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" RIDE QUALITY SE:SITIVITY TO

SAS CONTROL LAW AND TO H.mDLmG QUALI'I‘Y VARTATIONS
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SUMMARY -
o
State variable techniques ere used to generate the vertical and lateral '@ . 'm'
Tuselage loadfactor distributions for the B-52H and B-1 bombers, A compari- '." _"_'ﬂ m
son of loadfactors resulting from cruise turbulence excitation, reveals that = u;
rive quality is not significently improved by increasing the control law - = o m g g
complexity. Control law complexity is meant to imply rate feedback in com- Co
parison to full state feedback. Handling quality parameterizations show . W
pronounced effects on the loadfactors, Finally variations ‘unden relaxed g
static stability implementation show that the ride gquality is degraded by ‘3 :
restoration of handlmg cha.racterla,l;ics to origina.l short period va.lues. _ o o ¥
INTRODUCTION HHoa |
' Eeiny
: e .
| - ‘ ‘HEpu f
Control Configured Vehiecle (CCV) technology is Just beginm.ng to a.ffect : g O ;j,' ':
the design and manufacture of secospace vehicles. Current technology air- - @ :'535.3’. . &
craft like the F-16 fighter and B-l1 bomber are utilizing concepts such as . “sm e
ride control, Relaxed Static Stebility {RSS), and fatigie reduction. . Future'- _ ;"g” B
vehicles will certainly incorporate active controls, maneuver load control, M -ng ;.
direct 1ift, flutter meode control, and gust load s.lleviation conceptsa, S ':g &
These future vehicles will be optimized under many manifblds to inelude Ride gg—u
Quality (RQ).- \ ' S T N
| | 282
The objective of this paper is to discuss the RQ trends which large ; ~ =
flexible aireraft exhibit under various parameterizations of control laws =0
:s.nd handling qualities. The informatlon was generated as a data base- for _,.:,’,g
‘research supported by NASA Dryden Flight Research Center under grant NSG g o ,',-_'-,'
4003, The ultimate aim of the project is delineation of handling qualities N Oy
specifications for highly flexible CCV vehicles. This paper contains a .= .;'?ﬁ ~ _
summary of the essumptions and solution technique, e control law parameter- "‘ ggﬁ:
ization review, a discussion of ride sensitivity to handling qualities, and ®OG
finally the R effects generated by implementing relaxed statie Btability - ? mg
configurations. _ R 5;5
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SYMBOLS
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Al Transpose of the A matrix : JUL 1976 f:'i
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c ‘Mean aerodynamic chord length o
g Uenter of gravity R
| VZE{r} : Expected value e
M e Qutties - "
!¥'_o.e’”DiStan°e from cg alo#s.fuselage oenterline, positive forward o
; Et'e:'” Distance betWeen the tail and wing-body aerodynamic oenters ‘
ﬁ;;# t dLoadfaotor at & partioularrbody etation°-‘ 3"]7;' |
A - . .z denotes vertical T
y denotee lateral
) ”_lerﬁse. R Root mean equ&re:_
“7xltﬁé_ir;?..Ride Qualitles ula;ﬁf:d “‘j.ie_}“ G .'s-gddgla_"
| RSS _Rele.xed static stability | o /
-dS" - ;dWing planform area: ) ‘
tse.e:iAf‘Tall planform area i._
UQf- "r Averaged Steady State Flight Vélocity :
u B ':Control(e) vector; elevator, aileron, and/or. rudder B ' f
? :1 Tall volume coefficient

X : daState vector; usually associated with phyeical outputs in thisf':

" paper
"4 N Perturbaﬁdon‘aﬁgle of etteck _______
8 .'ePerturbation side ellp angle a
T h Damping Value | ‘
" ' Scalar unit white n015e '
9 N Perturbation pitoh angle
_gi_ | | ith elaetic mode gene%allzed dlsplacement

-

¢i(£;) ‘1th orthogonal elaebic -mode shepe. value at hody station LI

¢ Perturbation -roll angle . S ;;- PEET
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| ‘PROBLEM FORMULATION o

i Equations of MOtion for Flexible Vehicles ;_

. T*me domain representationa for the flexible vehiclea were decoupled
~into iongitudinal and letersl state varidble formets. The Gaussian white
_,noise representation of turbulence was: modeled as & state vector system as .
- 'suggested in reference 1, The ‘gust state vector was appended to ‘the vehicle
state equations resulting in the familiar control form (1).

(t) Ax(t) + Bu(t) + Gn(t)

.(n+p)x1 o I
‘m X1 o o R R Lo Lo o
~number of physical vehilcle atdtes L e U
number of controls
- -number of . guat stetee LT.ﬂg}-:ﬂﬁ;hv;,jt:t;ﬂﬂﬁj p5#;3;_ S
_-(n+P) XL L l e e L e
(mp} X (n+P) | | | L
(n+p x m-

where: .

ﬁ'u:;n?i@ BoE g

T AL

1oadfactor‘Expreesion B

g

" The maJor contributions to verticel and lateral loadfactors: at cruise T
conditions cen be represented by eqnations (2a) and. (2b) o

:n_.

