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ABSTRUCT

A simple feedback system o alleviate the gust response of the
helicopter rotor is analyzed. The system is comprised of sensors each
of which can detect the flapping motion of the respective blade and of
actuators which can control the pitch angle of the blade following to
the signel shaped adequately to the gust alleviation. The validity of
this system is demonstrated by applying the theoretical calculation based
on the local momentum theory to the gust responses of the complete
_ dynamic system of a helicopter penetrating into a sinusoidal gust and

a step gust.

1. INTRODUCTION

The helicopter has the potentiel to fly close to the ground over
which the motion of atmosphere may be thought of turbulent flow., In order
to avold unfavorable dynamic cheracteristics in flying and riding qualities
and structural vibrations caused by such gusty wind, it is regquired to
analyze the gust response of the rotary wing and to study how to alleviate
them,

The unsteady charsascteristics of the gust response of helicopter
rotor gere made clear in Ref, 1 by applying the local momentum theory
(IMT)2/, The theory may also be applicable to the study of maneuver
response of the helicopter without essential change of the computor program.

There have been proposed several ways to reduce the vibration of
the helicopter by introducing the active pigch control corresponding to
the chenge of load at the hub and blades3=T), Modern technology in the
aircraft control engineering enables us to utilize advanced actuators which
can operate the piteh control link of individual rotor blade in response
to the control or command signal with high frequency.

Thus more free consideration on the design of feedback comtrol
system is possible for the gust al%ev%ation of the helicopter rotor.
By referring to the past resultsts »9 the present paper is to present a
simple proposal for the control guidance of the gust alleviation at the
initial stage in this field.

2., BLADE FLAPPING MOTION

The irreguler flapping motion of the rotor blade must be a good
indicetion for the existence of the gust along the flight course., Let
us consider first the most simple blade~flepping motion of the rotor
under the following assumptions: (i) a set of blades is made rigid and
uniform, (ii) the gust is, by referring to Fig. 1,sinusoidal or

= 1 -
wG(X,t) w(,ms:m{rc(xu X th)}

wGosin{K(Xo—-X)*th} , (1)

i}
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in which (i1ii) the angular frequency wg is smaller than that of the rotor
gpeed or wg/Q << 1, (iv) the blade pitch is given by the first harmonies
such as

9 ='69+8t(x-3/h)+6lccosw+elssin¢, (2)

and (v) the induced velocity is a kind of fumnel shape ziven by

v = ${1—(2/3)K°+x(Ko+K1ccos¢+Klssin¢)} (3)

vhere the meaning of all symbols heve been listed in the NOMENCLATURE,

Then the equation of flespping motion of the blade is given by
B/Q*+aly)B/Q+B(Y)R

= C(w)+fié%pacR392(x+psinw)(WG/RQ)R(x-xB)dx {4)

where coefficients A{y), B{{), and C(¥) are explained in APPENDIX A and
where the final forced term in the right hand side of the above equatlcn

is given in APPENDIX Bl).

By expanding the flapping angle B and the feathering angle 6 iﬁ
the series of first harmonics of the azimuth angle and by dividing thenm
into non-perturbed and gust-perturbed terms,

B(s) = B (£)+48(%)
B o (E)+08e(e)+(B  (£)+08 (t)leosy+{B  (2)+0B (t))siny

£)+08(4) (5)

=6 {t)
=902(t)+ﬂeo(t)+{6n Lc(t)+A81c(t)}cosw+{8n,1s(t)+ABIS(t)}Sinw

3

8(t)

equation (4) yields the following two sets of equations of perturbed
quantities which are mutually independent:

ABo /Q2+K Aéo/Q"'(.l*‘KB)ABo

B
=(Ky+3a2 )A8o+(vg /RR) (Ka-f?Ka Jsinlugt) (6)

and
Aﬁ/92+(Ké-2i )AB/m(I{B-iKé AB

= (regsu? )8 B+, /RR) (4 (e *Ka-KK eos (u,b)

+(GeKau-Kau)sin(ogt)}, (7)
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where

B= -8 +B _
1 1 (8)

= -0 +if
18 1c

It is, then, obvious that the first and the second equations, (6) and
(7], are related to the coning angle and the complex tilt angle of a
rigid cone which is assum?d to be configured by the first hermonic
motion of the one bladel

3. TEEDBACK SYSTEM

Kow let us consider the following simple feedback system:

A8y = {b8630+béﬂéu/9+b§A§o/QZ}/(K1+%K3M2) ()

