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NOMENCLATURE

A vector is denoted with an over-arrow (e.g., the position vector 7,), and the column matrix rep-

resentation of a vector, or any other type of column matrix, is represented with an underbar (e.g., v).

Points in the system are designated by lowercase letters, 50 the position vector i, in the above example

is read “the position from point a to point b.” Coordinate frames are designated by capital ietters (e.g.,

T4 is the x unit vector in the A system). Coordinate-frame rotation rates are represented as d)‘p/ I

) which is read as “the rotation rate of frame F relative to frame 1. Rotation vectors are always resolved

in the frame of the first subscript. Nondimensional quantities are represented with an overbar and are

nondimensionalized by the blade mass, rotor radius, and nominal rotor rotational rate.The sine and

. cosine functions are abbreviated to Sy and Cp, where the subscript is the argument. In the following
list, the abbreviation DOF is used for degrees of freedom.

a blade-section lift-curve slope
Ggnd speed of sound

“ arp tail-rotor lift-curve slope
A0rgr D0pgr @TS) bTS tail-surface dynamic pressure loss angles
b blade-section semichord
brr tail-rotor semichord
Cpy CD,:Cp,;,Cp;, Cp,, Cp; tail-surface-drag coefficient values at break angles
Cr,:Cr, CF, fuselage-mount damping constants
Crg,CrCr, tail-surface-lift coefficient values at break angles
Cr,Cr, CL main-rotor thrust, pitch, and roll coefficients
Crs tail-surface dynamic pressure loss factor
Cz, Cy,C, hinge damping constants
Corr Cirg tail-rotor drag function constants
dp, dy, dy blade-section drag function constants
e f first and second offsets
eTR tail-rotor flapping-hinge offset
L EF fixed-LOF array and derivatives
Le q fixed equations
Fr, Fy, F, applied-forces components at mount in F system
g gravity constant
h shaft length
idero apparent-mass-term flag
if(nig) fixed DOF indices (number selected)

’ 1o (n feq) fixed equation indices (number selected)
i f("i f) first-derivative fixed DOF indices (number selected)
) i f'(n'if") second-derivative fixed DOF indices (numb-+ selected)

'iu(niu) fixed contro!l indices (number selected)
iy(-nLU) feedback fixed-output indices (number selected)
L;(vziﬁ) auxiliarv fixed-output indices (number selected)

ix(niy) feedback X-output indices (number selected)
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auxiliary X-output indices (number selected)
first-order variable/equation indices (number selected)
tail-rotor flap inertia about flapping hinge

blade inertia matrix

fuselage inertia matrix

rotor-hub inertia matrix

rotor DOF/equation indices (number selected)
first-derivative rotor DOF indices (number selected)
feedback-rotor output indices (number selected)
auxiliary-rotor output indices (number selected)
rotor control indices (number selected)

rotor control blade indices (number selected)
tail-rotor flap-spring constant

mount spring constants

hinge spring constants

tail-rotor tangent of 63

inflow matrices

blade mass

tail-rotor blade mass

fuselage mass

rotor-hub mass

blade-section moment function constants
number of blade accelerometer measurements
number of fuselage accelerometer measurements

number of blades

number of blades in tail rotor

number of fixed DOF

number of harmonics in periodic system linear coefficient matrices
number of harmonics in trim blade equilibrium solution

number of rotor blade DOF

number of empennage surtaces

number of fixed inputs

number of controls in blocks A, C, P, S, and G

number of rotor outputs

number of states in blocks A, C, P, S, and G

number of fixed outputs

number of outputs in blocks A, C, P, S, and G

number of divisions in middle/end region of « for surface downwash .
table

number of divisions in middle/end region of 3 for surface downwash
table

number of rotor blade inputs
number of augmented states
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trim Fourier coefficients matrix [(
DOF

integration limits in downwash table calculation
blade DOF arrays and derivatives

rotor equations

rotor radius

tail-rotor radius

2npppy + 1) by 7] of the blade

translation DOF of fuseiage

reference area of fuselage aerodynamic forces
aerodynamic force position a in station-buttline-waterline coordinate
frame

fuselage center-of-mass position ¢

translational DOF position m

tail-rotor position

tail-surface position

shaft tilt position

tail-surface reference area

final time of response

tail-rotor loss function constants

blade linear twist constants

fixed input array

blade-section torsion axis distance behind 1/4 chord
blade center-of-gravity position components in B system
tail-rotor center of mass from hinge offset

aerodynamic forces integrated from x| to x5 along 2p
first-order equations

first-order augmented state array

tail-surface-drag break angles

tail-surface-lift break angles

downwash table o ranges

downwash table 3 ranges

flap, lag, and torsion blade DOF

hinge offset angles

nearest o to wake layer for surface downwash table calculations

finite-difference perturbation for fixed DOF and derivative

finite difference perturbation for rotor DOF and derivative

finite-difference perturbation for fixed inputs

finite-difference perturbation for augmented states

finite-difference perturbation for rotor-blade inputs

rotor inputs

shaft tilt in pitch (positive back) and roll (positive right)

tail-rotor twist per unit length

zero moment angles at mount
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fuselage Euler angles
inflow at main rotor

U advance ratio

PA air density

Pzy Py tail-rotor orientation angles
Oy Oy tail-surface orientation angles
" rotor DOE, ¢y, = ¢ + {-lan
wf rotor fundamental frequency

0 nominal rotor rotation rate
Qrp tail-rotor rotation rate

For position vector 7

7 time derivative

7 time derivative of a vector rclative to vector frame
;"‘ nondimensional time derivative

7(F) a vector resolved in a particular frame

F special matrix form of a vector, i.e.,

0 Tz —7'y
7= el 4] 0 Ty
ry =Tz 0
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SUMMARY

A mathematical model of a helicopter system with a single main rotor that includes rigid, hinge-
restrained rotor blades with flap, lag, and torsion degrees of freedom is described. The model allows
several hinge sequences and two offsets in the hinges. Quasi-steady Greenberg theory is used to
calculate the blade-section aerodynamic forces, and inflow effects are accounted for by using a three-
state nonlinear dynamic inflow model. The motion of the rigid fuselage is defined by six degrees of
freedom, and an optional rotor rpm degree of freedom is available, Empennage surtaces and the tail
rotor are modeled, and the effect of main-rotor downwash on these elements is included. Model trim,
linearization, and time-integration operations are described and can be applied to a subset of the model
in the rotating or nonrotating coordinate frame. A preliminary validation of the model is made by
comparing its results with those of other analytical and experimental studies. This publication presents
the results of research completed in November 1989.

INTRODUCTION

Future requirements for helicopter flight performance place greater emphasis on high-bandwidth
flight-control systems than current requirements. Low-order rigid-body models of helicopter systems can
be used successfully to design feedback control systems, but these models impose bandwidth limitations
on the controller, making them unsuitable for the design and evaluation of high-bandwidth systems
(ref. 1). To meet the new requirements, higher order helicopter models must be used in the design of
the flight-control systems. The higher order effects of primary interest are those of the rotor dynamics
and the rotor inflow. In addition to capturing the blade-flap and lag dynamics, the effect of torsional
dynamics on the control design problem needs to be understood. This last item is relevent to rotor
designs using hingeless and bearingless rotors and to advanced concepts, such as servo-flap coutrol,
which require torsionally soft rotor blades (ref. 2).

