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SYMBOLS

a lift slope, or nondimensional distance between midchord of the wing and
elastic axis (positive aft)

b semichord, c/2

C,CpgsC, coefficients in equations (73) and (80)

c' 1lift deficiency function, equation (B6)

Cdo airfoil profile drag coefficient

CysCysCrp horizontal force, side force, and thrust coefficients
CMX’CMY’CMZ rolling, pitching, and yawing moment coefficients

Ce lag damper coefficient

c chord length

Dy induced drag

E() expectation of ()

e distance between elastic axis and feathering axis at blade root
eq distance between mass center and elgstic axis of blade cross section
Fax’Fay’Faz aerodynamic loads on the wing section, equation (B1l1l)

FX,FY,FZ net hub forces equal to (H,Y,T)

,FR : hub forces vector of the 2th blade, (FX,FX,FZ)il

fe gust frequency

g gravitational acceleration or' the gust velocity vector

H horizontal force in the rotor frame = p(RQ)z(sz)CH

h plunging motion of wing cross section

Ig moment of inertia of a blade about flapping hinge = J;E (r - rB)zm dr
i imaginary unit = /-1

ig shaft inclination angle (positive fore)

J quadratic performance function, equation (72)

Jn Bessel function of the nth order
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ax’ ay’ az

feedback gain vectors, equation (26)
polar radius of gyration of‘a blade per unit span
Kalman gain at n time-cycle
blade lift per unit span
blade pitching moment per unit span
aerodynamic moments on the wing section, equation (B12)
variance of the error before the measurement at n time-cycle
net rolling moment = p(RQ)z(ﬂRz)RCMX
net pitching moment = p(RQ)z('nRZ)RCMY
net yawing moment = p(RQ)Z(ﬂRZ)RCMZ
mass moment of blade = j;R r(r - rB)m dr
B
hub moments vector of the 4&th blade, (Mx’My’Mz)£
mass per unit span
generalized mass of the jth mode, equation (2a)
number of blades
angular velocity of a rotor along the XB—aXis
variance of the error after the measurement at n time-cycle
angular velocity of a rotor along the Yp—-axis, Floquet transition
matrix, variance of the process noise, or hub inertia moment vector
in equation (B3)
generalized force of the jth mode, equation‘(ZC)
generalized coordinate of the jth mode
kth constant coefficient in the solution of Aq, equation (7)
perturbation generalized coordinate vector, equation (5)
rotor radius
angular velocity of rotor along the Zp—axis
radial coordinate of blade or variance of the measurement noise
position of flapping hinge

position of lag damper
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WZ’WG’WAG

thrust in the rotor frame = p(RQ)z(ﬂRz)CT or period
transfer function matrix

matrix, equation (59)

time .

velocity of rotor along the XBfaxis

tangential, normal, and radial components of velocity at a blade element
radial deflection of a blade; process noise
horizontal component of gust velocity

velocity of a rotor along the Yp-axis

lead-lag deflection of a blade; measurement noise
lateral component ;f gust velocity

velocity of a rotor along the Zp-axis; gross weight
weighting matrices, equation (72)

flap deflection of a blade

vertical component of gust velocity

gust amplitude

precone angle

nondimensional radial coordinate = r/R

side force in the rotor frame = p(RQ)z(ﬁRz)CY
measurements

angle of attack

Lock number = pach/IB

perturbation from a steady value, or small increment

Rronecker delta function

blade trim pitch input = 0o+ et(x - 0.75) +i8,, cos Y + 6,4 sin

blade twist rate
collective pitch control

lateral pitch control



9 longitudinal pitch control:

1s
0 control vector, equation (59)
Y:] control inputs, equation (57)
A inflow ratio = (vg + V sin ig)/RQ
U ‘advance ratio = U cos iS/RQ
Vg mean induced velocity
p air density
o solidity = Ne/wR
0 torsional deflection of a blade, inflow angle, or phase angle
o720 phase shift in figure 17
Y azimuthal angle
Q rotor rotational speed
wg gust angular velocity = 2mfg,
Wy jth natural frequency of a blade:
wy, lag frequency of a blade

Subscripts:

B body frame

b blade frame

c control or cosine element
G gust

H rotational hub frame

1 inertial frame

i jth mode

) 2th blade

n n time-cycle

R rotor frame

S sine element

0 initial value, amplitude, uncontrolled value, or origin
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Superscripts:

) ~ trimmed value
@) d( )/dt

® estimate of ()
(' d( )/dx

(HT transpose of ( )
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SUMMARY

Two control schemes designed to alleviate gust-induced vibration are analytically
investigated for a helicopter with four articulated blades. One is an individual
blade pitch control scheme. The other is an adaptive blade pitch control algorithm
based on linear optimal control theory. In both controllers, control inputs to
alleviate gust response are superimposed on the conventional control inputs required
to maintain the trim condition. A sinusoidal vertical gust model and a step gust
model are used. The individual blade pitch control, in this research, is composed
of sensors and a pitch control actuator for each blade. Each sensor can detect flap-
wise (or lead-lag or torsionwise) deflection of the respective blade. The actuator
controls the blade pitch angle for gust alleviation. Theoretical calculations to
predict the performance of this feedback system have been conducted by means of the
harmonic method. The adaptive blade pitch control system is composed of a set of
measurements (oscillatory hub forces and moments), an identification system using a
Kalman filter, and a control system based on the minimization of the quadratic per-
formance function. Calculations for the individual blade pitch control system show
that the thrust fluctuation can be reduced by more than 507 in the low gust frequency
range. In addition, it was found that the adaptive blade pitch control system can
also be useful for high frequency gusts.

1. TINTRODUCTION

The helicopter has the capability of flying close to the ground where the motion
of the atmosphere may be thought of as turbulent flow. To avoid structural vibra-
tions and unfavorable dynamic characteristics in flying and riding qualities caused
by gusty winds, it is necessary to analyze the gust response of a rotary wing air-
craft and to develop a scheme to alleviate such responses.

Studies on the gust response of a helicopter rotor are reported in refer-
ences 1-9. Many different assumptions were considered in those analyses: for exam-
' ple, quasi-steady or unsteady aerodynamics; constant or variable induced velocity dis-
tribution; rigid or flexible blades, with or without hub motion; and sudden or gradual
penetration into the gust. 1In references 5 and 9 the wind tunnel response of a rotor
encountering a vertical gust was experimentally investigated. Experimental data for
vertical gusts show that the rotor thrust response is most sensitive to the gust
amplitude and frequency. For the sinusoidal gust with frequency wg, the thrust
response characteristics have not only a frequency wg component, but also
(wg + n9) (n = %1, *2, . . .) components in the fluctuation, where @ is the rotor
rotational speed. In this thrust response, the wg - component of the oscillatory
characteristics is dominant in the comparatively low gust frequency range (wg << Q).
Other researchers have investigated the influence of atmospheric turbulence on rotor
aeromechanical stability. In references 10-18, rotor stability analyses are reported
for the case of a rotor encountering a gust. Typically the turbulence is a random
gust with stochastic properties.




Attempts to alleviate gust-induced vibration have been made in the work
described in references 19-37. Among them, Briczinski and Cooper (ref. 19) and
Briczinski (ref. 20) investigated the effect of a rotor/vehicle state feedback sys-
tem on the handling qualities of a helicopter, specifically the characteristics con-
cerned with gust response. It was found that the feedback scheme of the rotor tip-
path-plane or body-state was very useful as a means of gust suppression. Frick and
Johnson (ref. 21) and Johnson (ref. 22) studied the performance of an optimal control
system applied to proprotor/wing response to vertical gusts. In that investigation,
the von Kdrmin model or the Markov-process gust model were assumed as gust models,
and linearized state equations were assumed to govern the motion of the rotor and
wing for the rotor model. Optimal feedback inputs were determined by using linear
optimal control theory, and state variables were estimated by a Kalman-Bucy filter.
Significant and simultaneous reduction in the rotor and wing response was achieved.
Ham et al. (ref. 23) and other investigators (refs. 24-26) have dealt with a classic
parameter optimization method to alleviate the gust response of the tilt rotor air-
craft. A von Kirmén gust model was also used in these studies. Zwicke et al.

(ref. 27) and Taylor et al. (ref. 28) investigated the performance of the optimal
sampled-data feedback system on the gust response. Zwicke also studied a suboptimal
feedback system derived from the above control system; a significant reduction in the
gust response was achieved by using this suboptimal feedback system. Ham and
McKillip (ref. 29) and Ham (ref. 30) developed an individual blade control (IBC)
design for gust response alleviation, which has also been applied to suppressing
blade stall-induced vibration, lag damping augmentation, and other dynamic problems
(refs. 31-36). Saito et al. (ref. 37) have also studied a simple feedback system to
alleviate rotor gust response. In their control scheme, individual blade pitch angle
control, using scheduled feedback gains derived from analytical calculation, was used.

There has been significant progress in vibration reduction techniques for heli-
copters, theoretically and experimentally, in the past decade (refs. 37-83). In
these vibration reduction systems, control schemes, known as multicyclic (ref. 45),
or higher harmonic control (ref. 61), were applied to reducing the inherent vibratory
response of a helicopter. Pitch inputs at harmonics of the rotor rotational speed
are used. Typically, the helicopter is represented by a linear, quasi-static fre-
quency domain model. The relationship between control inputs, 6, and outputs, z
(which can include loads, vibrations, and rotor performance parameters) are modeled
by a transfer matrix Tg. Theoretical and experimental results show that the level
of vibration in a helicopter can be significantly reduced by using controllers in
which the transfer matrix is updated by a Kalman filtering scheme. These vibration
reduction systems are reviewed in detail in reference 70. Investigations have
recently been extended to the analysis of nonlinear effects on controller perfor-
mance (refs. 71 and 72). Other researchers investigated structural modification of
the rotor blade or the fuselage body for vibration reduction (refs. 79-83).

In this report, a gust alleviation system is studied using two control schemes:
first, an individual blade pitch control scheme, and second, an adaptive blade pitch
control scheme based on linear optimal control theory. The emphasis is on the appli~-
cation of these controllers to alleviate gust response as measured by blade flapping
and hub oscillatory forces and moments. In this study, the local momentum theory
(LMT) (ref. 84) is used to calculate timewise vibratory airloadings and moments at
the rotor hub. The IMT is based on the instantaneous balance between the fluid
momentum and the blade elemental 1lift at a local station in the rotor rotational
plane. Therefore, this theory can be used to evaluate timewise variation of airload-
ing, aerodynamic moments, and the induced velocity distribution along a blade span.
The LMT has been applied to study many rotary wing phenomena (refs. 9, 37, 85-87).

An H-34 rotor model with four articulated blades is used. The blades have full
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flexibility in the flap, lead-lag, and torsion directions. The perturbational
motion of the fuselage is not considered, and the shaft inclination angle ig is
assumed to be zero (perpendicular to the flight direction).

The author expresses his great gratitude to Dr. Wayne Johnson and Dr. William
Warmbrodt for their review and valuable suggestions. Further thanks are extended to
the late Mr, John L. McCloud III and to Mr., Stephen A. Jacklin for their kind and
encouraging discussions. The author also acknowledges computer operation support by
the people of NASA Ames Research Center. This study was made possible by the National
Research Council Associateship.

2. INDIVIDUAL BLADE PITCH CONTROL

In this section, an individual blade pitch control scheme is studied as a gust
alleviation system. First, the harmonic method is applied to the theoretical calcu-
lations of the rotor gust response with a simple feedback control system for blade
pitch. A similar feedback control system for an individual blade was investigated
for a rigid blade in reference 37. The analysis is extended here to include elastic
blades; therefore, sensors to detect blade deflection (flap, lead-lag, torsion) are
considered to study the sensitivity of the control system. A blade stability analy-
sis with the feedback control system was made using Floquet theory. Finally, for a
specified feedback gain, this control system is validated for a rotor penetrating
into a vertical gust.