) = M e) . H Jﬁmu e

Ny(zxst) ~{g¢ - Uo(5+¢)-- 2 - Z ¢1(” )%, ] ’r_f’ffﬁéfﬁ*' ey
;,wnére? K is the nuMber of elastic modes included in the model._”,'.'

_ Throughout this paper the - stendard right hand stebility axis aystem.is i. -fﬁ;f, ,_5
" utilized with the x axis positive forward from the cg es shcwn in. figure 1ok -rrif“_ﬁ

The sign conventions for the vertical and side bending elements are = .
g_shown in figures 2 and 3. D - R ;_..ut_,.f ;‘-;;-:; RIS P AL TR

A The loedfactor expressione can be reformulated as functions of the I R o
physical state variables by simple substitution. N _ s"“f P
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aE Figﬁré 1: 'Stabiiity_Axis Signjconveﬁtibn
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Figure 2: Fuselage Vertical Bending Sign Convention

K
Figure 3: TFuselege Side Bending Sign Convention
b
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T T .
N(a,,t) = Pox (t) - ()

The lx(n+p) row vectors, P aye determiniatic for a given vehicle
equation of motion set, specific’xontrol, end. specified gain value, Equa-
tions (3) can be manipulated into e mesn square value expression for the
loadfactor. . , : oo

| E{Nz’y} = Pz;y E{xx'}z’y i oo (W)

" Assuming. a stationery, zero mean process for. the state differential syatem
(1) leads to en elgebraic matrix Riccati equation. This equation can be . . .
solved for the symmetric covariance matrix, E{xx'}. Utilizing one algoritiuz
- suggested by Gelb in reference 2, convergence can be obtalned within 35 .
.seconds on & CDC 6500 for a 16X16 Riccati system. A simple: matrix multipli-
cation routine completes the solution utilizing equetiOn (4}, . .

Study Vehicle Descriptions and Plight Conditions

--The B-52H and: B—l were chosen for tris study because they exemplify the'
.trend towaerd more elastic atructures for future large vehicles. The B-52,
".and cormercial derivatives thereof, was a member of the first generation of
elastic vehicles.  Since that era, improved structural design techniques and
composite meteriels have made. poasible vehicles 1ike the highly elaatic B-l.

The flight conditions were chosen because they represent cruise condi--
tions which are mission essential . ‘anid - because turbulence encounters. at lcw '
altitudes must be included in future deaign considerations._ -

The B-SEH is uaed by the US Air Force as a long renge bomber.‘ It is
47.55 meters long and has a wing span: of 56.4 meters. Originally designed
as a high altitude bomber, it must now cope with penetration problems by
combined high/low sltitude profiles. Taeble 1 describes .the flight condition
for the B-52H, - . :

Mass = 158,757 kilograms (350, ,000 1bs. )
‘Mach = .55 -

Velocity = 185.56 metera/sec (608 8 fps)
cg at 25% mean eerodynamic chord
Altitude = 609.6 meters (2000 ft)

| TABLE 1: B-52H Flight Condition

. The B-1 is currently being test flown in a maJor pre—production effort
_hy Rockwell International and the USAF. It is designed as the replacement
vehicle for the aging B-52 fleet. The advanced structures and integrated
technology make this vehicle an outstanding example for loadfactor



is %1.8 muhers.

contributions due to elasticity. ‘The overall length of the Bl is hS'
meters. The reference wing span utilized at the flight condition in Table 2

Mass = 103 315 kilograms (227,770 lbs)
Mach = .85
Veloclty = 289. h metera/aec (9&9 h5 fps)
" . eg is at fuselage station 40.67 {meters)
Altitude = 30.48 meters (100 feet)

TABLE 2: B-l Flight Condition
C_ONTROL LAW VARTATIONS

Both vehicles were. modeled as steble, . unnugmented systems in the

" vertical end lateral cases with tlie exception.of the B-52H which réquired a. . .70
 small roll subsidence mode stabilization before proceeding. 'Each vehicle o
model was theoreticelly modified utilizing pitch rate, yaw rate, pitch rate/. - -~ -

pitch attitude, blended pitch rate with acceleration, end full state feed~
back control laws. No significant differences in- RQ were generated by these

variations, for-identical (or. nearly eqnivalent) handling quality values.___l_'

' It should be mentioned here thet the B-l ‘Structural Mode Control System ™ =
" was purposely not ineluded or utilized because this study is involved with

general. control design parameterizations -and not the specific RQ optimiza-.
tion of the B-l. For both aircraft studies, only the primary control - -
surfaces (elevator, rudder, and aileron} were used for RQ determinations.