This report documents a higher order helicopter mathematical model created to fill these needs. The
helicopter model is described in detail in the next section. The rotor consists of rigid blades with flap,
lag, torsion, and pitch motions; and with linear hinge springs and dampers. This gives the model the
rotor dynamics of interest and allows for approximate modeling of hingeless rotor systems, The flap (f),
lag (1), torsion (t), and pitch (p) hinge motions can have the order flpt, fplt, pfit, lfpt, Ipft, or plft (only
flpt and 1fpt are currently available), and two hinge offsets are available to model various articulated
configurations. The blade-section aerodynamics are linear, and the quasi-steady Greenberg model is used
(ref. 3). Unsteady inflow effects are included using the three-state nonlinear Pitt/Peters dynamic inflow
model (ref. 4). An rpm degree of freedom (DOF) of the main rotor is also available, making analysis
of engine/rotor interaction possible. The rigid fuselage model Las six degrees of freedom and includes
an equivalent-drag-area aerodynamic model, a tail-rotor model, and an empennage-surface model. The
empennage-surface models have main-rotor downwash effects that are calculated from the flat-wake
mode! described in chapter 2 of reference 5. The tail rotor is the quasi-static flapping model described
in reference 6. For greater flexibility, the spring/damper model, the blade-section aerodynamic model,
and the fuselage aerodynamic model can be replaced with user-defined models.

Following the description of the mode! is the Gperations section, which details the operations that
are performed on the model. There are three operations: trim, linearization, and time-integration. Trim




places the helicopter system in some user-defined flight condition by satisfying the system equations of
motion. After trimming, the model may be linearized about the trim condition, or the model may be
initialized in the trim condition and then time-integrated. Linearization uses nonrotating rotor coordinates
through a multiblade coordinate transformation (MBCT) (ref. 7). In forward flight, the periodic system
matrices can be extracted from this linearization process. The time-integration uses rotating blade
coordinates and allows for arbitrary inputs to the model controls. Additionally, the integration process
has been cast in a general block form, allowing the introduction of user-specified actuator, sensor,
feedback, and precompensator dynamics to the system,

In the Results section, a preliminary validation of the helicopter model is made by comparing
results with those from other analytical and experimental studies. The rotor model results are compared
with trimmed rotor-response results, from reference 8, of an isolated rotor. Rotor/fuselage results are
compared with the experimental frequency and damping data presented in reference 9. The full helicopter
model is validated by comparing trim and time-history data extracted from flight data on a UH-60A
helicopter (ref. 10). Additionally, a comparison with the quasi-static eight-state linearized model from
the GEN HEL program (refs. 11,12) is made.

HELICOPTER EQUATIONS OF MOTION

Fuselage

The fuselage is modeled as a rigid body whose motion is defined by the six degrees of freedom
shown in figure 1. The fuselage coordinate frame F is body fixed, with its origin at point m. The
location of point m is chosen by the user. The body translational motion is defined by the components
of the inertial position vector 7,,, and body rotation is defined by the Euler angles. Other relevant points
on the body are shown in figure 2. The positions of these points are chosen by the user in the body-fixed
coordinate frame defined by the station, the buttline, and the waterline. The forces and moments at
m result from mounting restraints, which can be set to simulate any mounting condition, such as in a
wind-tunnel test. Point ¢ is the center of mass of the fuselage, where inertial and gravitational forces
are resolved, and point a is where fuselage aerodynamic forces are applied. The ny empennage surfaces
produce resultant forces at the s; points, and the resultant tail-rotor force is at point . There are n 4 fus
points designated as y,, where accelerations are output measurements. Point A is the attachment point
of the main-rotoi hub, which can be set at tilt angles about point ¢t. These tilt angles are defined by
the transformation, shown in figure 3, which tips the hub coordinate frame H by constant pitch and roll
angles, 65 and ¢g.

The equations of motion for the fuselage are formed by summing the forces created by the main
rotor, fuselage inertia and gravity, fuselage aerodynamics, the fuselage mount, the tail rotor, and the tail
surfaces. This gives the vector equation

Ly

Q‘H‘*'Q‘IG‘*'Q‘A*‘Q‘:\[‘{'Q—‘R'*'Z@SJ;:O (1
J

Summing the respective moments about point m gives

Ey+Lig+Lys+Ly+Lp+Lg=0 2




where

Ly =Jy + (Fint +7) X Qn 3)
Lrg = Jr + (Fme x Q1¢) )
Lo=Jy+ (e x Qa) (5)
I-;R = jR + (qmr X QR) (6)
— na — -
Lg= Z JSj + ('-‘ms_,‘ X Q.S'j) 0
]

The final fuselage equations are resolved such that they correspond to the fuselage generalized coordi-
nates. That is, if a Lagrangian approach had been used, the same fuselage equations would have resulted.
This resolution of the equations facilitates the extraction of the system mass matrix, which is discussed
in a subsequent section. The definition of the equations and their location in the fuselage-equation
vector are

=eq
feq(1) =3 moments about &g (8)
feq(2) = Y_ moments about g, 9
feq(3) = 3 moments about 3, (10)
feq(4) =3 forces in £ direction (11)
feq(5) = > forces in §j direction (12)
feq(6) = forces in 2y direction (13)

Using the position vectors and coordinate frames as defined, the velocities and accelerations can
be determined. At the main rotor hub, the angular velocity and acceleration are given by

Wy 1 =@y/F +3p/1 (14)
Gpyr =g (15)
- Sy =whr = Wa/p+ I X Sgyp + G (16)
Taking advantage of the constant components in the position vectors, the velocities at selected points
are
Fit = Fim, + @p/r X T (17)
1."'.,';1=7:".gt Wy X T (18)
Tisy = Tim +@pyr X Fingg (19)




Fip = Ty + L:)‘F/ I X o (20)

Tia = Tim +‘3F/I X Tma 2D
Tie = T + LDF/[ X Tme (22)
Tiyy = Tim +Gp/p X Finy (23)

and the acclerations at selected points become

Fip = T + @' pyp X Fong + Ty X (@pyp X Fout) (24)
Fih = it + & ryr X Ty + Spyp % (@pyp X o) (25)
Fio = Fim + W' F/1 % Fme + &g/ X (W1 X Fine) (26)
;'l;-yn = i ! /X Py + Bpp X (Spyp X Fing,) @n

The forces and moments of the fuselage are discussed separately, beginning with the inertial and
gravity effects. At the fuselage center of gravity, the inertial force and moment vectors are

Qre = Mp (~Fic + 92r) (28)
Jy==Tp o pr = dpyr x (Ip- p)p) (29)

where the inertia tensor is defined in the F system.,

The fuselage aerodynamic effects are based in the wind-axis coordinate frame W defined in figure 4.
The velocity of the air relative to point a is

1-/‘a, = VG - f':"-ia (30)

which also defines the direction of the &y, component of the wind-axis frame. The angles o and 3¢
are defined from the relative velocity as

R VAN
af=tan~l (M) -rLap<Tw 3D
Vo dp
‘-/: Ca
Bf tan™ YF 5 (32)
[V : ‘LF V(L 2F )
The fuselage aerodynamic force and moment are
= . R - 1 \ . oz
Qa = Déw +Yijw + Lay = -2-/)||Va||25f (Cp,idw + Cy, hw + Cr dw) (33)

7 \ . . l 20 s . X
Ja = —Riy + Mjy — Ny = 5P||Vu||25f/ (=Crjw +Cargw = Cpdw) (34




which can be converted to the F frame via the transformation Ty, which is defined in figure 4. The
force and moment coefficients are functions of 1 and Sy, but the default fuselage-aerodynamics sets
all force coefficients to zero except Cp I which is set to unity, making the fuselage reference area Sy
the equivalent drag area.