Theoretical Calculation by the Harmonic Method

Theoretical calculations of rotor response to vertical gusts in forward flight
have been made by using the harmonic method. ‘Derivation of the isolated blade equa-
tions of motion and method of solution are based on references 88-95 with the excep-
tions that the hub motion (U, V, W, P, Q, R') is replaced by a vertical gust velocity
wg. Coordinate systems used in this study are briefly explained in appendix A. The
displacements of an elastic blade are expressed as follows:

W=§V_qu.j3 V=;qu:], ¢=;$jqj (l)
j=1 j=1 j=1. :

where qj is the generalized coordinate of the jth coupled mode and W, Vs, and

¢j are the corresponding jth coupled mode shapes. When the associated” jth modal
frequency is denoted by wj, the following equation can be derived according to the

Rayleigh~Ritz approach (ref. 96):

. 2 _ . ‘
quj + wjquj - Qj (J - l’ 2, _3, . . .) (za)

where

R
— 27 — o= AT _ - . o
my = JZ [ (k ¢j + e, eevj)¢j + (Wj + e¢j)wj + (Vj ee¢j)vj]m dr 2b)




R _
Q = J. ({Max - mleg + k% (6 + Q%6 + 200V") + e6(e Q® - 200)1}%4
A

4+ [F,, - m(g + eb - eq?0) - 2me;G]aj + {Fay + m[-204 + 2eQ (V' + ow')

az
+ e06 + 92(e0_+ 2e)] - ZmQﬁ}Vj)dr (2¢)

In this study, the radial extension of the blade is neglected in the blade equations.
However, to take account of the Coriolis force caused by the flapping, u is approxi-

mated as
r v r
{ - f [1+ (v + v')? + (w§ + w')z]dr} - [ - f 1+ Vc')2 + wc')z)dr]

u =
o o
r r
= ~1/2 f (v'?2 + w'®dr - f (vc')v' + wc')w')dr
o o
= L (3a)
j=1 . ,
where
T
- ~ 1
oy = -f wow' Qr (3b)
o

and wé is the time-averaged flap displacement. The lead-lag displacement is
omitted in equation (3). More detailed expressions of Muy, Fay, Fay, etc., shown

in equation (2), are given in appendix B. For this study, consider the vertical gust
component w; as an external exciting source. By introducing wg dinto the aero-
~dynamic loads and eliminating W din reference 89, the blade equation of motion,
including gust excitation, can be obtained. Equation (2) yields a set of simulta-
neous differential equations for qq- A trimmed value of qj can be obtained by
setting all perturbing values from trim condition to be zero. When the gust velocity
defined in the rotor frame

WG = Yoo explilugt + ¢)] (4)

is superimposed on the trim condition, additional blade motion will occur, where Yeo
is a constant real number. If the gust-induced blade response amplitude is assumed
to be small, the incremental blade motion. can be described by a small perturbation
Aqy from the trim value aj- Furthermore the perturbation generalized coordinate
vector, Aq, is defined as

Aq = (Aqls Aq,, Aqg, . -)T (5)

It is then easy to show that Aq can be described by a set of second-order linear
differential equations. Hereinafter, all quantities (i.e., elastic deflections,




aerodynamic forces, and moments, etc.) should be considered as perturbed values from
a trim position.

In forward flight, coefficients of the differential equations become time-
varying and can be written as follows:

2 (A, exp(imp)1ad + [By exp(imp)1ag + [Cy exp(imp)]Aq) = F F, expli(ugt + ny)]

m=-3 n=-w

(6)

where Ap, By, Cy are time-varying, periodic, complex coefficient matrices, and F,
is a complex vector. These coefficients are shown in appendix C. Let us assume the
solution of equation (6) as

Z. ak exp[i(th + ky) ] : : N
k==

where ak is a complex, constant vector. If equation (7) is substituted into equa-
tion (6) and the same harmonic components on either side are equated, we have an
infinite number of simultaneous equations involving qp (k = -», . . ., ©).

(o] <)

2 X [-(ug + K2)PA, + i(wg + kQ)B + Cpla, exp[i(m + k)plexp (iugt)

k== m==—oo
2: 'Fn exp (iny)exp (iwgt) (8)
=00 !
By eliminating exp(iwgt) from this equation, equation (8) becomes
E 2 Ry expli(m + k)Yl = X, F_ exp(iny) (9
k== m=~—cw n=-—oo

Equating (m + k) to be n on the left-hand side of equation (9), and after mathemati-
cal manipulation, the following expression results:

n+3
> Rod - (= <n <) (10)
k=n-3 )
where
- 2 , .
Rk = —(wG + k) An—k + 1‘wG + kQ)Bn_k + cn—k (11)

For the practical calculations, we assume that

q =0 for |k|]>K (12)

Then the following equation will be obtained:



K

= ¥ q explilugt + k)] (13)
k==K
- - (o
R,k Beky-ktr ° Rok,—k+s 3 S
. . 0 L] L]
-k+3,~k ) A
. : Ré r=q % [ A9
- Re-s,if | | i
0 . . .
i Rek-3 7 Biyk-1 o Ri,k EﬁzJ Uy

where n 1is truncated at n = N'. By solving equation (l4), constant amplitudes of
(2k + 1) generalized coordinates, ak’ can be determined, and the blade perturbation
motion can be approximated by equation (13).

Hub Forces and Moments

In the previous section, the blade equation of motion and its solution using the
harmonic method are discussed for a sinusoidal vertical gust with frequency wG.' In
this section, hub forces and moments of a rotor responding to a gust are derived.
Therefore, we can refer to these responses as 'rotor impedance'" in the general sense.
In this study, .airloads are obtained by integrating section loading from two- _
dimensional quasi-steady thin airfoil theory The 1ift deficiency function C' is
assumed to be unity. '

The solution of the generalized coordinate Aq is expressed by equations (13)
and (14), and perturbations of blade deflections from a trim position are given by
subtracting an equilibrium value from each expression in equation (1). Let vectors
AF, and AM; denote the variations in hub forces and moments, respectively, owing to
the &th blade. The augmented vector [AFQ,AMQ] can be expressed in the following
form in the rotating hub frame: _

AF,

w 2 (Zdexpli(ugt + npp)] + {2,344 + {2,3aq + {2,}4q (15)

where {Z,} is a complex vector which gives the loads of a completely rigid blade, and
{Zz,}, {z }» and {Z,} denote complex matrices that account for the effects of the
elastlc blade displacement. The terms {Z,} through {2,} are all functions of the
azimuthal angle of the 2th blade, ¢, and each of them has harmonics in wl up to
the third harmonic as follows:




2 N

{z,} = ), Z,, exp(imyy)
m==3
3

{2,} = ¥ Z,, exp(impy)

- (16)
{Z2,} = X Zgy exp(imyy)

{z,}

™

Zym exp(imyy)

Substituting equations (7) and (16) into equation (15) results in the following form:

AF,Q, 3 ad ’
2: 2: Z1m exp[i(th + nyy + mwg)]
AM,Q, H m=-3 :

2 =00

It

+ 2: [—(wG + kQ)ZZZm + 1(wg + kQ)ng + Zum]&k exp[i(th + sz + ng)]}

2200

3 oo
2: { 2: Zim exp{i[th + (n + m)wg]}

m==-3 =00

5= =00

+ 2: .zsm&k exp{ifwgt + (k + m)wg]}} ‘ (17)

where

Zgm = ~(wg + kQ)?Z, + i(wg + kQ)Zyp + Zyp (18)

Here Z,p and Z,, denote a constant vector and a constant matrix, respectively.

The hub loads in the rotating hub frame can be transformed to the rotor frame as

follows:
AFQ} ) [THR - ?R]{AFSL} 19)

where Tpgr dis denoted by equation (A6) in appendix A. Introducing

Tgg * O 1 ’
o e e e = 2 KP exp(ipq)z) (20)
0 . TH ==




gives the following form:

AFQ 1 3

2: 2: 2: KpZim exp{i[th + (n+m+p)yyl}
AMy g P="1 me=3 (n=—w

+ E K—pzsm&k eXP{i[U)'Gt + (k + m + P)IPQ,]}

= 00

1 (mip)ts e

) p=-1 v=(n¥p)-3 n=-e KpZy ,v- (ntp) SXP LGt + Vi) ] povEantm+op
- (ktp)+3 )
¥ 2:1 03%0 5 kz: KoZg v (ktp)dk explilugt + Vi)l + v=k+m+p
p=—1 v= - =wco
(21)
where Kp is a complete matrix.

For a practical calculation, the limits of n and k are taken as N' and K,
respectively. From equation (21), the following equation can be obtained:

AR, N'+4 N' K-t K
= 2: Tyn + }: 2: Suidi exp[i(ugt + viy)]
My Je =-N"'-4% p=-N' v==K-4 k=-K"
My '
=M1

where

1 W
Tyn = p§;1 szl,v—(n+p)
Svi = p?l KpZ s, v= (etp) & (23)
N' (N'" > K)
M =
K (K > N')

where Z,, 1s a vector and denotes the vth harmonic component of the hub loads in
the rotor frame. Since the Fourier coefficients have been truncated at the N'th or
Kth harmonic in the blade motion, the hub loads should also be truncated at the

N'th or Kth harmonic. The total hub loads can be obtained by summing up equation (22)
for all blades. Using the multiblade summation formula




N N~exp(i§¢*) : V/N = integer
E exp(ivyy) = (24)

=1 0 : otherwise

the following final expression can be obtained:

lq|2M/N

N [aF,
) =N 2 Zqn expli(ugt + qNp*) ] (25)

where N denotes the number of blades, q 1s an integer, and w* is the azimuthal
angle of the reference blade.
Individual Blade Pitch Control and Stability Analysis

The feedback control system which can control blade pitch individually is dis-
cussed in this section. Let us consider the following feedback system:

A8

(KW Aw + K& Aw + Kﬁ Aw) + (KV Av -+ Ké AV + K; Av) + (K¢ A + K$ Ay + K$ Ad)

fl

»K;[; M(r) + KL Av(r) + K:; Ad (x) | (26)

where

- T
K = (K, Ko Kﬁ)

_ T
K = '(KV s K\.f ’ KV)

- . gkl
Ky = (Ry» Kgo Kg)

p(r) = [aw(r), Aw(r), Mor)]T
pv(r) = [Av(r), &¥(r), Av(x)]T
Mp(r) = [Ad(r), Ad(r), 2§ (r)]T

K, Ky» and K¢ are feedback gains and Mw(r), Av(r), and A¢p (r) are flap, lead-lag,
and torsion blade deflections from trim position at r, respectively. By using
equations (1) and (5), Aw, Av, and Ad are given as follows:

- S G, das, § AL, #8507 )
Aw ;g% (Wj AqJ, vy qu, W, qu)
=~ _ e — e \T
Av = Aq., Aq.s V. Aq, 2
v JE (vj 43 V3 8y Vi qJ) , @7
— e - . - . T
A = Aq., ¢. Aq., Aq,
¢ = 2 (95 Bays ¢4 Adys ¢4 A94)

-~



For simplicity, let us consider only the flap deflection of ‘a blade; that is,

Then A6

and Aq is

K.V = K¢ =0
becomes
A = KW Aw + KW Aw + K'?Xr Aw (28)

K
T A .
Aq = (Aqy, Aqy, « .y Aqp)T = 2: qi expli(ug + kQ)t]
. K=K

From these equations, the following expressions are obtained:

K

Aw = Z:K (ﬁlqik + quzk + .. .+ ﬁLqu)eXp[i(wG + k) t] w

K

My =1 3 (g + k)G q + o0 o F W ap)expli(u; + ke)t] & (29)
k=-K -

X3 K 2

Aw = -‘2: (wg + kQ) (W q . + « « « + Wpqplexpli(ug + kQ)t]
k==K Wy

Substituting equation (29) into equation (20) results in the following form:

A® = K_Aw + Ko Aw + K.. AW
W W W
K
= 2: ABy expli(uwg + kQ)t]
k=~K
= A8, exp(iwgt) + A6_, exp[i(wG - t] + A6, expl[i(wg + D] + . . . (30)
In equation (30), A8y (k = -K, .. .» K) are considered as control inputs. There-

fore, appropriate combinations of A8} may enable us to alleviate the oscillatory
gust response of a helicopter rotor. The extension of this idea to an optimal blade
control algorithm will be discussed in the next section.