To establish a basis for comparison, the unsugmented vehicle 1oad-'
factors were computed for .30&8 meter/sec (1 fps) rms (root mean square)
gust: veloclties._ " :

Figure 4 depicts the loadfactor curves for the unsugmented B-52H. The
nearly linear loadfactors labeled "rigid body only" include all terms except
the summations in equations (2a) and (2b). Hence any interactive rigid body:
and elastic dynamics from the Riccati solutlion are included in this output.
The second line which las: a more pronounced curvature includes ell the modes
thet were utilized in the model. For the B-52H at this flight condition,
the maximum elastic contribution to verticel loadfactors is about 15% of the
total. (The lateral fuselsge modes used in this data were primarily aft-
body modes. Hence the rise in elastic effects near the tail.)- L _

Figure 5 shows an impressive increase in the elastic contribution to
vertical loadfactors on the unsugmented B-l. The discerning reader will
immediately note the changes in ‘vertical scale in figures l and 5. . The

‘different flight conditions and elastic contributions to rlde -on the L

separate vehicles dictated these scale changes.
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T Under each control law studied the gains were changed 80 that a range '
of handling characteristics and their resulting loadfactors could be cata- - :
loged. The values used for the handling characteristics were restricted to

- the acceptable” ranges given in MIL-SPEC: 8?858. Hénce the. following
" boundaries: :
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It is important to reiterate at this junéture that the study goal was RQ -

sensitivity to feasible controls, not the deslgn of an optimal control for
either vehicle, . - . -

Pinoh Rate Feedbaek (B—GQH)

Figure 6 shows the pezLentnge change in Joadfactor for various handling:
choracteristics. The baseline in all these cases is the unaugnented vehicle
loadfactors from figures 4 or 5, whichever is appropriate. -As shown, the
increase of damping and frequency for higher Btubilizing feedhack gains o

pzoduced better R&. R
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Figure 6: Pitch Rate SAS Changes
Yaw Rate Feedback (B-1)

: blgure T shows the loadfactor curves. for the" B-l lateral dynamlcs.
Notice the effect is similar, increased damping produces better RQ
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Figure 8 shows the percentage changes in loadfactor under the C“

eontrel poliey with variations ‘in hendling characteriatics. ~Again the seme
"generul trends appear. . : :
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_Full State Feedback (B-52H) .

The trend expected by control experts would show that higher frequency
and higher damping beget better RQ. This expectetion was valldated using
full state feedback pole placing capicility. Figure 9 shows the results as
percentage chenges in loadfactor compared to the unaugnented vehicle. The
forward fuselage percentage changes were distorted by relatively low baseline
loadfactor values. Hence the higher demping/frequency loadfactor curves
represent better rides overall, The asterisk cases in figive 9 deserve
\%pecial mention. In these two cases the elastic mode demping was artifi-

oially increased through the elevator feedbeck control policy. Note that - -

both cases generated appreciably worse RQ. This occurred because of the
increased elevator excitation of the rigid body parameters in equations (2).

Breekdowns of the elastlc contributions to the loadfmctors showed the three
‘glastic modes chosen for increased damping actually did contribute less to
the rms loadfactor.

P R
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Figure,9! B-52 Full State BAS

This result prompted [ theoretical amtempt to perametricelly plot 1oad-

. factor versus. ‘frequency’ and -damping.  Using a transfer function approach.and. -

the Dryden power spectrel density for vertical gusts, jhe loadfactor mean
square value was computed as an integral over the freiuency domain. The -
reaulta support the numerical analysis BhOWn in fiéure 9.

hs frequency incresses, the RQ gets better.ruLikewise damping value

excursions from the coupled elastic mode eigenvalue at constent frequency:
will adversely affect the loadfactors. A numerical example was run for the
- B=S52H"and is shown in Tigure 10 for two" increaaed short: period fraquency:

cages. The elastic mode increased damping was ‘not included in theae eeses.
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RELAXED STATIC SWABILITY (R8s)

‘ Twu methods were used to simulnte this effect on the atudy vehicles,
®iyst the tall volume coefticlent, ¥, was reduced.

E St

V=-—-——
o8

This hus the effect of shifting the vehicle asrodyrnimic center toward the

center of gravity. Static stability is thereby reduced. The second method
involves an artificial cg shift toward the tall., Thie is the more practical

. of the two methods, as it has already been lnuorporated as & Puel transfer
" or management activity on a test vehicle (CCV B=-52),

Figure ll,shows the effect of RSS on vertical ride'fbr the'riéid'body

. B=A2H ¥Yehicle, Essentielly pitching moment effects are reduced until at

‘neutral stability the loasdfactors are constant and due only to the vertical”

aceelerations,. This would logleally follow from the definition of the neu-
tral point. The question now arises, what rides are inauced by reétoring
the original handling characteristics of the unzugmented vehicle with an-
active control system? Figure 12 shows these results in terms of percent

loadfactor change. u uheral the restoration resulted in degraded RQ.
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CONCLUSIONS

1. ltide gquality is particularly sensitive to the handling characteristics
specifications,

. Fxcept in optimizing o particular vehlele's control capabilities, ride
quality is not dependent .n the type of control law chosen,

3. Relaxed Static Stability has a favorable effect on B~l ride quality in
that lezs plteh acceleration and/or veloelty contribute to the loadfactor.

L, Belaxed Static Stabillity with restored handling qualities generates
higher loadfactors on the B-52H and B-l at the flight conditions studied.
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