= {Gg0B a3t B /vazn B /22}/(Kyeean)

where any kind of time Iag of the actuator has been out of congidersation.
Then, the characteristic equations for equations (6) and (T) are
respectively given by

(1-v3)(s/9) +(K--b )(s/m+(1+KB B) (10)

8)
. 2 D - -

(1-05) (8/0) *+(Kz-21-0g } (8/Q) +(Kg-1K5-0g )=0 {(11)

¥ig, 2 a, b, and ¢ show the root loci of equation (10} for

systems in which individual gain is feedback independently. The stable
region of this feedback systems are respectively given by

{a) for bg ¢+ bg< KB+1
() for bg ¢ ba< Ky (12)
(¢) for by ¢ bps i,

The undasmped natural freguency and the damping ratio of equation
(10) can be given by

£
!

= /T1+K -b )/(1»b ) (13)

oy
1
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Similarly, Fig, 3 a, b, and c¢ show the root loci of indlividual
feedback system represented by equation(11l}, It is interesting to say
that the root loci are not symmetrical sbout the real axis because the
coefficients in equation (11} are complex number. The stable regions
of such second-order dynamic system with complex wvariable were, as
precisely discussed in Ref, 10 and 11, given respectively by

(a) for 0 = 2, R+i&B,I :
1K, - 2’ fx2 > el {14}
B BT g B,R
(v} for Gé = aé,R+iaé,I
ké > 83 o (152)
and
k. a2 -2(X *l)Ké&é R—Kéaé,Raé,I
8% KZ(B . +;) o (15b)
+K2(as
5 R,I B
{c) for Qg = 23 R+ia§,I :
Kp(l-ap ple2ay o >0 (162)
and
Kéaé R+2Ké{KB(aé,Ru1)-(KB+2)}aé,I
Tk (ag 1) (ag #KgHL) <O, (16b)

B

From either Fig, 3 or equations (14~16) the stable regions of
individuel gain of the feedback system are those shown in Fig. 4 a, b,
and ¢, Actuelly, for the selection of a set of gain combination the
following items must be considered: gain margin, natural frequency,
response time, allowable overshcot, terminal amplitude, and so on.

The actual pitch link motion must be related to the sbove feedback
gains. This 1Is performed by comblning the direct feedback relation,

AB(t) = ¢ AB+céAé/Q+c§A§/92 , (17)

B

with the perturbed relations given by equations {5) and the feedback
relations given by equations {9) as follows:
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R
cé = bé = oé+210f-3 £18)
°g = bg = Ug-Ug+ily

By referring to Fig, 3 and Fig, L the above equations suggest
that the following combination may be a solution for this fdedback system:

n
o

0
9 = %"
Og = &g g™ 87"

= pr = Ke-2vVE, +1 (19)

cé = bé =0

. =B = ~2VK 41 20
cg by 08.K2B+l (20)
cg = Pg = Ug*ilj = g ¢

where the real part of the GB’ aB R =D ,may be selected to satisfy the
restriction (&) in the stability Sonditiens (12) and (1k4) and to get
the guick response of the system.

l,, GUST RESPONSE OF A ROTCR AND A HELICOPTER

Numerical examples of the present calculation have been performed
for a rotor fixed in space and a helicopter flying in cruising condition,
the detailed dimensions of which are respectively given in Table 1 and 2.

Fig. 5a,b,c, and 4 show the time responses of the thrust coeffiecient,
the tilt angles of tip-path plane, and the pitch input for the exemplified
rotor penetrating into e sinusoidal vertical gust, The feedback gains
were selected as follows:

cé =0, 0é = -1.1, and g = -2,0 .

Tt can be seen from these figures that the deviations of {(a) the thrust
coefficient and (4) the tilt angles represented by the first hermonic
flapping angles from the mean value are appreciably reduced by adopting
the above feedback gain if the reguired pitch angle shown in Fig. 5 ¢ is
perfectly followed,

Fig. 6 a, b, ¢, and d are step responses for the same rotor
penetrating into a step gust. The gust alleviation is obvious for such
adequate feedback gystenm.
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Fig., 7 a and b, and Fig. B a and b show the gust responses of
the helicopter penetrated into a sinusolidal gust and a step gust respectively,
The alleviation effects due to the feedback system are obvious for all -
quentities related not only to the longitudinal motion but also to the
latersal motion.