By substituting equations (26) and (27) into equation (C5) (appendix C), the
following equation can be obtained:

' e ' . ' = '
? (Aij g, + Bij Agy + Cij Aqy) Fj (31)

10




where

v o _ . A% oA 3
Aij Aij Dj(K{;7 AW + Koo AV + K¢ Ad)
] — — . > . 3 . 5
By = Byy = Dy(Rg AW+ Ko &Y + Ky 49)
' = -
Cij Cij Dj(KW Aw + Kv Av + K¢ Ad)
F!' = F, - D, A® e (32)
J J J
R _ . _ )
Dj = ‘L {(wj + ab¢j)c2UT + [Wj + (1/2 + a)bq)j]clUT + ClUTUij
2 27 2 ..
m(k® + eoe)Q ¢j + meQ wj + meevj}dr. )

In this feedback system, each sensor (that detects blade deflection) is assumed to be
located at radial position r along the blade span. Signals from each sensor have
trim values subtracted in order to get perturbation quantities such as Aw, Av, A¢d.
By multiplying these perturbation values by feedback gains, this system generates
inputs to be fed back to the blade pitch control. 1In this process, any time lags of
the sensor/actuator are not considered.

Now let us consider the stability of the blade equation of motion expressed by
equation (31). In this equation, each coefficient, Ai', Bijs and Ci-, is time-variant
with the fundamental period T = 2w. In this study, Fioquet theory %refs.i97—101) is
used in order to analyze the stability of a blade. Define a new variable set as

Aq
X = (33)
Aq

By this transformation, equation (31) becomes a first-order differential equation
with zero external force, as shown by the following:

(%) = -(E;, ©) 11X . (34)
where

[A}.]1{B}.] [A!.][c!.]
[Eij(t)] - ij ij 1] ij (35)

-1 0

and I 1is a unit matrix. According to the Floquet-Liapunov theory, we can assume
the following isolution:

[X(t)] = [6(t)] [0y exp(mt)] (36)

The iG(t) is a periodic function with period T, and the ny are complex character-
{stic numbers. The % are constants derived from initial conditions, that is:

11




{o} = [6(O)]ITH[R(®] (37)

The Floquet transition matrix [Q] of this system is defined by
[X(T)]1 = [QI[X(0)] (38)

The stability. of the sysfem, therefore, can be completely determined from the values
of np. Inserting the relation for {oy} of equation (37) into. equation (36), one
obtains:

[X(t)] = [6(t)][-exp(m t)1[B(0)I" [X(0)] (39)
| Introducing the state transition matrix [¢(t)] defined by
[X(©)] = [d)(t)][X(O)]}
(40)
[¢(0)] = [T]
one obtains by comparison of equations (39) and (40)
[$ ()] = [6(r)]1[~exp(ny ) 1[G(0)]7* (41)
or
| [6(t)] = [¢(£)]1[6(0) ) [-exp(-nyt)] (42)
Setting t to be T and considering [G(T)] = [G(0)] gives
[6(0)]17 [ (1)1[6(0)] = [~exp(-mT)] (43)
Thus |
[6(T)] = [Q] (t = T) (44)
Substituting equation (40) into equation (34) gives the following equation:
df¢(t)]/dt + [E;,(£)1[6(e)] = [O] (45)

Equation (45) is solved by numerically integrating from t =0 to t =T, with ini-
tial conditions given by equation (40). Eigenvalues Ay are given, by using equa-
tions (43) and (44), as

["Ak]

(Q]

46) |

]

[~exp(-n )] = [G(O)]'llQ][G(O)]}
[¢(T)]

Numerical Calculations

In this section, numerical calculations are conducted to determine the capability
of the individual blade pitch control system. The properties of the blade used in
this study (an H-34 rotor blade) are given in table 1. The blade structural charac-
teristics and rotor operating conditions are given in tables 2 and 3, respectively,
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Gust shape and sensor locations on a blade are schematically depicted in figure 1.
The hub forces (Fy, Fy, F,) and the hub moments (My, My, Mz) in the rotor frame are
shown in figure 2. Blade natural frequencies and mode shapes were calculated using
the Holzer-Myklestad method (ref. 9). Figure 3 shows the natural frequencies and
mode shapes for the rotor blade.

All quantities used in this calculation are expressed as complex numbers, for
example, wg = Wgo exp (iwgt) . The undeformed elastic axis is assumed to lie in the
XyZy plane and to coincide with the aerodynamic center axis (e, = 0.0, a = -1/2).
Eight coupled modes (% = 8) were used (see fig. 2). In figure 3, the flapwise bend-
ing modes (Nos. 2, 3, 5, and 7) and the lead-lagwise bending modes (Nos. 1, ‘4, and 8)
correspond to those of a blade with collective pitch angle of 8°; the sixth mode is
a torsional mode. The highest harmonic numbers are assumed to be truncated at 5 for
the gust expression (n = 5) and for the solution of the generalized coordinate
(k = 5). Correspondingly, |q| S M/N reduces to q = 0, *1 in equation (25). Under
the operating conditions, the equilibrium positions (in this case, the time-
independent rigid body portion) of the blade deflection are as follows: the flap
deflection (wj) is 0.1l rad, the lead-lag deflection (vj) is -0.017 rad, and the tor-
sional deflection (¢,) is —-0.0004 rad. These values were used in the calculation in
order to evaluate the effects of the in-plane Coriolis force. The flowchart of the
computer code for the harmonic method is given in appendix D.

Figures 4(a) to 4(g) show the rotor response to a sinusoidal gust. The rotor
impedance is defined as the amplitude ratio between the additional responses of the
rotor from the steady responses and those owing to sinusoidal gusts with unity ampli-
tude (wgo = 1.0 m/sec). Phase shift to a vertical sinusoidal gust is also shown in
figure 4. The horizontal axis denotes nondimensional gust frequencies divided by the
rotor rotational speed, which varies from 0.0 to 1.0, Each figure (figs. 4(a)-4(g))
includes the responses at frequency (wg) and (wg *4Q). The response at frequency
(wg) is hereinafter called the major response (shown by solid lines in the figures).
The responses with frequency (wG - 4Q) and (wg + 49) are called the subharmonic
response and the superharmonic response, respectively. In the case of the horizontal
force Fy (fig. 4(a)), each response increases gradually as nondimensional frequency
(wG/Q) increases. The major response has a peak at about 0.7 and has a minimum
around 0.9. This phenomenon comes from the effect of the lag dampers. Without any
lag dampers for an articulated blade, the responses will diverge at lag frequency
(w;, = ©). The lag dampers suppress this extremely large response. The symbols (%)
on the horizontal frequency axis denote the location of (wy/@) and (wp, - Q)/Q. The
subharmonic response is slightly greater than the superharmonic response in the non-
dimensional frequency range of 0.2 to 0.8. In the case of the side force F
(fig. 4(b)), the tendency of each response is similar to that in the case of the
horizontal force. There is a sharper reduction in response at (wG/Q) = 0.9 for the
major response. For both figures 4(a) and 4(b), the major response is dominant up
to 0.8. The subharmonic response is again greater than the superharmonic response
in the nondimensional frequency range of 0.2 to 0.8. For the vertical force F,
(fig. 4(c)), a significant difference can be seen relative to the other impedances
(F4» Fy). The major response decreases gradually as the gust frequency increases.
The sugharmonic response is almost the same as the superharmonic response. The
amplitude of the major response of F, is greater than that of Fy or Fy. Quali-
tatively, the major response of the vertical force is from 2 to 100 times larger than
the other responses below the nondimensional frequency 0.5. As the frequency
approaches 1.0, the three response amplitudes become similar.
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Concerning the phase angle characteristics of the hub forces, the phase shift
of the subharmonic response is relatively insensitive to the gust excitation com-
pared with the other responses. From these calculations, the angles are about +90°
for the horizontal force, about -150° for the side force, and about -90° for the
vertical force. On the other hand, the phase shift characteristics of the major
response depends on the gust exciting frequency. Those angles vary from -180° to
+180° over the frequency range for the horizontal force. However, in the case of
the vertical force, it seems to be insensitive to the vertical gust. It is almost
constant at about -10° to 20° below the nondimensional frequency 0.5. These results
agree with experimental results (ref. 9). TFor the case of the side force, those
shift angles vary from +90° to -120°.

For the hub moment responses (figs. 4(d) to 4(f)), the trend of the impedance
is similar to that of the vertical force.. Below the nondimensional frequency 0.5,
the major response dominates the other responses. As with the case of the horizontal
force and side force, a minimum around the nondimensional frequency 0.9 can be seen
in the major response of the rolling moment M,. In the phase angle characteristics
of the hub moments, the angles depend on the gust exciting frequency.

In figures 5(a) to 5(c), root loci of the blade characteristic equation with
feedback (the individual feedback gain is fed back independently) are shown. Floquet:
theory is used in this stability analysis to solve the characteristic equation with
time-variant, periodic coefficients. The feedback gain is assumed to be a real
number. Figure 5(a) shows the case in which only the flap deflection (Aw) is fed
back to the individual blade pitch angle. The feedback gain. (KW) varies from 0.0 to
0.15 rad/m. The limit of the feedback gain is about 0.111, above which the feedback
system becomes unstable. - Figure 5(b) shows the case in which only the velocity of
the flap deflection (Aw) is fed back. The feedback gain (KW) varies from 0.0 to
0.005 rad/m/sec. The point at which the system becomes unstable is about
0.00515 rad/m/sec. In figure 5(c), root loci for the case of the acceleration feed~-
back (A%W) is depicted. The feedback gain (Kj;) varies from 0.0 to 5%x107° rad/m/sec?.
In this region, the system is stable; for (Ky) > 5x107% the system is unstable.

Figure 6 shows the sensitivity of the phase angle of the feedback gain to the
vertical hub force response at gust frequency 0.5 Hz (wG/Q = 0.265) and amplitude
1.8 m/sec. The vertical axis denotes the amplitude of the oscillatory vertical force
or the nondimensional vertical force (thrust coefficient). The horizontal axis is
the phase angle of the feedback gain, ¢, which varies from 0° to 360°. 1In this cal-
culation, the amplitude of the feedback gain is assumed to be constant. The dashed
line in figure 6 shows the vertical force response without any feedback system (base
line). The feedback system used here generates the control input to be fed back to
the blade pitch according to equation (26). Each sensor is assumed to be located
at the blade tip and measures blade deflection independently. Each measured deflec-
tion (Aw, Av, A¢) is assumed to be fed back to the blade pitch. The amplitude of
the vertical force depends on the phase angle, and it has a minimum point at the
appropriate combination of the amplitude and the phase angle of the feedback gain,
that is, (Ky, ¢), (Kv’ ¢), etc. From these calculations, the minimum point may be
realized at ¢ = 30° for Aw feedback, ¢ = 30° for Av feedback, and ¢ = 210°
for A¢ feedback. For A¢ feedback, |Ky| = 5.0 was used because the torsional
deflection of the blade is very small compared with the other deflections.

Figures 7(a) to 7(c) show the sensitivity of the amplitude of the feedback gain

to the vibratory vertical force response at the sanme operating condition. In fig-
ure 7(a), the phase angle ¢ d4s assumed to be zero; K, varies from 0.0 to
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-1.6 rad/m. The amplitude of the vertical force at first rapidly decreases, then
slowly decreases as K, further decreases. In this figure, the symbol & denotes
the calculation results by the local momentum theory (IMT).. In the case of Av
feedback (fig. 7(b)), the phase angle ¢ 1is assumed to be 30°, and Ky varies from
0.0 to -0.1 rad/m. The amplitude of the oscillatory vertical force linearly
decreases and reaches a minimum at about K, = -0.04; then, it increases linearly as
K, further decreases. TFor the -A¢ feedback (fig. 7(c)), the general trend is simi-
lar to that in the case of Aw feedback. However, Ky is several orders of magni-
tude greater from that shown in figure 7(a). This difference is due to the magnitude
of the blade deflection; that is, usually the torsional deflection is very small com—
pared with the flap deflection. From these three figures, it is found that the ver-
tical force response is not as sensitive to the variation of K or Ky for Aw or Ad
feedback as a variation in K, for Av feedback. It follows that it is desirable
to select the Aw or A deflection as the measuring signal in order to alleviate the
vertical hub force response to vertical gusts.