The fuselage mount moments are modeled as linear nonorthogonal springs, and the mount forces
are treated as given quantities. These forces can be used during trim to satisfy a constraint condition,
such as setting a certain amount of thrust. The parameters defining the mount effects can be set to zero
for free-flight analysis. The force and moment expressions for the mount are given by

Ly = My — M:Sg,) &5 + (MyCo, + M:53,Cp, ) ir + (—MySp, + M:Cy,Cy, ) 21 (35)

where
My = =K, (65 = ) = C, (91. (36)
M, =-Kp, (6. - C'er~ (38)
Q‘M = Fpdr + Ft/JI + F~ZI 39)

The measurement outputs from the fuselage are acceleration, velocity, and angular rates. The n4 fus
accelerometer outputs are expressed as

N[ 5o
y(j) = ( iy; ~ 9% 1) Wj—ll J=1020 (40)
f;’ = fu;&p + ;08 + fridp 41)

where the direction of the measurement is selected through the components of f; The velocity of the
fuselage center of mass is resolved in the fuselage fixed frame and is available as a measurement, as

are the fuselage angular rates. The components of the velocity and angular rate vectors are stored in y
according to

y(nag, +1)=Tfie & (42)
b (Pagu, +2) =Tie i (43)
Y (nAfua + 3) = ‘I."'L'(_. i (44)
y (nAqu + 4) = LD‘F/[ Cdp (45)
Y (Mdp +5) = Dpyr- G (46)
Y (“Afus + 6) = LD'F/[ C i (47)




Main Rotor

Fixed to the main rotor are ny coordinate fraraes, one for each blade. Figure 5 shows the rotor
coordinate frame R for the Ath blade, in which several additional blade coordinate frames are defined.
The additional frames are shown in figure 6. The first hinge is offset a distance e from the hub center,
and point ¢ corresponds to the origin of the link coordinate frame L. The second hinge is offset a
distance f from point ¢. The origin of blade coordinate frame B is at point f and is fixed to the blade.
The significant points on the blade are b, at the blade center of gravity, and x, at a distan~- x along
the .t g axis. Also on the blade are n 4, , points designated wp, which locate the blade ac  erometer
measurements.

The hinge sequences that define the orientation of the blade coordinate frames can be divided into
two groups . The first group is flap-lag-pitch-torsion (fipt), flap-pitch-lag-torsion (fplt), and pitch-flap-
lag-torsion (pflt), in all of which the flap motion precedes the lag. The second group places lag before
flap in lag-flap-pitch-torsion (Ifpt), lag-pitch-flap-torsion (Ipft), and pitch-lag-flap-torsion (plft) hinge
sequences. Only the flpt and Ifpt sequences are available; they are defined in figures 7 and 8. An
intermediate coordinate frame P, which is not shown in figure 6, is included in these figures. Frame
P allows the introduction of hinge effects such as precone and 63. The angle 3, in figures 7 and 8 is
the precone angle, and ¢, is a cant in the flap hinge that geometrically introduces the 63 effect. By
definition, the variable 43 is not an Euler angle (ref. 13), but it is related to the cant Euler angle by
tan &3 = — tan¢p cos Jp for the fipt system and tané3 = —tan (Cp + Ck) cos f3p for the Ifpt system. The

remaining hinge sequences are defined such that for the flap-before-lag sequences, 3, rotates about the
coordinates axis —gp; Gk, about £;; and ¢, about #g. For the lag-before-flap sequences, ¢, rotates
about the axis Zp; /3, about —g;; and ¢y, about pg. The sequence of rotations of the blade angles is
summarized in table 1. The items in the flpt row and R to P column are read as follows: starting in
frame R, rotate through an angle of 3, about the negative g axis; then rotate through an angle of ¢,
about the 3, axis, to the P system, Each element of the table is read similarly.

The forces on the main rotor are shown in figure 9 with only the kth blade depicted. A rigid body
representing the rotor hub mass contributes only inertia to the system. The link between points ¢ and f
is massless, contributing no inertial forces to the system. Each blade contributes inertial, gravitational,
and aerodynamic forces and moments, which are related to the loads at hinges f and ¢ by

Fp=—(Fig+Fy) =-Fp (48)
My =~ (Mg + M) = -3y (49)
F =F (50)
M, = My + 75 x Fy (51)

The vectors f‘T and x\?;r are the sums of the blade inertial, gravitational, and aerodynamic forces and
moments at point f. The hub forces and moments of equations (1) and (2) for the main rotor are then

=P+ i() (52)




(33)

Jy = R‘,+:zbl [(Fhe + Fep) x Fr+ M|,
This gives the rotor equation )
feq(7) =Ty + Jy + 2p = moment about %p (54)
where Ty is the main-rotor torque. For the fipt, fplt, and pfit systems, the fiap, lag, and torsion equations
are
reg(ky1) = = [M + Mr + ey x Fr| - §p (55)
reg(k,2) = [My + Mr| - 21 (56)
reg(k,3) = [My+ Mr|- &5 (57)
For the Ifpt, 1pft, and pift systems, these equations are
req(k, 1) = = [My + Mr| - i1 (58)

(59)
(60)

Teq(k,2) = [.l\;..fe + .t\:‘fT + 'Fcf X FT] < Zp
req(k,3) = [J‘Zf + J\?T] « &g

These rotor blade equations have been written such that they are equal to the 5, (, and ¢ equations
that would result from using a Lagrangian approach. The total aerodynamic forces and moments at the
(61)

hub center are
SFy = :21 (FA)L-
Sai=, [MA + (F'he + T, f) x FA] b (62)
k=1
(63)

(64)
(65)

The angular velocities and accelerations are
(66)

Grir=4dpr/g +<H/1
@pjr=4&p/r+9R/1
Gy =@rp+@pr
Gpir=&p)L +91
Spyp=wpyr =W Ry + SR X SR+ G HyT (67
Li"P/I =w'pp =wpp+&p XEp/p+ER/1 (68)
Gppp=wlpyr =3 pp+&r xErp+dp) (69)
(70)

dpyr=w'py=wpy+dpy xép e




For the blade aerodynamic calculations, the velocity of point z results from

Fie = Tih + TR/ X The QY
"'-"if=7;"ie+wL/IXFef (72)
Tie = Tig + g1 X g (73)