5. CONCLUSION

A simple analytic method has been proposed to construct a combination
‘of feedback geins in active control system which was designed to alleviate
the gust response of the helicopter rotor by sensing the respective blade
motion and by making feedback it to the piteh control link of individual
blade. The validity of the method was demonstrated in the theoretical
calculation based on the local momentum theory for the gust responses of
g rotor which is fixed in space and of a helicopter which is flying in
crulsing condition while they are penetrating into a sinusoidal gust and
& step gust. '

The deviation of every quantity from a trimmed value is appreciably
reduced by adopting such active control system.
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APPENDIX A Coefficients of Eguation (&)

AlY) = Ké+K2,ausin¢
B(y) = K8+1+Kzucos¢+K3uzsinwcosw
= . 3 .
cly) = Kqﬂt+Klgen+9lccosw+§1531nfunet+2u8t51nw)+Kz{(60+81ccos¢
+91331n¢—56t)EUS1nw+u 8t31n w}+K3(Bo+Glccosw+81551nw
3 2 .2 . . n kf
- Eet)“ sin Rb—utams(K2+Kaﬁ51nW)-§%Kg+§%Bo
v . . 2 .
—(RQ){(K1+K2u51nw)(K0+K1ccosw+K1551nw)+(l—§Ko)(K2+K3US1nw)},
where,
S 2
KB = ;g(kfﬂcf,a)—l
k
_ 7
KB = _JE; +K1,a
- 22
ke = kB/msazﬂ
k% = ké/mBR .

APPENDIX B Expression of a Sinusoidal Gust in the Rotor Coordinate System

By referring to Ref.l, the expression of a sinusoidal gust
in the rotor coordinate system is given by

s @ n
Vs ( r,t)/ Ve = sin(w t+KXo){Jo(kx)+2n§1(—l) Jzn(kx)CQSQnuT}

G
—cos(wG‘c-l-KXa){2J1(kx)cosuT
@ n
- -+ _
+2n§l( 1) J2n+l(kx)cos(2n l)aT} . (B-1)
where,

k = KR = wG/uQ
W= K(VcosW+VG)
o= $-¥ (B-2)
r = Rx,

By assuming that the wave length of the sinuscidal gust 1s extremely
larger than the rotor radius, the following spproximation will be established:

_ kix? | k*x" ~ x*x?

Jolkx} = l-""ﬂ"-'z'!'zwh-u... - 1 % .,
_kx. kx kx ~ kx, k°x

Jl(kx) = Ez(i— ) : :ga“ vea) . g (1 8 (B-3)
_ k1 k2 - k%x

JZ(kx) = ’-I» (é - ST, +..-) - 8

Jn{kx) =0 (n > 3),

By using the above approximation, equation (B-1) yields
wG(r,t)/wGo = 31n(th+KXo){Ju(kx)~232(kx)c052aT}

-—2J1(kx)cos(th+l<Xo)cosaT .

T2-8



]
w3

o
wr

NOMENCLATURE

1ift curve slope

feedback gain of A8, = ag g *ia
2

feedback gain of A}é, =& _ + i
B.R

B,I

aé’I

feedback gain of Af, = a.é"R + ia'é,I

tip loss factor
feedback gain of ABp
feedback gain of Afe

feedback gain of AR,

thrust coefficient = T/p{nR*}{RQ)?

feedback gain of AB, eq. {18)
feedback gain of AR, eq. (18)
feedback gain of Aé, eq. (18)
gravity acceleration
inclination of rotor shaft
imaginary = Vo1

Bessel funetion of n-th order
=%M{-%B&B+§§%>
B - B%xg + Bx3)

- (4B Llge

= (2)(h3_ 323 XB}
= (HBE_2

= (2)(3- gxs)

2

x
B

3 )

2
DG - xy +

_ +Y,/B® B*
= (2)(5 - L—:‘cs)

(x - xB)/x§

K coefficients in eq. (3)
equivalent spring stiffness
equivalent damping coefficent
= w,/ud

mechanical spring stiffness
mechenical demping coefficient
load factor

radius

radius at flapping hinge
Laplace operator
thrust

time

72-9

v forward velocity
Vg gust ferward velocity
¥ induced velocity
v mean induced velocity
¥a gust velocity, positive upward
x point of X ccordinate
in stationary space
X initial point of gust
o in stationary space
x = r/R
xg = Tg/R
- /5 2
Xp 6/mBR
= 22 >
Xea ’{x xBx)B
8 flepping engle
=B +B cosP +B sin¥y+ +-
] 1c 18
B = -Bls + 181{:
¥ Lock pumber = DacR"/IB
[ = damping ratio
e blade pitch angle
=8 +8 cosp + 06 sinp + +--
0 1c 18
8 = -615 + 151c
Bt blade twist
© wvave number
P air density
U] azimuth angle
o undemped natural frequency
Wy gust angular frequency
4 deviation from equilibrium point
Subscripts
R real part
I imaginary part
n non-perturbed part
0 constant or initial value
Superscript