Figures 8(a) to 8(c) show the effect of the sensor position on the hub response
to the specified combination of (Ky,, ¢), (Kys ¢), and (K¢, $). Four sensor positions
are investigated: r = (1/4)R, r = (1/2)R, r = (3/4)R, and r = R. In these figures,
the base line is depicted by a dashed line. An effect of senscr position is shown in
the vertical force and the yawing moment responses. Positions of the sensor farther
outboard are more effective in the gust alleviation system. It should be noted that
there is an increase in some responses because of the individual blade pitch control.
However, this increase is small compared with the vertical force and the yawing
moment reduction.

Figures 9 to 14 show the hub gust response calculated by the LMI. Each figure
includes the three hub forces (Fy, Fy, F,), the three moments (Myx, My, Mz), and also
the pitch angle input of a reference blade. The same operating conditions used in
the harmonic method are used in this calculation. Gust shapes assumed here are sinu-
soidal (figs. 9-12) and step (figs. 13 and 14). These gusts are applied to the cal-
culation after the thrust level has reached a steady-state trim value (usually
requiring six rotor revolutions for the LMI). The gust amplitude is 1.8 m/sec, which
is almost half the mean induced velocity of the rotor. The time history of the gust
shown in each figure is measured at the rotor head. The hub responses are measured
from when the reference blade is located at zero azimuthal angle. The control pitch
angle is fed back to the individual blade pitch actuator. Any time lag of the actua-
tor or other mechanism is not considered. The physical limitation of the pitch
actuator should be considered for the purpose of implementation. However, in this
calculation, physical limits were set at the very large values because the emphasis
of this investigation is on the feasibility of this kind of controller.

Figure 9 shows the hub gust responses for a vertical sinusoidal gust without any
controller; gust frequency is 0.5 Hz. Among these responses, the vertical force
(thrust), the rolling moment, and the yawing moment (torque) respond noticeably to
the vertical gust compared with the others. In the case of the thrust response
(fig. 9(a)), the amplitude of the fluctuation is about 10% of the steady state
response. It should be noted that the phase difference between the vertical force
and the rolling and yawing moments is about 180°. The vertical force responds
quickly to the vertical gust.

In figure 10, the hub gust response with the individual blade pitch control is
shown for the same vertical sinusoidal gust. Feedback gain K, is -0.5 rad/m. Flap
deflection (Aw) at the blade tip is selected as a measuring signal. The reduction of
the oscillatory thrust response is about 60% of that calculated for the uncontrolled
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case (fig. 9(a)). From figure 7(a), it is expected that the reduction of the thrust
response should be about 65%. This result implies that the theoretical calculation
using the harmonic method can reasonably predict the reduction of the thrust response.
In the case of the rolling moment (fig. 10(d)), a significant reduction of the oscil-
latory response can be obtained. However, from figure 10(f), it should be noted that
the yawing moment response increases about 207 because of the individual blade pitch
control. Figure 10(g) shows that the pitch angle of the reference blade varies sinu-
soidally with a phase difference of 180° relative to the gust. From this result, the
change of the pitch angle may be expressed as follows:

6g(t) = [0, + 46, ()] + [0, + 48, (t)]cos ¥ + (8, + 40, _(t)]sin y

A8, (t) = A0y cos(ugt) + Abgg sih(th)

A8y (t), AB,g(t) = 0.0
(47)

where Aeo(t); AGyo(t), and AB;g(t) aré‘control’inputs generated by the controller,
and all of them are time-variant. The A6,, and A6,; terms are constant values,
which are automatically decided once the feedback gain is selected.

Figures 11(a) to 11(g) show the hub gust response for the vertical sinusoidal
gust without control. The gust frequency of 2.0 Hz is used. The operating condition
is the same as in the case shown in figure 9. Compared with figure 9, the amplitude
" of the uncontrolled oscillatory thrust response has decreased noticeably (about 60%).
This decrease is in agreement with the result calculated by the harmonic method
(about a 637 decrease; fig. 4(c)). Yet the hub forces and moments still respond
noticeably to the sinusoidal gust. '

Figures 12(a) to 12(g) show the hub gust responses for this vertical sinusoidal
gust with the individual blade pitch control. The feedback gain is -0.5 rad/m. In
this case, there is a noticeable reduction in the thrust, side force, and yawing
moment responses. However, in the rolling and pitching moment response, increases
can be seen. Contrary to the case of a 0.5 Hz gust frequency, a slight reduction of
the yawing moment response can be seen in the case of the 2.0 Hz gust frequency.

Shown in figures 13(a) to 13(g) are the hub gust responses for a step gust. The
gust amplitude is 1.8 m/sec. The change in the thrust and in the yawing moment
responses is significant. The thrust response increases gradually to the new steady
state without any overshoot. The yawing moment response, however, shows an overshoot
and then reaches a steady state value. Other responses do not show any significant
changes. TFigures 14(a) to 1l4(g) show the hub gust responses with the individual
blade pitch control for this step gust. The feedback gain K_; used in this calcula-
tion is ~0.5 rad/m and the phase angle is assumed to be zero. The general tendencies
of the response are similar to those of the case shown in figure 13. For the thrust
response, a reduction of about 707 is achieved. The difference between the steady
state value and the trim value for yawing moment (fig. 14(f)) is roughly twice that
shown in figure 13(f). A collective pitch angle change of about 0.6° is input to
maintain the trimmed condition of the rotor.
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3. ADAPTIVE BLADE PITCH CONTROL

In this section, an adaptive blade pitch control designed to alleviate gust-
induced vibration is analytically investigated for a helicopter with four articulated
blades. Multicyclic control (MCC) and higher harmonic control (HHC) have previously
been applied to the reduction of inherent responses of a helicopter, such as N-per-
revolution vibratory responses. In these controllers, pitch inputs at harmonics of
the rotor rotational speed are used as control inputs. For the gust response of a
helicopter, additional vibratory responses, such as gust harmonic (wg), subharmonic
(wg - Q), and superharmonic (wg + ), appear in the response. Gust harmonic response
is the most dominant in the comparatively low gust frequency range (refs. 5 and 9).
In this study, this dominant response is selected as the response to be reduced.

An adaptive blade pitch control system is based on digital optimal control
theory. This system is composed of a set of measurements (oscillatory hub forces),
a control system based on the optimization of the quadratic performance function,
and a simulation system of the helicopter rotor. 1In the following subsection, the
details will be explained.

Helicopter Model

In this study, the helicopter is represented by a linear, quasi-static frequency
domain model relating the output 2z to the input - 8. Here, z 1is a vector of the
harmonic of the gust-induced vibration in the rotor frame. The input 6 dis at the
frequency corresponding to the gust frequency. It is assumed that the gust is sinu-
soidal, and that the gust frequency is known a priori. When a rotor penetrates into
the gust, the response at the hub position can be considered to be composed of gust
and control inputs, such as

{z} = {zg} + {zg} | (48)

Equation (48) can be rewritten by using the expression of the rotor impedance [Tg]
and rotor transfer function [TC] as follows:

{zg} = [15]{g}
{zc} = [Tcl{6}
That is, equation (48) becomes
{z} = [Tgl{g} + [Tc1{6} ' (49)
where
{z} = (m x 1) vector |

[Tg] = (m x 3) matrix

{g} = (3 x 1) vector ) (50)
[Tc] = (m x n) matrix
{86} = (n x 1) vector_
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Once the characteristics of a gust are determined, [Tg] becomes a constant matrix.
Therefore, we may denote the first term of equation (49) as {z,}. Then equation (49)
is :

{2z} = {z;} + [1c]{6} | (51)

This form resembles the global model formulation of helicopter vibration (ref. 70).
The following '"'local model" can be also taken into account:

{az} = [Tl{r6} (52)

where Az means Z, = Zp-1» and - A6 means 0, - 6,_,.

From theoretical calculations using the harmonic method, the hub response to a
vertical gust in the rotor frame (XR, YRs ZR) can be expressed as follows:

Z = Zo(t) + 7 cos(th) +2Z, sin(th) + Z, cos(wg — 4Q)t + Z# sin(wG - 40)t
+ Zg cos(wG + 49)t + Zg sin(ug + 40t + H.O.T. ' (53)

where Z,(t) are the inherent responses of a helicopter rotor represented by

Zo(t) = Z, + Zy cos(MRt) + Zg sin(N0t) + H.O.T. (54)

In these responses, gust harmonic responses (Z,, Z?_)T are the most dominant in the
gust response. Oscillatory hub forces and moments at the gust frequency in the rotor
frame are chosen here as measurements =z:

- ' T
tz} = (Tgs Tgs Hgs Hgs Mygs Mygs Yoo Yoo Myes Mygs Mpgs Myg) 5)
where
ATg = T cos(ugt) + Tg sin(ugt)
AHg = Hg cos(ugt) + Hg sin(ugt)
Myo = MYC cos(th) + MYS sin(th)
- (56)

Mg = Yo cos(ugt) + Yg sin(ugt)

MMye = Mya cos(wpt) + Myg sin(th)

A

My = Mye cos(mGt) + Myg sin(wgt)_J

Control inputs are selected at the gust frequency wgs subharmonic frequency (wG - ),
and superharmonic frequency (wg + ©) in the rotor frame as follows:

A9 = 0, cos(uwpt) + 6, sin(wpt) + 6, cos(ws ~ At + 6, sin(wp - Rt
1 G 2 G 3 G 4 G

+ 6, cos(wG + )t + 6, sin(ug + At - (57)
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Hence the control vector 6 has six components:

{6} = (81, 6, 045 8,5 Ogs 05)° (58)

These control inputs are superimposed on the blade trim pitch input.

Identification

Three cases are distinguished for the helicopter model, depending on the identi-
fication approach:

1. Identify {z,} only
2. Identify [T¢] only
3. Identify {z,} and [T(]

For the gust response, the uncontrolled response {zo} is generally time-variant;
the matrix [T;] depends on the operating flight conditions. Hence, it is necessary
that the transfer function [T;] be identified simultaneously with an uncontrolled
response {z,}. Case 3 is taken into consideration in this investigation. For the
local model, it is necessary that the [T¢] matrix be identified for each time-cycle.
The Kalman filtering technique (refs. 102 and 103) is applied to identify them. For
the global model, equation (51) can be rearranged as follows:

T
n = 2Zo t TeOp = [Tgs2zg1(68y,1)

z,. =
- To, ‘ ~ (59)
where
T=mx (n+ 1) matrix .
0, = (n+ 1) x1 vector

and the subscript n denotes the time-step at t = n At. For this study, it is
assumed that there is no nolse in the measurement of 6,. The identification algo-
rithm can be derived by considering the jth measurement as

Zi o o= eTt. + v, ' (60)

where tin is the jth row of T, and Vin is measurement noise, which has zero
mean,

E(vy) =0 (61)

and variance

E(vpyvy) = rpbom (62)

19




and a Gaussian probability distribution. Here §,, 1is the Kronecker delta function,
and the subscript j will be omitted to simplify the notatlon. The variation of the
parameters will be modeled as a random process:

t =t +u (63)

where wu, 1is a random variable, which has zero mean
E(uy) =0 (64)
and variance

E(upuy) = Q4n (65)

and a Gaussian probability distribution. The minimum error-variance estimate of ¢t
is then obtained from the Kalman filter (ref. 103),

A

t, =t +k(z, - 6] n_1) (63)
where
My = Ppey + Quy (67a)
Pn =M - MnenenMn/(r + e M 0 ) (67b)
k = Mnen/(r + enMnen) 67¢)

Here M, is the variance of the error in the estimate of t, before the measurement
and P, dis the variance after the measurement; k, 1is the Kalman gain vector. To
simplify the calculation, it will be assumed that Q, and rp have the same time
variation for all measurements, and that Qns Tpo» and P0 are proportional to the
same function fj:

Tip = fjrn (68a)
an = ijn (68b)
Pjo = ijo (68c)

Then it follows that Pjp = £Pp and Mjp = fiMp; and that the gain Kk, is also
then the same for all measurements. With the same gains, the rows can be combined
to form

A —A A T
Tn =T,.,+ (zn - Tn—len)kn (69)
For the local model, equation (69) becomes the following:
~ -_A - '—A - T
T =T + [(z z ) Tn—l(en en—l)]kn (70)

n n-1 n n-1
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where

M, =P+ Q. (71a)

= _ T T
Py =M, - MAS A8 M /(r + £0_M A8 ) (71b)
T
ky =M A0 /(r + 06 M A6 ) (71c)
MO, =6 - 6, 4 - (1d)
Controller

The control algorithm is based on the minimization of a performance index J
that is a quadratic function of the input and output variables. The quadratic per-
formance function to be used here is

_ T T
J =2z W z, + en

T
a2z ween + AenW AGn (72)

AD

where W,, Wy, and Wpg are weighting matrices, which are assumed to be diagonal and
the same value for all harmonics of a particular quantity. Then J 1is a weighted

- sum of the mean squares of the gust response and control. The matrix Wy constrains
the amplitude of the control, and Wpg constrains the rate of change of the control.