For the mass matrix calculation, the velocity of the blade center of mass is
%‘ib=".-"if+ﬁB/IXFfb (74)

The accelerations of the blade center of mass, the points wy, and the point z along &5 result from

Tie = Tin + W p/1 X The + TR/1 X (TR X The) (75)
r1f—rw+wL/Ixref+wL/I><(w[/lxref) (76)
i = Tif + B/I X Tfp+ &g/ % (03/1 x "'fb) 7
’"nvn =fif+ W'B/I X Ty + &g/ % (wB/z x wa) (78)
’"zf + o B/I X Tfz +&p/ % (WB/I X "'fm) (79)

The rotor hub center of mass is at point h, and the rotor hub orientation is referenced to the k& = 1
rotor coordinate system. The inertial and gravitational effect of the rotor hub is

Big = Mg (~Fin +9%;) (80)
and the inertial moment is
R} =—[TR~ w’R/I +G3R/_r>< (73 ‘UR/I)] (81)
Likewise, for each blade, the inertial and gravitational force and moment are
Frg = Mp (73 + g%1) (82)
MIC,‘:—[?B'J,B/I'*"DB/IX(TB'JB/I)]'*'FbeﬁIG (83)

where the moment is about point f.

Blade hinge-spring restraining moments are of two types. The first type is nonorthogonal, and for
the flpt, fplt, and pflt sequences the moments are

M;- 2 = =K — Caly (85)
My &g = ~Kzop — Cudy (86)




For the 1fpt, Ipft, and plft sequences, the nonorthogonal moments are

—J\Zf g = -=Kybp — Cyﬁ.?k (87)
Me : ﬁP = _I\—:Ck - Czc.k (88)
l\:’f . iB = —If,ﬁﬁk - Ca:q'sk (89)

The second type of spring restraint is orthogonal and is used to approximate hingeless rotor-blade
systems. These orthogonal moments are valid only for (1) no second offset (f = 0), (2) no cant angle
(¢p = 0), and (3) with the pitch inboard or outboard of the flap and lag degrees of freedom. For the
fipt and pfit sequences, the moments are

My = Me = [-K: (~G1Sp, + G5, 08,) = Cx (=G4S, + 6:C4,Ca,)] 2
+ [-—Ky (—-ﬂk + ¢k5<k) - Cy (*Bk + éksck)] ip
+ [~ K: (GO, + 8685, S5,) = Ce (8uCa, + 8CeiSa) 20 90)
For the Ifpt and plft sequences, the moments are
My = e = [~Kz (85, + 4C8,Ce,) = Cr (BeSgi + 64C5,C0) | 2
+ [_Ky ("ﬂkcc'k + ¢k0/3:.-5¢k) -Gy (’Bkcﬁk + ‘i’kcﬂksﬁk)] gp
+ [ B (G + 6uSp,) =~ Cx (Ge + 4uS3,)| 27 1)

The total blade aerodynamic effects are found by integrating the sectional aerodynamic forces and
moments along the span according to

o 2 o
Fy= | "fade 92)
- z . - -
My = /x | (2 £) x fa +1iy] do (93)
where
fa = fyclic + ficio (94)
m4 =my.&c (95)

The integrations are carried out using Gaussian quadrature numerical integration. Blade-section forces
are resolved in a chord coordinate frame C shown in figure 10, which is rotated from the blade coordinate
frame B by a geometric twist. The linear twist function is defined by

GT(J:) = Tw.r-r + Twc (96)




The components of the sectional forces and moments are expressed in terms of the angular velocity and
acceleration of the chord section and of the components of the relative velocity and acceleration of the
air mass at the origin of the C frame. The latter two are

Vc VG + /\ - r,,, o7
Ac = VG - ru: (98)

where the vector)\; is the induced air velocity whose derivative has been ignored in the air-mass ac-

celeration. The induced air velocity results from the dynamic inflow model, which is described in a
subsequent section.

The sectional aerodynamic model is based on quasi-steady Greenberg theory, which is a Theodorsen

theory modified to account for lead-lag motions (refs. 3,14). The lift and moment about the torsion axis
are given by

. b,
L= pyab [v Q+Phi A] 99)
, b b, b2.\b,
M = pygab||zg + VQ+ |zgP — Vza ~3 & ‘2‘er7~0 : (100)
where
. b\ .
Q= (h+Va) - (:cab—-i)a (101)
P=(h+Va) -zué (102)

The variable ¢ 4,5, is @ switch to remove the apparent mass effects, which can be ignored when the
order of magnitude of the mass of the airfoil section is much greater than the order of magnitude of the
mass of the air it occupies (ref. 14, chap. 5). Drag and additional moments due to camber are added by

D =dy+d appp+dy ol (103)
Meam = mg + m) Qeff (104)

Figure 11 shows the application of the sectional aerodynamic model in forward and reverse flow con-
ditions., The variables in the Greenberg theory are interpreted as in reference 15, where the quantity
h 4+ Va is interpreted as the normal air velocity at the torsion axis. The derivative of this quan-
nty is then the derivative of the 5. component of the air velocity V’c. which can be extracted from
Ac V'c + wC/I X VC’

Blade measurements are stored in w in the following manner. For the kth blade, the ny,,,
acclerometer outputs are given by

P~

by

wk+ny(n=1)]= (%‘iwn --g.?[) : 5 n=12,...,n4,, (105)
n

by = bz 2g + by 0B + b:,5p (106)




where the direction of the measurement is selected through the vector b,,. Blade moments at the hinges
are also in w. They are given by the following expressions when flap is before lag:

w [k +nyng,,] = (Mr +7ep x Fr) - gp (107)
wk+ny (g, +1)] = Mr- 2 (108)
w [k +ny (ngy, +2)] = M- &p (109)
and by the following expressions when lag is before flap:
w[k+nyng,] = Mr- gr (110)
wk+ny (ngyy +1)] = (Mg +7p x Fr) - 2p (111)
wk+ny (nay, +2)] = Mp- ip (112)

Inflow

The rotor inflow is modeled using the three-state nonlinear Pitt/Peters model of reference 4, which
is applied in the actuator-disk coordinate frame A shown in figure 12, This frame is tipped to the left
by the sine of the flapping angle and tipped forward by the cosine of the flapping angle. The velocity
and acceleration of the air relative to the hub center are

Vi = Vg = Fin (113)
Ay =V =i - (14

The advance ratio, the free-stream inflow, and the total average inflow can be found by using the velocity
vectors; they are

\/(Vh : 50,4)2 + (V'h' @A)z

"= (115)

