Remarks
(103 pai) Les (deg) (deg)
-17.4 -18.7 0 0 Free aircraft
- 0.8 -13.1 -25 0 Free aircraft
- 8.27 - 8,68 -28 -10 Free aireraft
- 9.01 -10.6 -35 0 With fesdback

Sror +1.8 incremental-g command. Relief is linear with control,
Hence, results may be used to determine effectiveness with
different surface deflections.

The effects of connecting the input of the aileron actuator to the control
column are shown in row 2 of Table VIII, Steady-state values at 1.5
perturbation g of 8, and ou are -9810 psi and 25 deg. Thus, the steady-state

MLC reliefis 1 - ﬁ“}& = 0,4362. The ratio of peak stresses without and
with MLC for the free aircraft is 1 - %—%% = 0, 3529,

»

Table VIII (row 3) shows that adding the spoiler to the free aircraft
provides further reductions in both steady and peak wing root stresses.

Table VIII (row 4) shows that feedback provides attenuation of peak

maneuvering stresses; but, of course, it can do no better than the free air-
craft (with ML.C ailerons) in the steady state at +1,5 incremental g.




SECTION V
LICS FUNCTIONAL BLOCK DIAGRAMS

The block diagram corresponding to simplified controller 14C (Table IV)
is shown in Figure 8. The MLC feedforward gain was computed to enforce
the appropriate steady-state aileron surface deflection per g. At a single
flight condition this was satisfactory. However, flight throughout the enve-
lope would have required excessively complex scheduling because of the
large variation in control column deflection per g with center-of-gravity
variations, The system was then revised to provide maneuvering relief with
a feedback control (Figure 9) using the inputs to the aileron and elevator
servos, The only feedforwards remaining are the existing mechanical links
in the aircraft. Gains and time constants were not determined for this con-

figuration.

Similarly, Figure 10 illustrates a possible functional block diagram of a
system using the spoilers in addition to the aileron and elevator. The various
gains shown were not determined.

System I (Figure 9) requires one additional pair of accelerometers in
the wings as input sensors, and it makes use of the autopilot normal accel-
erometers and the pitch augmentation rate sensors already on board the air-
craft. System II (Figure 10) requires two additional pairs of dual accelerom-
eters in each wing, and also requires the addition of dual-hydraulic servos to
control the spoilers. A norm-rough weather switch is also required in the
cockpit.
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SECTION VI
CONCLUSIONS AND RECOMMENDATIONS

Results of the LICS study showed that rms wing root stress and stress
rate can be reduced by factors of 50 percent and 31 percent, respectively,
by using symmetric aileron and elevator control, However, two deficiencies

become apparent:

e Handling qualities are degraded somewhat (this is noticeable
when observing transients from step commands).

e No means for enfcrcing steady-state load relief are included,

At the time this report was being written, additional work had been done
on the C-5A under contract from the Air Force,

Results from this study (Ref. 6) indicate that the handling qualities can
be maintained with some loss in rms stress performance. The second

deficiency can be corrected by at least two techniques:

e Integral control can be used to enforce steady-state load
ralief proportional to normal accelorutign,

o Direct accelerometer-to-ailcron feedback can be used to give
steady-state load relief. A highpass network is used on the
aileron input to wash out all other steady-state inputs.

In future studies it is recommended that wing torlipn be considered,

80




APPENDIX
SYSTEM MATRICES FOR FLIGHT CONDITION 37

. For the usual notation the model has the form
x = Fx+ Glu + Gz"'l
r = Hx +Du
y = Mx

where

T . . ] .
x = ('l o/r.zl ﬂl' ns' ﬂal nl' no' nsl 6'0 oe 14 le on pso

of

940 950 Pso ")
T - " .. . ry
r = (.lo '20 .10 .2' 6., 6', 6‘, 6.0 0/"2)

and y is defined in Table VII.

The six matrices (F, G,, G5, H, D, and M) corresponding to flight condition
37 follow.
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