For the deterministic controller, the control required to alleviate the helicop-
ter vibration is given by substituting for 2z, in the performance function J, using
the helicopter model, and then solving for 6, that minimizes J. For the global
model (eq. (51)), the solution can be obtained as follows: '

en = Cz, + CAeen—l ' (73)
where
C = -DT:W (74a)
C"z '
CAG = DWAe (741)
= (TL ‘ -1

D = (TgW,Tg + Wy + Wy) (74c)

for the local model (eq. (52)), the solution can be obtained as follows:
6y = Czp_y + (Cpg = CTI Oy (75)

In this derivation, the response 2z is assumed to be deterministic; therefore, it is
referred to as the deterministic controllerr. When the parameter uncertainties are
taken into account, the cautious controller can be obtained by using the expected
value of the performance function:
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T T T
= E(anzzn) + aneen + AenWAeAen

1>
i

. . oT T
L[Z wzjzgn] + 0,Wgby + AOLW, A0 (76)
J

where it is assumed that W, is diagonal, and 0, remains deterministic. For the
case of the open-loop control (z, feedback), there follows

E ? wzjz§n E ? [sz(zjo + erTltjn)z]

- - T 2 T T
- ? W, (g + OhEs)? ZJ: Wy (Mg, + 200M,, + M 6 77)
where
M M, 1
M = [ tt tz] (78)
Mot Mzz _
My, = (n x m) matrix
M. = MT = (n x 1) t
tz = Myp = (@0 vector
MZz = gcalar

So the performance function becomes

T o

T T | n T
J =z Wz + 0600 + (6),1) Z Wy sMsy ( > + A0 W, (A8 (79)
j

1

The solution for the control that minimizes J dis then

6, = Czg + Cpob . +C, (80)

where the gain matrices C and Cpp are the same as for the deterministic controller,
using the identified values of the parameters and with Wgq replaced by

Wo + [)J_': s (Mtt)jn] (81)
The new constant term is

Cy = -D [23: v, (Mtz)jn] (82)
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Similarly, for the case of the closed-loop control (z,_, feedback), the performance
function is

T T T
=z Wz, + 0o, + 86 {Wpg + 35w,y |A0, (83)
J

The solution is identical to that for the deterministic controller, using the identi-
fied values of the parameters, and with W,g replaced by

Wyo + E WMy (84)
3

Regulators

A controller combining recursive parameter estimation and linear feedback is .
called a self-tuning regulator. There are two fundamental options for the identifi-
cation: the use of either an invariable algorithm or an adaptive algorithm. There
are also two fundamental options for the controller: open-loop or closed-loop.
Hence, there are four possible regulator configurations (fig. 15). For the adaptive
algorithm, the parameters are recursively identified on~line, using a Kalman filter.
For the open-loop algorithm, the control is based on the uncontrolled vibration level
z, (identified either on-line or off-line). For the closed-loop algorithm, the con-
trol is based on the feedback of the measured vibration, z,-;. These four regulator
options are reviewed in reference 70.

In this study, two regulators are investigated for a gust alleviation system.
Figure 16(a) shows an adaptive open-loop regulator algorithm, in which both {z;} and
[TC] are identified by a Kalman filter. Figure 16(b) shows an adaptive closed-loop
regulator algorithm. In this regulator, only [T;] is updated by a Kalman filter and
the output vector 1z, is contaminated by measurement noise, v,. In both regulators,
the uncertainty of parameters can be taken into consideration by using the variance
of the error in the estimate of t, before the measurement, My4, (see eq. (81) or
(84)). These regulators consist of on-line identification of the parameters and cal-
culation of the gain matrix, with feedback of the control based on the measured
responses. It should be noted that the Kalman filter gains can be calculated in the
time interval between application of 6, to the helicopter and the measurement of

the resulting z,.

Gust Model

In the past, studies that have dealt with gust suppression systems have used
gust models, such as the von Kdrmdn model, Dryden model, step model, sinusoidal model,
and sine-squares model. These models have some advantages as well as some disadvan-
tages. The von Kdrmdn and the Dryden models are expressions derived from statistical
techniques in the frequency domain. These expressions are close to the natural tur-
bulent flows in the sense of the statistics. However, they are not able to show the
individual flow pattern of turbulence in the time domain. Therefore, these models
are not suitable for timewise numerical calculation. On the other hand, the step and
ginusoidal gust models, etc., are very simple yet different from actual gust shapes.
These expressions are easy to handle in numerical calculations. By using these
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gust models, it is possible to obtain the basic characteristics of the plant model
for the gust response. In this study, the following gust representation is assumed:

G
{8} =g %= (ugysVgorWgo) T exp(lugt) (85)

W

where ugos VGos and Wgo are horizontal, lateral, and vertical gust amplitudes,
respectively; and wg 1s the gust angular velocity. For the step gust, wg = 0. The
positive direction for the gust velocity is defined in the rotor frame. Most results
are for a vertical gust only. For this study, the rotor is assumed to have the
blades at 0°, 90°, 180°, and 270° when the sinusoidal gust is initially encountered
by the rotor (the gust velocity field is convected past the rotor by the helicopter
forward speed). As in reference 20, the ratio of the magnitudes of the gust compo-
nents is assumed to be

Ugy Voo P Wgo = 3:0: 2.0 :.1.8 (86)
The helicopter 1s represented mathematically by a simple linear quasi-static fre-
quency domain model, relating 2z, and 6,. Therefore, a simple sinusoidal gust shape
is selected in order to investigate the feasibility of the gust alleviation
algorithm.

Numerical Calculations

Numerical calculations have been performed to determine the feasibility of the
adaptive blade control algorithm. This adaptive blade pitch control algorithm con-
sists of a set of measurements (oscillatory hub forces and moments), an identifica-—
tion system using a Kalman filter, a control system based on the minimization of the
quadratic performance function, and a simulation system of the helicopter rotor. The
operating conditions of the rotor are the same as the case of the individual blade
pitch control (table 3). The initial estimate of the transfer function [TC] is
obtained by using the harmonic method program. The detailed derivation of [T¢] is
given in appendix E. Tables 4 and 5 show the transfer function of the rotor for
fg = 2.0 Hz and fg = 0.0 Hz (step gust), respectively. In the case of the step
gust, gust frequency is assumed to be zero and the control inputs A6 and the out-
puts =z are assumed as follows:

A6 = 6, + 6, cos Yy + 0, sin ¥y

{z}

(87)

il

(AT, AHg, AMyo, AYq, AMygg, AMyo)T

where the subscript 0 denotes the mean value. The [T¢] obtained by the harmonic
method is regarded as the initial estimate in the adaptive blade pitch control. In
the controller, the [TC] is updated by the Kalman filter at every time~cycle. In
this calculation, it is assumed that there is no noise in the measurement of A6.
However, measurements z are usually contaminated by noise. Measurement noise is
generated by a random noise generator. Several sets of noise-to-signal ratios were
studied before these calculations were made. A noise-to-signal ratio of about 0.05
was used in this study. After trial and error, the initial values of Py, Q, in
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equation (67) were estimated as follows: P, = [9.8x10*IN (or N-m), Q = [9.8x102]N
(or N-m). The variance of the measurement noise, r, is' assumed to be 9.8N (or N-m).
To keep the noise-to-signal ratio approximately constant, the following relationship
is taken into account (see ref. 28):

Tnty < rn(Jn+1/Jn) (88)

A

r. Sr

L n

min max

where J, 1is the quadratic performance function at the nth time-cycle. The welght-
ing matrices of the quadratic performance function are taken as

W, = [1.0x107"%]
Wg = [0.0] ' (89)
Wyg = [1.0x10%]

Since the dimensional values of the measurements 2z are used, the elements of the
weighting matrix W, become small. The pitch control O, are unconstrained; the
pitch control rates A6, are constrained. The values given by equation (89) were
selected for good algorithm convergence characteristics.

In this gust alleviation system, the gust frequency fe dis specified. There-
fore, each time-cycle that updates the parameters must vary depending on the gust
frequency. In most calculations, a 2.0 Hz gust frequency is used. This frequency is
more than half of the rotor rotational speed, and somewhat larger than the typical
mean atmospheric turbulence (usually below 1.0 Hz). An updated parameter estimate is
performed every four rotor revolutions. During that time, the measurements z are
discretely sampled by the measuring system. Since the measurements z are data in
the time domain, it is required that they be converted from the time domain to the
frequency domain using the fast Fourier transform (FFT) (ref. 104). In the FFT, the
solution of the data in the frequency domain depends on the sampling time At
(Shannon's theorem); in this calculation, QAt = 10°. Therefore, when the gust fre-
quency fg falls between two points (that is, nAf < fg < (n + 1)Af, n = integer,

Af = frequency step), it is impossible to calculate the correct values by the FFT.
In this analysis, correct values are approximated from known gust frequency £ and
by using a cubic spline interpolation method. Furthermore, it is neceéssary to con-
sider the calculation time of the optimal control, which determines the optimal con-
trol for the next time~cycle using the output data from the FFT. One time-cycle is
87 rad (fig. 17). The sampling interval is (128/144)(8w) rad. Data are sampled at
every 10° (144 samples in four revolutions); 128 samples are used in FFT since powers
of 2 are typically computationally more efficient (27 = 128). Consequently the
required calculation time is assumed to be (16/144)(8w) rad. As a result, there is
a phase shift (¢7 + ¢17) in the measured response at the beginning of the next time-
cycle relative to the phase at the end of the previous sampling interval. In the
program code, this phase shift is accounted for in implementing the control as
follows:
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(Z)n = (Zpn-y cosl(ug/Dérr] + (2,)n_, sinl(wg/)ér1] h

(Z,)n = (Zy)p-, cosl(wg/D 1] - (Z)n-y sinf(wg/2) ¢17]
> (90)
Zpy = (Zo)n_l + (Z2))-, cos(ugt) + (Z,)p~y sin(ugt) + . . .
Zn = (Zy)n + (Z))n cos(uwgt) + (Z,)q sin(ugt) + . ...
.

where Z,, Z, are coefficients of the cosine and sine term of the response, respec-—
tively. The subscripts n denote the nth time-cycle. If this phase shift is not
considered, (Zl)n and (Z,), coincide with (Z1)n—1 and (Zz)n_l. By using the above
equations, the optimal control inputs for the next time-cycle can be determined. A
global helicopter model is used. For the open-loop controller, both z; and [Tc1 are
updated by the Kalman filter. Only [T¢] is updated for the closed-loop controller.

In figures 18(a) to 18(g) and figures 19(a) to 19(g), the hub gust responses
without control are shown separately for the horizontal and the lateral components
of the gust. The amplitude of the horizontal gust is 3.0 m/sec, and that of the lat-
eral gust is 2.0 m/sec. The gust frequency of 2.0 Hz is used. Figures 18 and 19
show little influence on the thrust response. In the horizontal and side forces and
yawing moment responses, the effect of these types of gusts on the hub response can
be seen. Figures 20(a) to 20(g) show the hub responses without control for the three
dimensional gust. The amplitude of the three gust components are Us, = 3.0 m/sec;
Vgo = 2.0 m/sec; and wgo, = 1.8 m/sec. The three components of the gust have the
‘same frequency (fg = 2.0 Hz). The increase of the horizontal force, the side force,
and the yawing moment responses can be seen by comparing figure 20 with figure 11.
From these results, a vertical component of the gust is the most influential on the
rotor gust response (specifically in the thrust response).