RO
Vi 54
Afs = o) (116)
A=Ags+ Ao (17

where the total average inflow A is the sum of the free-stream inflow plus the constant induced-inflow
component, which is one state of the dynamic inflow model. The inflow vector for the blade aerodynamic
calculation, in terms of the inflow states, is

r

- R T\ s
Ai = Mfy = (f\o + Mo Sy + /\1c§C¢,k> 24 (118)
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where Ag, Ajs, and Ay are the three inflow states that define the inflow in the A system. These inflow
states are governed by the first-order inflow equations

) .
l'eq(l) 4] Vo CT
Teq(2) p=LiMpS £y, Y+ vis v —Li{ Cy (119)
Teq(3) ;lc Ve Cu

The v's in equation (119) are coefficients that define the inflow in the same way that the \'s define the
inflow in equation (118). However, the v's define the inflow in the D system, which is aligned with the
velocity in the disk plane. The » coefficients and the A coefficients are related by

vy = Ag (120)
Vs = AsCp, + MeSg, (121)
Vie = ’\lccﬂh + A1sS3, (122)
s = 20
=5 (123)
) ; ' 3

10 = 3205, + 2055, + 2 (L0185, +01Cp,) (124)
A A '

Dle = ﬁcﬁh - leisﬂh - %’ (A1chh + ’\Ucﬂh) (125)

Bp = tan™} (M) (126)

5 : (127)

The thrust, roll, and pitch coefficients in equation (119) are given, in terms of the main-rotor aerodynamic
forces and moments, by

O = .. OFa_ 24

e Sy 1o)) (128)
§M . yi) Sﬂ,‘ + (S:MA .134) Cﬁh

Co== o B5O Mogg (129)

Mogy (130)




The matrices for the Pitt/Peters model are

1 15 I‘Sa
vr 0 ﬂ% [+5%,
Lp= 0 PE] 0 (131)
15; 1=So —45,
| s\ 155 O TT+3a5)
[ mg(mass) 0 0
My = 0 @0 (132)
S -
where
2
\/#2 + )2
7=\ pd 4+ A2 (134)
ag = tan~! (ﬁ) (135)
7
The element mg takes on two posuble values. One value corresgonds to a zero-inflow boundary
condition at the hub center, mg(0) = the other value, mg(1) , does not enforce this condition.
Tail Surfaces

Up to five tail surfaces are available (the subscript representing each surface will be omitted in
the following discussion); they are oriented as in figure 13. Each surface can be tipped away from the
horizontal by an angle ¢, and the pitch incidence can be adjusted through oy to define the zero point
of the input i7g. The velocity of the air relative to the surface is

Vs = Vg +drs — fis (136)

where dp g is the downwash from the main rotor. Each tail surface has its own downwush table that is
a function of the angles at which the air strikes the hub center, the magnitude of the ais veloclty, and

the thrust coefficient (i.e., drg = Cr fowrg (@us Buy Vi) Z). The moment Jy at the surface is zero,
but the force at the tail surface is

—

Go =341 T4 12 S15{(CL (03) Sa, = C (a:) Ca )34

+[=Cy (a:) Ca, = Cp (a:) Sa,) s Mloss Sk (137)
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where, for forward flow, a; and Sp are defined by

o = «
S}; _ 18 }for—’}sass’f
and, for reverse flow, they are defined by
a; = a-—m 1o (138)
a: = a+7 _ T
Sp = 08 }for TS < —%
where
ag = tan~} (_——-“‘_’* ' f**) (139)
=V« 2

The lift and drag coefficients are functions of «» and are defined by specifying the break points shown in
figures 14 and 15. The dynamic pressure loss due to fuselage blockage is approximated by the functions

_ 1 _ [Yloss 2 :
Qloss =1 ( Ve > (140)
—an..\2 — bg.o )2
Yoss _ ¢y gexp ! (ﬁuoj_a + Bt = bors (141)
Vs 2\ arg brs

When the angles ay and 8y are at agpg and bor.g, respectively, the loss is a maximum.

Tail Rotor

The tail-rotor orientation is shown in figure 16; the Euler angles pz and py have the sume sequence
as the tail-surface orientation. The relative velocity of the air is given by

Ve = Vg +drp — Fir (142)

and the downwash d g, like the tail surface downwash, is interpolated from a table. From the figure,
the advance ratio and total inflow are

_ \[(V.r ) ‘%T)z + (Vr QT)z
HTR= RrrOTR

Cr CTrp (144)

ATR = prRtaNap + —lleee = Mg+
5
2/utg + g 2 ubp + Mo

The wind orientation angles with respect to the hub are defined as

(143)

By = tan™! (%) (145)
-V,




A

1 f’r' T

V(B 20)* + (- ir)°

The force and moment for the hub from the tail rotor are

Qp = tan™

(146)

Qr=(~HrrCy, — YrrSs,) i1 + (—HrrSs, + YrrCp,) I — Trafurir  (147)
Jr = (LTRCp, - MTRSs,) 47 + (LTRSS, + MrRC,) I + QTRET (148)

All components of the force and moment expressions result from the quasi-static flapping model of
reference 6, and are functions of the total inflow and the blade harmonic components. The inflow
comes from equation (144) and the blade harmonics result from

[Kla-f=0 (149)

where g is a vector containing the collective, the first sine, and the first cosine components of the blade
flapping motion, The precise definitions of the matrices and the rotor forces and moments are given in
appendix C of reference 6. In the present report the total inflow is defined such that positive inflow
is down through the rotor, whereas in reference 6 total inflow is defined such that positive inflow is
up through the rotor. Both equations (144) and (149) are algebraic nonlinear equations and are solved
using the Newton method. Once acceptable convergence is reached, the values of ¢ and Arg can be
used in the force and moment equations. The loss factor fy in equation (147) is included in order to

model the interference effect between the rotor and the surface to which it is mounted. Loss factor fys
is defined as follows:

2
— - — [ £TR_ <
Sotk = (TRjpgs = 1) \I 1 (T RM) +1 urR < TRy, (150)

Sore =1 prr > TRypk (151)

The variable TR, is the percentage of thrust available at zero advance ratio, and T'Ry,, is the advance
ratio at which fy);, becomes unity and remains unity at advance ratios above T Ry,.

Main-Rotor Downwash

The downwash of the main rotor on the tail surfaces and tail rotor is calculated using the flat-wake
model described in detail in chapter 2 of reference 5. The wake model assumes a rotor in edgewise
flow, as shown in figure 17; the coordinate frame is that of reference 5. The downwash velocity is
determined using the Biot-Savart law, assuming cycloidal vortex filaments shedding from the disk plane.
This flat-wake assumption is considered valid in forward flight when V/RQ > 1.63,/C7. The «, v,
and z components of the velocity are calculated from

1 72
47TV ™1

Uj(flarglasl)=

. dl' :
Avj-d%df)' J=a,Y,z (152)
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where Aﬁj results from

A'l}:t:A'Dt(ilaglail) (153)
Ady = Ady, (21,91, %)

—5{5[M(rl,yl,zl)+M(oo,ym)]+[N(ml,y1,31)+N(Co,m,zl)}} (154)

Adz = -3 {%- (& (81,91 51) + K (00,31, 51)] + [L(xl,y1,21)+L(Oo,'yl,ﬂ)]} (155)

The functions in equations (153) through (155) are pretabulated and depend on the nondimensional
distance from the hub center 7 and the components of the point of interest, through

2 =

ST
Ii

= B=3 (156)
A typical example of each of these functions is shown in figure 18 for §; = 0.6. The functions need to
be tabulated only at the positive values of &, §;, and Z| because of the symmetric and antisymmetric
properties of the functions. A summary of the odd and even behavior of the functions is shown in
table 2 along with the equation numbers and figure numbers that define the functions in reference 5.
The downwash components are expressed in terms of the function I, which is the average circulation
over a rotor revolution at a radial distance from the center of the rotor. As in appendix C of reference 16,
this function is approximated as

T'(p) = To(1 - 7)7° (157)
Ty = 207 Cr

S(rg—r?) —4(7‘3 —-r{’)

where the constant I'g is a function of the thrust coefficient. This relationship between the circulation
and the thrust coefficient comes from evaluating

(158)

where 2w 4T
1 T d .
2l G =7ATER (160)

which results from the Joukowsky lifting law.