")

=d( )/dt



Table 1. Dimensions for a Rotor
R Rotor radius . B.53m Teg C+ G. position of blede 4 2t m
b Nuzber of blades R L mg  Blade mass ’ 1086 kg.sect. n™
& Blads chord . 0.51T I Moment of inertia of blade ' 162.6 xg-m- sec,
f Rotor rotaticnal speed . 23,67 rad./sec. Mg Mess moment of blade ’ 169.3 kg-m-sec’.
8, Blade twist angle . -8 deg. ¥ Lock mmmber ' 8.84
8, Collective plteh angle . 8 deg. Wing section ' TACA o012
g  lomgitudinal cyclic piteh angle , 0 aeg. W Advance ratio i 0-18
1e
8, Letersl cyclic pitch angle + 0 deg. L Gross welght ' :’i:ar: nee
Ty Position of flapping hinge * 0.3 = “5 Gust magular velogity ' 0‘n/sec ’ )
r,  Blade cut off s 0,594 m v Gust forward velocity ' '
vg, Oust amplitude ' 1.80 m/oec.
Table 2. Dimensicns for a Exemplified Helicopter
W  Gross weight » 2554 kg For Horizontal Wing
I:B Mement of inertia of body , 339.96 ke'n*s® 5y Wing aren , 1.586 m*
xYB Mement of inertiz of body , 1170.1 kg'm's’ b, Seen , 2.8Uk o
IzE Hement of ipertia of body , 989.0 kg'm'uz ey Lhord , 0.558 m
For Matn Rotor ARE Aspect ratio » 9.1
R Roter radius . 6.706 1 ny Prficiency s
b Humber of blades y 2 For Yertical Wing
¢  Blede chord y 0.533 0 8, Wing aree , 0,833 m?
8, Blade twist , =10 deg. b, Spen » 1.036 m
1 Rotor rotational speed + 33.9 rad./sec. <y Chord , 3.88L =
mg Blade mass » 8.837 xgre®em™ B, Aspect ratio . 1.22
IB Mozent of inertia of blade, 118.4 1;3'1::.‘!:1 iy BEfticiency s 0.9
i g Iaclination of rotor shaft, 3 deg.
Y Lock nuamber , 6.526 T
¢ sortaity . 0.0506 e‘ Collective piteh angle , 6.4 deg.
e Lopgitudinel cyelic pitch angle, ~0.2 deg.
For Tall Rotor e:a Lateral eyclic piteh angle s ~1.%5 deg.
Rp Retor radius y1.3n ¢ Roll angle of body y O deg.
by Humber of btlades y 2 8 Piteh angle of body y =3.5 aeg.
¢y Blade chord y G.21h m ¥  Yaw angle of body . 0 deg.
st'.E Blads twict y O deg. ¥ Flight peath angle , 0 deg.
ﬂ.i. Roter rotational speed s 113 rad./sec. U Advance retio s 0.2
gy Blade mass s 0,23 kgeaZem ! W, Gust frequemcy . 3.1% rad./sec.
Igp Moment of inertia of blede, 0.128 kgomes? ¥, Cuot amplitude » 1.8 m/see.
G’T 8y - angle » b5 deg. ¢g Feedback gain of AR , -1.0
Yp Lock number y 3.35 cé Faedback gain of AR v =11
o, Selidity , 0.105 o Fondback gain of A8 , 0
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{a) STATIONARY COORDIKATE SYSTEM
(b} HUB COORDINATE SYSTEM ,
{c} ROTOR COORDINATE SYSTEM .

STHUSOIDAL, GUST
HEADING

STEP GUST

s YD)
(g Yy Zy)
(X Ypo Zg)

Figure 1 Gust shapes and the related coordinate systess.
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T2=11

DB Y I
X 1
+on 0 1 Re
Ké ? \KB*‘ 1 bﬁ = +00)
b'a - Kﬂil -E
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-
{a} b
B

Figure 2 Root lock for the {ndividua) reedbick system of the confng angle.
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1
-
K=1 kel 371y
-31’-
RN 74 futr
7Y kel 3wy
-1 A -1 0] e
T/2\\37/y -2 w/h
gam Gui
-37/4 L
(@ og=kel® ) ag=gel®
Figure 3 Root loei for the individual feadback system of the complex tilt angle.
In
5
-2 UL<’ 2 Re
STABLE ((‘ 1+Kg
‘rr\’\’rr UNSTABLE
-5
(g} a 2
Figure 4 Stable regions of the individual feedback gain for the coaplex tilt angle.
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7.5

THRUST DEVIATION, Cpx1p->

(a) THRUST COEFFICIENT WiTHOUT FEEDBACK SYSTEN.