Figures 21(a) to 21(g) show the hub gust responses with the adaptive blade pitch
control for a vertical gust component only (fg = 2.0 Hz). The controller is deter-
ministic, and the global helicopter model was used. Two inputs (6, and 6,) and two
outputs (cosine and sine elements of the thrust response) are considered. Therefore,
the dimension of [Tg] becomes (2 x 2). The thrust response (fig. 21(a)) gradually
decreases, but the yawing moment response (fig. 21(f)) responds dramatically (see
fig. 11(f)). The other responses (Fy, F,, M., ) are similar to that shown in
figure 11. 1In this case, the aim of the controller is to reduce the thrust fluctua-
tion owing to the gust, and no attempt is made to reduce the other responses.

In figures 22(a) to 22(g), the hub gust responses are shown with adaptive blade
pitch control, again for the vertical gust component only. In this case, the dimen-
sion of [Tg] is (6 x 12). As control inputs, six elements (8, to 96) are used to
alleviate the responses. Measurements z involve the hub forces (Fy, Fy, F;) and
the hub moments (Myx, My, Mz;). Compared with figure 21, the reduction of the thrust
response is significant (about 50% to 80%). From this figure, it is observed that
the fluctuation of the thrust does not reduce uniformly; in other words, it sometimes
diverges and converges. This phenomenon is explained as follows. The control inputs
generated by the controller depend on the measurements. When the hub responses are
decreased by means of the controller, the optimal control inputs necessarily become
small. However, the gust itself is unchangeable. Therefore, the effect of the con-
troller on the reduction of the responses becomes weak. At the same time, the uncer-
tainty of the identified parameters may increase, even if the noise to signal ratio
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is kept constant by equation (88).  In the yawing moment response (fig. 22(f)), the

characteristics of the response are improved (see fig. 21(f)), and the amplitude of

the fluctuation is a little less than that of the case shown in figure 11. Similar

to the thrust response, the response sometimes diverges and converges. This is due

to the change of the induced drag which is directly related to the thrust. Contrary
to expectations, the responses (F,, Fy, My, ) show a slight increase in magnitude.
In the pitch angle change of the reference blade (fig. 22(g)), the sinusoidal change
with the gust frequency can be observed, similar to that shown in figure 21(g).

Figure 23 shows the time histories of the mean square thrust response. In this
figure, the solid line denotes uncontrolled response. The dashed line corresponds
to figure 21 (two inputs and two outputs) and the broken line corresponds to fig-
ure 22 (six inputs and 12 outputs). As explained before, the parameters are updated
at every four revolutions. During one time-cycle, the control inputs are kept con-
stant. The response for the case of thrust control only is at first constant, and
then gradually decreases. The response is reduced by almost 50% after 20 revolutions
with the controller engaged (five time-cycles). The response for the case of complete
hub response control decreases to a much lower value, although not continuously. A
50% to 807% reduction of the thrust response is attained for the case of complete hub
response control. From these results, it is found that the measurements 2z should
include not only the thrust response but also other hub responses.

Shown in figures 24(a) to 24(g) are the hub responses for the vertical step gust.
Operating conditions are the same as in the case shown in figure 13. The adaptive
closed-loop controller is used. The measurements 2z involve only the longitudinal
response of the rotor; that is, the horizontal force Fy, the thrust F,, and the
pitching moment My. The control inputs have three elements (6,, 6,, 03) according
to equation (87). "All parameters (z, and [T]) are updated at every rotor revolution
by the Kalman filter. Significant reduction in the thrust response (fig. 24(a)) is
achieved by the controller (almost 100%). However, compared with figure 14, the
horizontal and side force responses transfer to a new steady state condition. The
rolling and pitching moment responses (figs. 24(d) and 24(e)) transfer to new steady
state conditions. In the yawing moment response (fig. 24(f)), there is a significant
change in the steady state condition. This phenomenon is a result of the strong
effect of the controller on the gust alleviation system. The controller generates
the optimal control inputs in order to reduce the change from the steady value. If
these control inputs are large values, a new trim condition could result. Referring
to figure 24(g), the maximum change of the pitch angle is about 2°. The cyclic pitch
angles for the trim condition itself are of the order of several degrees. Therefore,
the pitch angle change by the controller has an effect on the rotor trim condition.
In this case, the ratio between the control angles A6 and the trim pitch angle ©
becomes more than 10%Z. The flight trim condition consequently changes and transfers
to the new steady state condition. :

In figures 25(a) to 25(g), the hub responses for the vertical step gust are
shown. The adaptive closed-loop controller is used, and the operating conditions
are the same as those shown in figure 24. To investigate the sensitivity of the
transfer function to the controller performance, arbitrary small initial values of
the transfer function are used in this calculation. Compared with figure 24, the
thrust fluctuation (fig. 25(a)) decreases very slowly. ~For the other responses
except yawing moments the trim condition remains the same. In the case of the yaw-
ing moment (fig. 25(f)), the transfer to the steady state can be seen after showing
an overshoot. This phenomenon is due to the induced drag, as mentioned before.
From these results, it can be concluded that the performance of the controller
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depends on the initial estimate of the rotor transfer function. If a more correct
transfer function is used, convergence of the responses can be obtained more quickly.
As shown previously, the transfer function derived by the harmonic method gives a
reasonable initial estimate.

Figures 26(a) to 26(g) show the hub responses, again for the vertical step gust.
In this case, the adaptive open—loop controller is used. The measurements z involve
six responses of the rotor; that is, three hub forces (Fx, Fy, Fz) and three hub
moments (Mx, My, Mz). Similar to the case shown in figure 24, all elements of [T]
are updated at every rotor revolution. The magnitude of the controller inputs is
constrained by a prescribed maximum value (Abpax = 2.0°). Three components (8,, 6,,
63) of the control inputs (eq. (87)) are used in this calculation. In this thrust
response (fig. 26(a)), the deviation from the steady value of the thrust gradually
decreases after responding to the step gust. Compared with the case of figure 24,
the pitch angle change 1s very slow and small. The other hub forces, together with
the rolling and pitching moments, remain steady. The yawlng response deviates slowly
from the steady value because of the thrust response. In the case of the open-loop
controller, the optimal control inputs depend on the uncontrolled response z,. If
the 2z, are small, then the optimal control inputs may be small. For this case, the
optimal control inputs at the beginning stage of controller operation are less than
0.5°,

In figure 27, the time histories of the quadratic performance function J are
shown. The solid line denotes the function J without control. The J's with con-
trol are shown for both the adaptive closed-loop control (corresponding to fig. 24)
and the adaptive open-loop control (corresponding to fig. 26). For the adaptive
closed~loop controller, the J decreases rapidly after showing a sharp increase.

The J for the adaptive open-loop controller decreases moderately after showing the
same increase. Both control schemes show the effect the controller has on the reduc—
tion of the hub gust responses.

Since deterministic controllers have been considered in this analysis, the
uncertainty of the parameter identification has not been considered in the calcula-
tion of the optimal control inputs. These cautious properties can play an important
role for inherent helicopter vibration reduction schemes (ref. 68). 1In figures 28(a)
to 28(g), the hub gust responses with the cautious controller are shown for the ver-
tical gust (fG = 2,0 Hz). Referring to figure 22, there is no significant difference
between these figures. The cautious controller involves the variance of the error
in the estimate of the transfer function [TC] before the measurement. The more
uncertain the parameter estimates, the larger the variance of the error. In this
calculation, the term concerned with the cautious properties

Z: sz(Mtt)jn
J

in equation (81) was about 1% of the term TngTC in equation (74c). Therefore,
these calculated results show that the cautious properties have little effect on the
controller performance in this study.

Results from applylng adaptive blade pitch control for the three dimensional
gust are shown in figures 29(a) to 29(g). Operating conditions are the same as those
in the case of figure 20. The large reduction in the thrust response can be observed
by comparing figure 28 with figure 20. The yawing moment response shows the same
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characteristics as for a vertical gust only (fig. 22). 1In general, all the hub
responses are similar to those of the case shown in figure 22. In this calculation,
the cautious properties have not been considered because of their minimal effect on
controller performance.

4. CONCLUSIONS

Control systems to reduce the gust—induced vibration of helicopter rotors have
been studied by two means. One is an individual blade pitch control scheme, and the
other is an adaptive blade pitch control scheme. Among three gust components, the
horizontal and lateral components of gust have little influence on the hub gust
response. However, the vertical component of the gust has a great influence on the
rotor hub response. 1In studying the gust response of the rotor, the thrust response
shows the most significant change compared with the other responses. Hence, reducing
the thrust response should be the aim of the gust alleviation system. Both control
schemes show significant effects of the controllers on the reduction of the gust-
induced vibration of the helicopter rotor. From these theoretical analyses, the
following conclusions are drawn.

For the individual blade pitch control scheme:

1. A computer code that calculates the gust response of a rotor has been
developed by using the harmonic method. This code is applicable to the rotor impe-
dance calculation for gust response or the transfer function calculation of the rotor.

2. Outboard measurement sensors are more effective in reducing the gust-induced
vibration than are inboard radial station locations.

3. The gust-induced thrust response determined by the harmonic method is about
10% to 207 larger than that given by the LMI. However, the results by the harmonic
method can qualitatively predict the characteristics of the gust response.

4. Individual blade pitch control can significantly reduce gust—induced vibra-
tion. For example, reductions of the thrust response for the sinusoidal gust by
almost 60% and for the step gust by almost 707 can be obtained for a specified feed-
back gain K.

5. For the gust models used, an increase in the yawing moment fluctuation is
observed. A control scheme to include the reduction of the transient yawing response

should be incorporated. . g

6. The magnitude of the control inputs isaless than 1.0°. For these pitch
angles, there is little effect on the trim ¢ondition of the rotor.

7. Because the flapwise blade deflection is most sensitive to the gust (com-
pared with the lead-lag and torsion deflections), it is a good measurement of the
gust—-induced rotor response for an articulated rotor.

For the adaptive blade pitch control scheme:

1. The major, the subharmonic, and the superharmonic inputs are considered in

the controller. As the gust frequency increases, higher frequency terms of the gust
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response become large. To alleviate these high frequency terms in the vibratory
response, the number of terms included in the control inputs increases, making the
controller more complex.

2. The performance of the controller depends on the initial estimate of the
rotor transfer function. When the exact transfer function is used, the convergence
of the hub responses can be achieved quickly. The transfer function derived by the
harmonic method gives a good estimate. '

3. In using the FFT to convert measurements from the time domain to the fre-
quency domain, some approximations must be made because of the arbitrary gust fre-
quency. This may increase the uncertainty of the measurement. A more accurate
frequency domain determination method is required.

4. For the case of a sinusoidal gust, the adaptive open-loop regulator is best
suited for the gust alleviation system. Results show that a 50% to 80% reduction in
the thrust response can be obtained. The regulator studied in this report is shown
to be applicable to a three dimensional gust.

5. TFor the step gust, the adaptive closed-loop regulator performs better than
the adaptive open-loop regulator. The closed-loop regulator yields a rapid reduction
of the gust-induced thrust response (almost 100%), even though it violates the trim
condition. The open-loop regulator shows that convergence of the thrust response is
slow.

6. The uncertainty of the parameter identification has little influence on the
improvement of the regulator in this investigation.

7. In this adaptive control scheme, the gust frequency is prescribed at the
initial stage of the calculations. Therefore, this type of regulator does not apply
to random gust responses.
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APPENDIX A

COORDINATE SYSTEMS

Five Cartesian frames are used in this study to describe the blade and hub
motions. The definition of these frames is briefly reviewed in this appendix.

Inertial frame (X, Yr, Z7)— This frame is inertially fixed and coincides with
the body frame under the steady flight conditiom.