The wake model can be used to generate a downwash table for each tail surface and tail rotor. The
wake is oriented along the relative air velocity vector in the &y — i plane, shown in figure 19. The
S-frame is the tail-surface frame, but the tail-rotor frame T can be substituted for it. The velocity at the
hub is

V, = Ve + Moda — Fin (161)




and the orientation angles are

-

oy = tan™~! = VU2' ZH = 5 (162)
V(P 2m)’ + (V- 0m)
By = tan~! (M) (163)
_Vu *RH

For the given tail surface (tail rotor) fixed in the S (T) frame, downwash values fpwyg (fDWyrg) at

different combinations of ay, By, and HV,,II are calculated and stored in a table. These values are the
downwash velocities in the 2g (27) direction divided by Cyp. This division of the downwash velocities
by Cr is based on equations (152) through (158), from which the proportionality of Cr to the downwash
velocity can be deduced. For the tail rotor, the downwash vector is

drr = Orfpwrg (0w B, I Vall) 21 (164)

and for each tail surface the downwash vector is

drs = Crfpwyps (e, Bu, | Vull) 25 (165)
The fpw functions are linearly interpolated from values tabulated from a given set of ay, Oy, and Vi

The points that make up the interpolation tables are selected in the following manner. The AR
are chosen directly by selecting the number n,,,,, and the particular values. The c,’s are chosen by
selecting a set of points o pr and defining ay = apr + a0; similarly, the 8y's are chosen by selecting
a set of points Ap7 and defining 8y = Bp7 +Byo. The quantities cv,o and By are the orientation angles
that center the wake on the given surface (i.e., when V, is parallel to 7, ). The points apr are chosen
by setting the boundary angles aropvp < @L0 < —Apw <0< Apw <ayp < oypgyps and the
points 8pr are chosen by setting the boundary angles 810,y < BLo0 <0< Byp < Bupgyp: These
boundary angles are defined for the condition in which the fat wake is centered on the given surface. For
the o boundaries, the number of divisions in the end regions, [azoyy s @L0) 80d [0y p, QU Py N bl
is selected through nq,,,, and the number of divisions in the middle regions, [ero, —ADWﬁ and
[Apw,app), is selected through ng,,,,. The value Apy is a small value and precludes evaluation
of the downwash on the wake layer, where the vortex singularities are present. For the 3 boundaries,
the number of divisions in the end regions, 810y BL0] and [Brp, Bu Py ) is selected through
ng,, ,» 4nd the number of divisions in the middle regions, [Bro, 0] and [0, By p), is selected through

nﬂmid *
Mass Matrix

The equations of motion are formed numerically, making the model described in this report implicit.
Because of this, the system mass matrix is not readily available as it would be if the equations were
derived explicitly. Allowing for different hinge sequences precludes the explicit calculation of the mass
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matrix, since each of the many hinge sequences would require a separate calculation. To avoid this, the
mass matrix is implicitly calculated with the condition that no acceleration-dependent applied forces,
such as the apparent mass terms in blade-section aerodynamics, are present in the system. Such forces
contribute to the mass matrix, making its extraction more difficult. It is well known from analytical
dynamics that the form of the kinetic energy is

1 . .
Thin = T2 + Ty + To = 547 [Myqlg, )] ¢ + C(q, )T g + (g, 1) (166)
2

where Lqu] is the mass matrix of the system and ¢ represents the system generalized coordinates. In
the model presented,

T = ﬁl»ﬁz, o wﬂnbsCl’CZa'- wCﬂba‘bla‘va- . -a‘bnbl\em,eg/,ez’Rm,,-,RmyaRm,,'l/i (167)
o7 T

and the quadratic contribution 75 to the kinetic energy is given by

?

T Tzfuaelage + T 2rotor Z (szlade) (168)

_..'-'

For the fuselage, the velocity and angular rate are given by

Wp
= Weir @= [3ey110] { %} (169)
ng‘) "TFIB'l'?”mc UJF/[Q [ gw)wF/I TFI] { g } (170)

Rp

which is a re-expression of equation (22) using matrix notation instead of vector notation. The elements
of the column matrix R are the time-derivatives of the three translational degrees of freedom describing
the motion of point m on the fuselage; the elements of @ are the time-derivatives of the three Euler
angles of the fuselage. For the coordinate system F defining the fuselage motion,

‘10 —ng
g = 0 Cy, S'gxc()u a7n
0 -85, Cg_”C'gy
The velocity and angular rate give the T contribution to the kinetic energy from the fuselage

" \T .
T LU i RTRe s wlnwe] | € 172
2fuselage = > B [ FRERp +Wpip b] B (172)
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Likewise, for the rotor hub mass, the matrix representation of the velocity and angular rate is

(R) _ (R) , (R o e T g
——R/I—“’F/I'*“—"-H/F'*‘Q-R/H=THF‘-"F/I--®-+“"R/F"/’=[TRFWF/[‘O:WR/F] Lo (173)
W v
i 9
= Tkt 7, h“”F/IQ [mth/I Tryr 0] R (174)
N ’ '(/y
Rp
where
0 . .
wr/Fp=|0 | =uwpg/py (175)
1

Equations (173) and (174) arise from equations (14), (18), and (63). As with the fuselage, the T,
contribution to the kinetic energy from the rotor hub is

oy’ )
sz.-=%{ ; } [MpRERR -+ WEIgWR] | R [:z ] (176)

The same approach is used to find the kinetic energy for the kth blade. For the kth blade the angular
rate is

B B o : o J o . N .
W-(B/)l ﬂ&z/)z + ﬂfn/}e +wp/L = Tprop)1© + Tprép/r¥ + TpL@/RAL/R + 9B/ 148/ L