(=2
-
v

(bY THRUST COEFFICIENT WITH FEEDBACK SYSTEM.

8 “A\/\N\/

{c) PITCH IHPUT,

PITCH DEVIATION, g, deg.

A EIYA
Y VAV

T T T T T

¢ 0.5 1.0 1.5 2.0 2.5

Time, % ,sec.
Figure 5 Tize responsas for 2 sinusaical gust.

3

3.0 3.5

{ *6o" i.8 stec..cB =t ‘--l.l.:é! 0,[.1"0.\8 )

B

.

Tf 8.75 (c} THRUST CCEFFICIENT WITHOUT FEEDRACK SYSTEM.
S FEAN STEADY VALUE
g 751

=

=

2

5 675

g (b) THRUST COEFFICIENT WITH FEEDBACK SYSTEM.

28 1 A

£ VW—W
=

o -

é (c) PITCH IKPUT,

= 77

0 0.5 Lo 1.5 2.0 2.5

Tire, t ,58¢C,
Figura & Time responses for & step gust,

{ Wea® 1.8 mlsec..cﬁ --z.o.cé --l.'l.c'é- 0,fL= 0,18 }

3.0 3.5
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e ===k WITHOUT FEEDBACK

ARy, Ceq.
0.3

-._.____:;

Aﬁts
E deg.

(d) TIP PATH PLANE

A8 ded.

K
T-0.3 WITHOUT FEEDBACK

{d) TIP PATH PLAKE




m/sec.

deg,

dag.

deg,

2.‘

SINUSOIDAL GUST , wg

THRUST COEFFICIENT , L

VERTICAL YELOCITY (BODY AXIS)} , w

STEADY VALUE

ROLL AMGLE OF BODY , § STEADY VALUE

\/

PITCH AKGLE OF BODY , & STEADY VALUE

— |

STEADY VALUE

YAW ANGLE OF BODY , @

0 0.5 1.0 15 2.0 2.5

Time, t ,5€C.

{0} WITHOUT FEEDBACK CONTROL SYSTEM.

Figure 7 Examples of the reduction due to feedback control system.

(w18 B/rec., gyem 314 radlsec..cﬁ--I.D.c’--I.T.c“' o)

Fif B

deg,

(S - R -

PETCH ANGLE OF A BLADE , &

THRUST COEFFICIENT . &G

VERTICAL VELOCITY (BODY AXIS) , ®

STEADY YALUE

ROLL AMGLE OF BODY , & STEADY VALUE

—

PITCH ANGLE OF BORY , @

STEADY VALUE
—_— ]
STEATY VALUE
YAH ARGLE OF BODY , 2
F T T L) U
0.5 1.0 1.5 2.0 2.5

Time, t .sec.

(b) WITH FEEDBACK CONTROL SYSTEM.
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afsec.
7

1] STEP GUST , Mg

'p

x10™?
THRUST COEFFICIENT . Cr
3 .
mfsec,

J VERTICAL VELOCITY (BODY AXIS), W STEADY VALUE
-2— \.\‘

4 ROLL ANGLE OF BODY ., &

STEADY YALUE

PITCH ANGLE OF BOBY , © STEADY VALUE

STEADY VALLE

YAW ANGLE OF BODY , ¥

0 0.5 1.0 1.5 7.0 7.5
Tlme, t ,sec,

(o} WITHOUT FEEDBACK CONTROL SYSTEM.

Figure 8 Exaxples of the reductien dus t0 feedback control system.

(lm- 1.8 e, cﬁ'-l.ﬂ.cﬂ'--l.'l.cﬁ"- [/}

ceg.,

xio™?

msec.

A A

PITCH AMGLE OF A BLADE , @

THRUST COEFFICIENT , G

VERTICAL VELOCITY {BODY AXIS) , W
STEADY VALUE

«Z2

deg. |

—— ]

ROLL ANGLE OF BODY , &
STEADY VALUE

-2

deg.

PITCH ANGLE OF BODY , & STEADY YALUE

-5

_10 -

deg.
-0 4

STEADY VALUE

YAW AMGLE OF BODY , &

0.5 1.0 1.5 2.0 2.5
Time, t .seC,

(b) WITH FEEDBACK COWTROL SYSTEM.
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