Body frame (Xg, YR, Zg)— This frame is fixed to the fuselage with its origin at
the center of gravity; Xg 1is oriented to the idirection of the steady flight, Yg is
taken to be positive in the right-hand direction, Zg 1is positive downward. The
relationship between the inertial frame and the body frame is as shown:

X{ Xg e
Zy Zyp, ZBo

cos ¥, -sin ¥, O cos O, 0, sin © ({1, o , 0

]

[TBI] sin ¥, cos ¥, O 0 s 1, 0 0, cos ¢, —sin @ (A2)

o , 0O , 1jj-8in ©6, 0, cos 0 |{0, sin &, cos ¢

where (¢, 0, ¥) are Fuler angles of the body, and (Xgy» Yoo ZBo) is the position of
the origin of the body frame in the inertial frame.

Rotor frame (Xg, YR, ZR)— This frame is fixed to the fuselage with its origin at
hub center; Zg coincides with the rotor shaft and Xy is positive rearward. This
frame is related to the body frame by the following transformation:

Xp R
Yg » = [Tppl€ Y » + (A3)
Zg IR,
-cosiig, 0, -sin ig
[Tggl = { O 1, O (a4)

sin 1g, 0, -cos ig

where 1g 1is the shaft inclination angle and(XRo, Yro» ZRO) is the position of the
origin of the rotor frame in the body frame.
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Rotating hub frame (Xy, Yy, Zy)— This frame is rotated about the ZR axis by
Y = Qt. The coordinate transformation between the rotor frame and the hub frame is
expressed as

X Lp
Zp Zy

A coé Y, —-sin ¢, O
[Tyg] = sin ¥, cos ¥, O - (A6)
o, 0 ,1

Blade frame (Xp» Yp» Zp)— This is a local frame fixed to each blade section con-
sidered. The blade section itself is assumed to be rigid; Zp 1is directed outward
along the local elastic axis, and. Y}, dis directed toward the zero-lift angle of
the blade section. The displacements of the elastic axis are denoted by (u, v, w)
in the hub frame. Angular changes related to the hub frame are given by the Euler
angles (6 + ¢, ~w', v') where ( )' denotes d( )/dXy. The transformation between the
hub frame and the blade frame is given as

XH Xy T + u
Yy p = [Tpgld ¥p 9 + deg + v A7)
Zy . ZE w

1, -v', 0|1, 0, -w'|[il, 0 s 0

v', 1,0{|0, 1, 0[]0, cos(® + ¢), -sin(® + ¢)

=
o

E,
1

0, 0, 1}{lw',0, 1110, sin(6 + ¢), cos(8 + ¢)

1, -v' - ow' , -w' + ov'

2

v', 1 - 0%2/2 - 06, -(0 + ¢) (A8)

w', (B8+4¢) ,1-0%2/2-6¢

In figures 30(a) and 30(b), four coordinate systems (except the inertial frame) are
shown schematically.

Since motion of a fuselage is not considered (¢ = 0 =Y = 0), and shaft inclina-

tion angle is zero (ig = 0), three coordinate systems, (Xg, Yp, Zg), (Xy, Yy, Zg),
and (Xy, Yy, Zp) are used in this study.
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APPENDIX B
BLADE SECTION LOADS
In this appendix, total loads on the blade section are defined (fig. 31).

, Inertial loads— The inertial forces {P} and moments {Q} acting on a unit span of
the blade are given as follows:

px
{P} = Py (B1)

p
Py B~ e(@' + 6W') + 20[-v + e0(8 + §)] - 2¥[r + u - e(v' + 6w')]
py' = -m{ V - e (6 + $) + 2000 - e(¥' + 6w")] = Qz[e0 + e+ v - edd] (B2)
D, W+ e(® + ¢)

dx
{Q} = dy (B3)

9z
g 6 + ¢ + 0%(0 + ¢) + 206V
Qy ¥ = -mk?{ -6v' + Q%6v'
q, V4w - 20008 + &)

w - 0[V + 200 - Q% (e, + W] + e 0%¢
-med 8[U - 20V - Q%(xr + uw)] - r0%¢ (34)
-4 - 2av - 0%(r + v)] - %06 + e Q2 (v' + 6w'),
where
1/2
‘ 1 1 2
m=f dm, e=-ﬁf ndm, k=('af ndm) (BS)
chord chord chord '

are mass, distance between mass center and elastic axis, and polar radius of gyration
of the blade per unit span, respectively. Equations (B2) through (B4) are the iner-
tial loads owing ,to the blade motion when the hub is not in motion.
£ _
Aerodynamic loads— Aerodynamic forces and moments are derived from two-
dimensional quasi-steady thin airfoil theory (ref. 96) and assuming airfoil plunging
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to be zero (h = 0). Blade 1lift, pitching moment, and profile drag are given as
follows:

L = 2mpbU,C'[H, + aU, + (1/2 - a)b(& + Q,)] + mpb? (d/dt) [H, + aU, - ab(& + Q)]
(B6)
M = (a + 1/2)2mpb2U,C' [Hy + aU, + (1/2 = a)b(d + Qy)] - (mob®/2)U, (5 + Qo)
+ mpb®(d/dt) [a(H, + oU,) - b(1/8 + az)(& + Q)] | (B7)
D = pbUAC4, (B8)
Dy = -L sin ¢ = -LH,/U, (B9)

where C' 1is the lift deficiency function and is assumed to be unity in this study.
The quantities Dj, ¢, and Cqo  are induced drag, inflow angle, and drag coefficient,
respectively. It is noted that in equations (B6) through (B8) differentiation (d/dt)
must be operated on U, 'as well as Hy, Quy, and o. Quantities of Uz, Hy, Qp, and «
are expressed as follows:

U, =10 + ¥+ U, sinyp + v'U; cos ¢ +ug sin ¥ + vg cos y
H, = -Vvg = w + wo - w'U_ cos ¥
a S G o
(B10)
Q, = qw' :
=0+ ¢

By using equations (B6) through (B9), aerodynamic forces and moments acting on the
blade are

Fax 1, o 0 0 -w'L

Fay = [Ap1]0, cos ¢, sin ¢||-D| = -D - Dy (B11)

Faz 0, -sin ¢, cos ¢ L L

Max M

My 0 = (841400 = {v'y (B12)

Mgz ’ 0J . w'M
1, ~-v', 0{|1 , 0, ~w' 1, -v', -w'

[AA] = v" 1 H 0 0 [y l’ 0 = V" l ’ 0 (Bl3)

0, 0, 1liw', 0, 1 w', 0, 1
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The wing motions in the two-dimensional thin airfoil theory and the lift, drag, and

pitching moment acting on the wing section are shown in figures 32 and 33,
respectively,

Total loads— Total loads acting on the blade séction can be obtained as the sum
of inertial, aerodynamic, and gravitational loads as

IPX fpxl Fax 0
Pob=dp b+ 4P p+40 (B14)

\P, \P/ Fazd g
fo fqiw Max -meg
- ' 0 B1
Q 4z \LPPY 0

where g dis the gravitational acceleration.
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APPENDIX C
COEFFICIENTS OF EQUATION (6): AL B,» Cy» AND F,

The equation given from equation (2) is

}i: (Ayj A4y + By AQy + Cyy Aqy) = Fy (C1)
where
R _ b2 R _ _
Ap =mgys+ j; by (5 csb,)ar - _‘; Gy + abb,)C (6%, - Wy - abd,)dr (c2)
R -, :
= S' — = 'S5 5o S =1
13ij J; 2mQ[¢j(k 6V, eeui) +wl jvi + vj{ui + e(vi + Gwi)}]dr

Ry - b R 1\ . -
+ .E ¢J 7 CZ{UTq)i + Z Qwi}dr - J:) {WJ + (a + E) b¢j}cl{(28UT + Up)Vi - UTwi

+(l-a)bua +(l-a)b(é+nw')v }dr— J'R (#. + abd.)C,{u_ (63! - %!)
2 TP 2 o’ i A 3 3772 RV i

R

R
- [ _ -1 - - - - _ -
+ UTq)i + evi awai}dr + J; vJ.CaUTvi dr + J; Cl{(eUT + 2Up)wi 6Upvi

1 Iy 1 A 1S S St
. (—-— a)bUp¢ + (E-— a)b(e + Qwo)wi}dr + C;vi(rc)vj(rg) (C3)
2 R b Ry 1 - 1 -
Cyy = wimysy f by (3 c,0u@})ar - f -{wj +(3+ a)bd)j}Cl[{-UTUR + (5 - a)bQUT}wi
o

R
+ (20U + U U] + (2 )b(e + Qul)UT! + U2¢]dr - f @ + ab$j)c2
(o]

R
o« * . — o — - l -
v _ ' ' _ ' _ '
x {GUva URWi + GURvi + UT¢i}dr + .£ ijI{ (GUT + 2Up)URwi + (2 a.)bUpQwi
1 R
ry _' — — — A ' _'
+ UTqu)i + eUpURvi (2 a)b(G + QWO)URwi}dr + J:) (CSUTURV )dr (c4)
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R R .y
- - . ~ 1 - -
Fj =»J; (wj + ab¢j)C2[-wG]dr + . -[{wj +'(7 - a)b¢j}C1UT + vjcl(GUT + 2Up)

R

f x”zjc1 (% - )b(é + ch‘))][—wG]dr + [J;

- - ) - 1 -
[Giy + abF,)C,0y + {wj +(5+ a)b¢j}-clU§_,

4+ C,U UV, - mk?® + e e)0?, + meQ?w, + megﬁ. defare + C 9! (x )Vv'(r | C5
1Up0 75 - m 027", ] 3l RMCRIACR (c5)
and where
C, = 2mpbC'
C, = mpb?
C, = 2prdo
b =C/2
UR = UO cos ¢
UT = ) + UO sin ¢
U =W ~-v
P o o
6 = 60 + elc cos Y + 918 sin ¥

Here wg 1is a vertical gust and A0 dis the additional control input to be fed back
to the actuator. These equations can be expanded, using Euler's formula, to yield

exp (i) + exp (-iy)
2

exp (iy) ~ exp(-iy)
2

cos Y =

sin ¢ =
where
i=v-1

When the two-dimensional quasi-steady thin airfoil theory is used, there appear har-
monics of Y up to the third in each coefficient; that is,

A

i3 A__s exp(-1i3y) + A_2 exp (-i2y) + A_1 exp (-iy) + A° + A1 exp (1Y)

+ A, exp(i2y) + A, exp (13y)

3 .
E Am exp (1myp) (C6)

m=-3
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3
2:' B exp(imp) (c7)

Bij ) m=-3
3 .
Cyy = m§a C_ exp(imp) ' (c8)

Each term of these coefficients has the ith and jth mode of the blade deflection;
for example: '

>
]

R R
=2 J; measvjcbj dr - Gij - J; (Wj + abd>j)C2a5vi dr (c9)

R
0 f m{(k2¢j + eﬁj - ea, Vv )¢j + (W, + equ)ﬁ + (v

A, = - ea,$,)¥,}dr - 6,
A ] 3 3 3 7 eV M ¢ by
R0 R ; _ |
+ J; (—g b C2¢i)d>j dr -~ J; (aevi - W, - abd>i)Cz(wj + abd>j)dr (C10)
R _ PR _
A, = -2 J; mea.’v:quj dr - 61j - J; (Wj + zabq)‘_i)Cza?vi dr (c1l)
A, =A_,=A =4 =0 (c12)

o)
2}
1

1 .
5 (010 + 10,4)
ag = 0, + 0, (x - 0.75)

1
a, =% (Glc‘— iels)

"=

and 8,0, are the Kronecker delta function and pre-twist angle of a blade, respec-
tively. For the practical calculation, both i and j are truncated by L. Then the
following equation can be obtained:

3 . )
mZ;3 {[A exp (imp) JAq + (B exp (imy) jAq + [C, exp(imp)]} = nz;w F expli(ugt + np)]

(C13)

where A, B, €, are (L x L) matrices in which all elements are complex.
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Now, consider the expression of a sinusoidal gust in the rotating hub frame at
the position of hub center. In the rotor frame, a sinusoidal gust is assumed to be
expressed as follows: ‘

WG = Vg, exp (Lw,t) ' (C14)