]
¢
= [TBF‘:’F/I:O:TBR‘:"R/F:TBL‘:’L/R:‘:’B/L] (,/’ 77
- ~ ] QL/R
ey ap/1
and from equation (74) the velocity of the center of mass becomes
(R )
i) = i) +1 gze)""R/I
87 =i+ Py (178)
¢ é 3
HB) _ n(B) (B (3) a
Ly = ,tf +'—fb "‘)B/I = 1\’1'3(1)17/1 :TBI:AJZ‘:’R/F:AII‘-‘V)L/R:""J“[, "‘u"B/L] ﬁ . o)
~- 7| LL/R
o [ ds/t |
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where

(L .(B
My =TpRp + 73 Ty,
My = M\Tyg + Tgris?)
(F)

M3 = MyTrp + Tgri,,,
Since no particular hinge sequence has been stipulated, the a; /g and g are generic, representing
the generalized coordinates in the transformation indicated in the subscripts. For the fipt, fplt, and pfit
hinge sequences, the terms are defined as

[ S¢p

wi/r=| —C¢p B = @L/RAL/R (179)
| O
[0 1 . :

wp/L = | Soiter O { i’; }=‘:’B/LQB/R (180)
L Coptgy O

and for the Ifpt, lpft, and plft hinge sequences, the terms are defined as

0
wr/p=|0 ¢k=¢L/RéL/R (181)
1
SCP 1 ﬂ
“B/L Cok+¢kC¢P 0 {Q‘S:}:‘EL/RQB/R (182)
Sop+oxCep O

Using the velocity and angular rate, the T3 contribution to the kinetic energy from the Ath blade becomes

T ¢

4 Q B Q.
(| B It
(sz,,‘dc)k=5< 2 [MpRE, Rp, + Wa,IgWa,] ¢ R (183)
aL/R 4L/R
| 4/ | | apyL

For the inflow model, the mass matrix associated with the first-order states 27 = [A0s A 1ss A1c) can be
easily extracted using equation (119) and equations (123) through (125). The mass matrix for the inflow
model is

1 0 o0
Mm=éL1Mz 0 Cy, S, (184)
0 -53, Cj,
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If there are no acceleration-dependent applied forces, the total mass matrix of the system can then be
related to the equations of motion by

" Leg f{'»iaﬁ,i,g)
'[Ng” MZI]{;%}+2= iququ-f) (185)
- 2oq (o dr gy, g)

The matrix My, is formed using the T, terms in equation (168), by adding the contributions of the
corresponding fuselage, rotor hub, and blade elements, The equations included in r.4 are the rotor-blade
equations, equations (55) through (57) or equations (58) through (60); the equations included in f, g 31
the fuselage equations, equations (8) through (13) and equation (54). Finally, the equations included in
Zeq are the inflow equations, equations (119). The reader will note that these equations have been cast
such that they are identical to equations that would result from a Lagrangian formulation. Thus, the
mass matrix calculation is compatible with the equations of motion and allows the relationships

_ 0 [y
—~Myq = 55| Ly ] (186)
0
—mm1=5£pw] (187)
Leq (0,0,4,2,¢
g= Lq O,Oai,ﬁaﬂ (188)
Zeq (0,0,4,2,9)

Multiblade Coordinate Transformation

For rotor systems with three or more blades, a multiblade coordinate transformation (MBCT) is
available to transform the rotor rotating coordinates to nonrotating coordinates (ref. 7). For a set of
rotating variables, each of which represents the same physical quantity for each blade,

g£=[w1,wz,w3,...] (189)

The nonrotating representation for an even number of blades is

Q}\} = [20, Ty T 15, T1cr L2514 1) (190)

The generic variable z is the collective, while z is the differential, which is not present if the number
of blades is odd. The x5 terms are the nth sine variables, while the ., terms are the nth cosine
variables. An example is the flap degree of freedom, for which rp is a vector whose components are
flapping angles. The transformation between variables is linear and time-varying, so the transformation
from rotating to nonrotating systems is given by

ey =Typzp (191)
¢n =Tvrir+Tnrir (192)
iy =Typir+2TvriR + TvRLR (193)
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and the transformation from nonrotating to rotating systems is

ZR =TRNZN (194)
£gp=Taniy + TrnEN (195)
&p=Taniy +2TvpEn + Tnrey (196)

The form of the transformation matrix for models with an even number of blades is

[ 1 =1 Sy, Oy, Sy Cay,
11 8y, Cy, Say

Tey=|1 -1 Sy, Cy, . (197)
1 1 S¢'4

and its inverse is given by

1 S N B
-1 I -1 1
1 25y, 28y, 28y,
T7h =Typ=—| Cn 20y 20y (198)

T 232¢1 ZSsz

20y,
K
The 1) terms are the azimuth positions of the blades:
2
¢k=¢1+(k—1)-£ k=1,2,...,m (199)

These positions all have the same time derivatives, For models with odd numbers of blades, the second
column of equation (197) and the second row of equation (198) are not present.

OPERATIONS

Basic Setup

A driving routine performs four basic operations on the helicopter mathematical model: initial-
ization, trim, linearization, and integration (fig. 20). Initialization sets the basic data that define the
helicopter configuration and conveys to the driving routine all the data necessary to operate on the
model. The trim operation sets the helicopter configuration into some prescribed steady condition. A
harmonic balance technique is used, which simultaneously balances the fuselage forces and moments
and finds the rotor-blade equilibrium solution. Once the model is trimmed, two possibilities are avail-
able. One is linearization, in which a two-point difference formula is used to linearize the model about
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the trim condition, The other possibility is time integration, which gives the system time response,
initialized in trim condition, for given control inputs.

Each operation uses a subset of the model, whose general structure is shown in figure 21 and
represented in equation form as follows:

Leg . " .
EX)={ foq t==[MEHanf0u)]| fl+G(farfou)=0 (200
Legq z
w
Y=4q1y (201)
X
X7 = [J:'T,,fT,ézT,z':T,,fT,zzT,zT,iT,QT,uT] (202)

Variables and controls are represented in a single vector X, which acts as the i%put to the model, whereas
the equations and measured quantities are represented in a single vector Ee = [ETKT], which acts
as the output. Both the inputs and the outputs can be categorized into three types: rotor-blade, fixed,
and augmented. The rotor-blade inputs/outputs are items associated with the rotating coordinate system,
such as the flap degrees of freedom or the blade pitch; the fixed inputs/outputs are items associated with
the nonrotating system, such as fuselage degrees of freedom or fuselage acceleration measurements, The
augmented inputs/outputs are associated with any additional first-order equations necessary to complete
the model. The structure in figure 21 allows the use of rotating or nonrotating inputs and outputs.
The variables are transformed by the multiblade coordinate transformation; the choice of the coordinate
system depends on the particular operation. This basic setup is general and the operations can work on
any model set up in this manner.

For the model described in the Helicopter Equations of Motion section, the rotor-blade degrees of
freedom in the rotating system are

£T=[ﬂl’lgz"'"Cl1<2)'“a¢la‘b21'-~] (203)

When using nonrotating coordinates, the vector r is defined according to equation (190) for each degree

of freedom, For a model with an even number of blades the rotor degrees of freedom in the nonrotating
system are

l'.T = [ﬁOs,BdnBla’ﬁlm v aCO,Cd) Clsa Clca vy ¢01 d’d, (blS’ (1510, o ] (204)

For a model with an odd number of blades, the differential coordinates are not present. Using nonrotating
coordinates for the input variables requires that the flag ISNROT = 1, which transforms the nonrotating
coordinates to the rotating system via equations (194) through (196).