Then, it can be transformed at position (r,y) in the rotating hub frame as

W = Voo exp(int) « £(x,0) ' | (C15)
where
f(x,0) = exp[—i(wG/Q)(x/u)cos V]
= ngm (-1)"3 g/ + x/u)exp (iny) (c16)

In this derivation, the following formula is used:

exp(iz sin 0) = 2: Jn(z)exp(ine)

nN==0c

where J, 1is nth order Bessel function. By substituting equation (Cl6) into (Cl5),
the expression of the coefficient F,, is given by

Fo= WGO(—i)an(wG/Q oox/u) (c17)
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APPENDIX D
FLOWCHART OF THE HARMONIC METHOD

The flowchart of the computer code by the harmonic method is shown in figure 34.
In this program, the feedback gains are specified in advance and read as data. It is
possible to analyze the stability of a blade and also to calculate the rotor trans-
fer function using this code. Approximately 1.0 sec of CPU time was required for
one execution of this code on the CDC 7600 computer.
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APPENDIX E
TRANSFER FUNCTION OF A ROTOR

In this appendix, the derivation of the transfer function of a rotor is
described by using the harmonic method. First, gust amplitude is assumed to be zero
in the computer code. Second, the transfer function is assumed to be expressed in

the frequency domain as follows:

{z} = [T,1{6} (E1)

where {z} and {6} are the response vector and the input vector, respectively; {z} and
{6} are given by equations (55) and (58), respectively. Therefore, [T;] becomes a
(12 x 6) matrix. '

In order to calculate the transfer function of a rotor, it is necessary to modify
equation (31). Let us consider the following control input A®:

AD

(61 - iez)exp(iwct) + (63 - iGu)exp[i(mG - Dt + (65 - ies)gxp[i(wG + Q)t]

{(8, cos wst + 6, sin th) + i(6, sin wet - 6, cos th)}
+ {[63 cos(wG -t + 0, sin(wG - 2t] +ife, sin(wG -t -9, cos(wG - Ot]}

+ [© cgs(wG + Q)t + O¢ sin(wG + Q)] + i[e5 sin(wG + )t - O cos(wG + )tl}

5
(E2)

The real part of the input A6 corresponds with equation (57). On the other hand,
the response vector {z} can be obtained by equation (25). From assumptions used here
(i.e., K= N' = 5), q becomes zero in equation (25). For simplicity, let us con-
sider only the vertical response:

AT

ZT . exp(int)

cos(th) - Z sin(th)] + i[ZTC sin(th) + Z cos(th)] (E3)

= [2qg TS TS
where Zp 1is the complex response vector. The real part of the Zp 1is Zpg and
the imaginary part is Zpg. The comparison of the real part of both response and

input gives the following relationship:

Z

tllel + tlzez + tlse +t 6.+t 6+t

TC 3 144 15 5 1696

(E4)

—ZTS = t2161 + t2262 + t2363 + tzueq + t2565 + t2666 »
where ty3 (1 =1, . . ., 12, 3 =1, . . ., 6) are elements of the [Te] matrix. -Simi-
lar relationships can be given for the other responses.
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To determine all the elements of [TC]bmatrix, the least-squares method is used.
Let us consider the sum of the squares of errors:

S=§ (z -eTt Y2 = (z, - @t)T(z - 0t,) (E5)
2 n 7 Ot 3708 5T 0

where N denotes the number of parameters (the dimension of Zj). The number of
parameters to be identified (the dimension of tj) is assumed to be L. N must be
greater than or equal to L. Here, the vector z4 and matrix © - are defined as

* ro -
_ _1.T
Zj = Zjn . O = en (E6)
. L. -

The solution that minimizes S 1s the least-squares estimate:

£, = (oto)tols, (E7a)
J J
or
tT = To(oTo) (E7D)
J 3 “
Putting the rows together again gives
A T -1
T=20(0"0) (E8)
where
..T
| .
Z—zj'-[...zn...] (E9)

In this study, both N and L have values of 12. Therefore, équation (E8) can
be rewritten as follows: '

T =z(00)-t (E10)

Elements for the transfer function [TC], calculated using equation (E10), are shown
in tables 4 and 5.
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TABLE 1.- BLADE CHARACTERISTICS

Rotor radius, R 8.53 m
Blade 1ift slope, a 5.73
Blade semi-chord, b - 0.2185 m
Number of blades, N 4
Rotor rotational speed, Q 23.67 rad/sec
Blade twist rate, 6 -8°
Position of flapping hinge, rg 0.3 m
Blade cutoff, rg 0.594 m
C.G. position of blade, rgg 2.7 m

‘ Position of lag damper, r 0.3 m

" Lag damper coefficient, Cg 1000.0 N-m-sec/rad
Blade mass, m 106.4 kg
Moment of inertia of blade, Ig 1593.9 kg-m?>
Mass moment of blade, MB 1659.1 kg—m2
Lock number, ¥y 8.84
Wing section NACA 0012
Gross weight, W 62259.4 N

TABLE 2.- BLADE PROPERTIES
GJ, Ely, EI,, | AL, Am, A, e,
I Length, N-m? N—%z N-m? kg—m2 kg deg m
m x10% | x10* x10% | x10™3 | x107' | x107'| x1072
1| 0.003 |34.13 | 22,37 |26.68 | 94.71 3.063 | 0.0 | 0.0
2 .327 | 34.13 | 143.4 | 13.19 | 87.80 | 320.7 .0 .0
31 .254 [12.97 | 20.28 | 6.801| 59.35 | 144.9 .0 | .0
4| .508 | 6.017 | 4.900| 4.929( 29.81 | 24.06 | -.28| .4167
50 .610 | 5.018 | 4.214| 4.567| 31.57 | 38.50 |-6.81] |
6| .280 40.37 | 24.21 |-3.12
7 .787 47.02 | 62.13 | -8.80
8| .457 47.82 | 39.67 |-5.10
9 737 43.22 | 58.05 |-8.23
10 | .406 44,71 | 35.29 | -4.54
11| .711 55.68 | 53.82 |-7.94
12 .762 38.35 | 57.75 |-8.52
13| .254 34.55 | 22.02 |-2.83
14|  .610 47.02 | 48.13 | -6.81
15| .635 39.70 | '60.23 | -7.09
16 | .356 23.03 | 29.17 |-3.97
17 .254 33.22 | 30.04 |-2.84
18| .280 | ¥ v v 7448 | 22,02 |-3.12| ¥
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TABLE 3.- ROTOR OPERATING CONDITIONS

Advance ratio, u 0.18
Collective pitch angle, 6, 8.0°
Longitudinal pitch angle, 6,  -1.48°
Lateral pitch angle, 6, .695°
Inflow ratio, A _ .0179

TABLE 4.~ TRANSFER FUNCTION OF ROTOR FOR GUST FREQUENCY OF 2.0 Hz

25,52 -576.5 =192.6 22.40 81.50 =-11.927
576.5 =25.52 22.40 -192.6 11.92 81.50
9.831 =59.62 =211.6 ~44.,92 50.86 53.35
66.51 15.42  3.635 -179.3 -88.02 59.16
34,46 -112.7 2397. =-85.89  2561.  91.49
112.7 34.46 85.89  2397. -91.49  2561.

[Tcl = |.63.17 2.580 -48.63 216.3 -56.87 37.14] *10°
-2.580 =-63.17 -216.3 =48.63 =-37.15 =-56.87
-1185. 4.166 96.97 2508. 87.10 -2618.
{-4.166 -1185. -2508. 96.97 2618. 87.10
969.5 77.35 -10.06 =-293.7 4.302  202.5
-77.35  969.5 293.7 -10.06 =-202.6 4.305
Advance ratio = 0.18
Rotor rotational speed = 23.67 rad/sec
Gust frequency = 2.0 Hz
Gust ‘amplitude: Usy = Vo, = 0.0, Voo = 1.0 m/sec
{z} = [Tgl{e}
{2} = (Tgs Tg Hg, Hgs Mygs Myg, Yoo Ygo Myc Myss Mpgs Mgg)'
{0} = (8,, 0,, 04, 6,5 0.5 eG)T
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TABLE 5.~ TRANSFER FUNCTION OF ROTOR FOR STEP GUST

F0.996 8.545 2,984
-0.496 8.004 2,077
[1g] = | 1-849 1872 0.635f ;09
68.42 252.3 95.31
-16.62 289.0 81.92
| 8.599 17.79 5.652
Advance ratio = 0.18
Rotor rotational speed = 23.67 rad/sec
Gust frequency = 0.0 Hz (step gust)
Gust amplitude: Uy = Vg = 0.0, Vo, = 1.0 m/sec
{z} = [Tl{6}
{z} = (AT, AH,, MMy, AY, MMy , AMp )T
{6} = (8;, 6,, 6,)T
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COORDINATE SYSTEMS

HUB: XH’ YH’ ZH
BLADE: x, vy, z

ZR. Zy
A

SINUSOIDAL GUST

(a) Gust shape and coordinate systems.

ZR, ZH
A . Py ~P4: POSITION OF SENSOR

(b) Blade deflection geometry.

Figure 1.- Coordinate systems and blade deflection.
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Figure 2.- Mode shapes and mode frequencies of blade: §Q = 226 rpm, 0, =_8°,
wq=0.2330 (Lq) v wg =4.831Q (F3)
w' ¢
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Figure 3.~ Hub forces and moments.
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(a) Horizontal force, Fy.

Figure 4.- Rotor impedance to gust excitation without feedback: wg, = 1.0 m/sec,
u = 0.18.
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(b) side force, Fy’

Figure 4.~ Continued.
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(c) Vertical force, F,.

Figure 4.~ Continued.
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Figure 4.~ Continued.
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Figure 4.~ Continued.
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Figure 4.- Concluded.
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‘Figure 5.- Stability analysis (root loci): u = 0.18.
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Figure 5.- Continued.
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Figure 5.- Comcluded.
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Figure 6.~ Sensitivity of the phase angle to the vertical hub force, sensor at blade
tip position: W, = 1.8 m/sec, fG = 0.5 Hz, u = 0.18.
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Figure 7.- Sensitivity of the feedback gain to the vertical hub force, sensor at
blade tip position: wg, = 1.8 m/sec, fg = 0.5 Hz, u = 0.18. 1
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(b) Av feedback, ¢ = 30°.

Figure 7.- Continued.
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(c) Ap feedback, ¢ = 270°.

Figure 7.- Concluded.
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Figure 8.- Effect of the sensing points on the feedback system: Yoo = 1.8 m/sec,
fg = 0.5 Hz, u = 0.18.
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Figure 8.- Continued.
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Figure 8.- Concluded,
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Figure 9.- Time history of hub gust responses without control for a vertical
sinusoidal gust: Voo = 1.8 m/sec, fe = 0.5 Hz, y = 0.18, Q = 226 rpm.
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Figure 10.- Time history of hub gust responses with individual blade pitch control for
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K, = -0.5 rad/m,
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74




b) THRUST

T v e e e

¢) HORIZONTAL FORCE

cy x 1074

T S .

Cy X 1074
o
i

d) SIDE FORCE

Bl i

-1

Cyx X 1074

-2
e) ROLLING MOMENT

Cpy X 1074

f) PITCHING MOMENT

5
Cpz X 10

Y e i

g} YAWING MOMENT

13 LT\ 1]' o AN P
1 ?”
T 9
o
S 7
£ 5
a.
3 NI, \ "\ I‘/\I /.,.;/u'
1 h) P|T‘CH ANGLE CHANGE
0 1 2 3 4 5 6 7
TIME, sec

Figure 12.- Time history of hub gust responses with individual blade pitch control for
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Ky = -0.5 rad/m.
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Figure 14.— Time history of hub gust responses with individual blade pitch control for
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Figure 16.- Adaptive regulators for gust alleviation.
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Figure 18.- Time history of hub gust responses without control for a horizontal
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Figure 19.- Time history of hub gust responses without control for a lateral
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Figure 22.- Time history of hub gust responses with adaptive blade pitch control for
a vertical sinusoidal gust. Adaptive open-loop regulator without caution (six
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Figure 31.- Blade section loads.
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Figure 32.- Two dimensional thin airfoil theory.
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