The rotor-blade controls in the rotating system are

Q‘ :[élvéza"-,él,UZ""’gl’az""] (205)




and as with the rotor-blade variables, the function of the flag IINROT is to transform & to the rotating
system if these inputs are given in the nonrotating system, For a model with an even number of blades,
the rotor-blade controls in the nonrotating system are

QT = [éo;édaélsa é‘lc; ey éo’éds 918’ élc, o1 00,84, 015, 01c, . ] (206)

For a model with an odd number of blades, the differential coordinates are not present. The fixed
variables are the fuselage degrees of freedom and the rotor azimuth angle

iT = [923, Gya 9z; Rmzs Rmy, Rm;a w] (207)
and the augmented variables are the three dynamic inflow coefficients
T= [’\Os /\ls,/\lc] (208)
The fixed controls y are
MT = [BOTR’ Ty, vgg, Vgys Ugy s VTS 1 iT Sy vy iTSn,] (209)

The center block of figure 21 is the model, described in the previous section, that calculates the helicopter
equations of motion. The equations in re, are the rotor-blade equations, equations (55) through (57)
or equations (58) through (60), and the equations in [c are the fuselage equations, equations (8)
through (13) and equation (54). The equations in g4 are the inflow equations, equations (119). The
vector y is defined by equatlons (40) through (47), and w is defined by equation (105) and equations (107)
through (112). The vector w is in the rotating frame but can be transformed to the nonrotating frame
by using the flag IONROT.

Initialization

Initialization performs two basic functions, one of which is to set up any data not given in X
that define the model. These data are the physical parameters defining the model that was previously
described; they are summarized in table 3, The main-rotor downwash tables are either generated and
stored in files or read in from previously generated files. The second function of initialization is to
transfer basic system data to the driver so that subsequent operations can be carried out on the model.
These data, summarized in table 4, are primarily size data of the full model. Included in the table are
the current values of these data for the model described in the Helicopter Equations of Motion section
of this report,

Trim

The trim operation places the helicopter in the desired flight confisuration by using a harmonic
balance technique that is described in reference 8, chapter 3. The method casts the helicopter equations in
an algebraic form by defining the rotor-blade variables as a Fourier series. The coefficients of this series
expansion, along with the fixed and augmented state variables and inputs, are adjusted to force the rotor-
blade, fuselage, and augmented state equations to zero. The rotor-blade equations are also expressed as
a Fourier series, so that forcing the rotor blade equations to zero means forcing the coefficients of this
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series expansion to zero. It is assumed that the helicopter main rotor has a constant rotation rate P =Q
and that the rotor-blade controls are expressed in the nonrotating frame (i.e., INROT = 1). All blades
are assumed identical, and information from only one blade, expressed in terms of rotating coordinates
(i.e., ISNROT = 0), is needed in the trim. An IMSL nonlinear algebraic equation solver, ZSPOW, is
used to find the solution to the following equation (ref. 17):

EY)=0 (210)
The vector of inputs, ¥, is defined as
[ £igtm)] n= 12 |
£ i) n=12..,n,
i[’tf(?‘b)] n= 1,2,...,nif
{p_[ll(ﬂ)] n= 1,2,...,?11:[
Ve Q{K(n):{-nb[.yg(l)—l]} n=1,?,~~-,n1< ! @11)
Q{K(n)+nb [je(njg)_l]} n=1,2,...,n
liu(n)] n=12..,n
Teo [y Jr(1)] =12, 20y +1)
[ Tco [najr(njr)] n=12,..., (2nhTRM +1) J

which is composed of fixed, augmented, and rotor-blade inputs. (Matrices are stacked by columns
when represented in column vectors,) The blade variables are represented as coefficients of the Fourier
expansion,

hram
rlk+np(— D] =reo(l, i)+ 3. rea(@n,j)cos(nip) + reo(2n + 1, 5) sin(npy) (212)
n=1
The variable k is the blade number, and j is the blade degree of freedom (e.g., j = 2 is the lead-lag;
see eq. (203)). For the model of this report, the coefficients are represented in matrix form as

" Bo G 90 ]
ﬁlc Clc ¢lc
,@Ia Cls P1s
reo = | Pac P (213)
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The elements of V. are adjusted by the equatiun solver after the user chooses determining indices. For
example, the choice of n;, = 2 with i #(1) =2 and i#(2) = 3 directs the solver to adjust angles 6, and
@, to find the trim. Given the information in Y/, the input vector X can be formed and the model can
be evaluated. The resulting equations can then be used to form F, which is defined as

([ 7 £ (1, r(1)] n=12...,20ppp,+ 1)
EV) = J Tfo [n,j.r(njr)] n=1,2...,2nppp,, + 1) ? 214)
%fé”miﬁq [z’feq(n)] dt n=1,2,..., N
[ £ B0 gy () wim)dt n=1,2,...,m )
where
O r2r/0
Tfo(l,J) = 2= Jo Leq (1 +np(j — 1)] dt

, Q pr/Q .
rr0(2,7) = ;/0 Feg [l +1p(j — 1)) cos(Qt)dt

Y
rfo(3).7) =

2r/Q ) .
= ;A Leq (1 +np(j — 1)) sin(Qt)dt (2135)

) Q par/Q _
Tfo(ZTLhTRM,J) = ;/(; Leq (1 +np(i = 1)] COS(nhTRMQt)dt

N Q) p2n/Q . .
0@y + 1) = = [ eq [+ (s = D]sin(nyy At
These equation are the Fourier coefficients of the first blade equation, where

rRM
Teq [k +ny(j ~ 1)] = Tfo(lvj) + Z Tfo(znaj) cos(nyy) + 7'fo(z'” + 1,7) sin(niy) (216)
n=1

The choice of np, ., determines the number of rotor coefficients that are adjusted to force the same
number of coefficients of the blade equations to zero. The fixed and augmented equations are averaged
over one rotor revolution in equation (214) to zero only the constant harmonics of these equations. A
summary of the inputs that control the trim procedure is shown in table 5. Indices and their number (in
parentheses) are selected to choose the adjustable variables and the equations that are to be satisfied. If
an adjustable variable is set to a value, the value acts as an initial condition to the solver. If the variable
is not adjusted by the solver, it remains at the set value throughout the trim. An example of the use of
this feature would be to trim the model at a constant climb rate,

Integration

The time response of the system shown in figure 22 to given inputs u,, can be obtained by numerical
integration. Since it is difficult to generalize helicopter control/actuator models, these systems have
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been broadly defined as first-order equations that can be defined by the user. The P block in figure 22
represents precompensation, and the A block is any actuator/mixer dynamics; feedback dynamics are
represented in the C block and sensor dynamics are represented in the S block, which has the restriction
that the output of S cannot explicitly depend on u;. The helicopter model is represented in block G with
nonrotating rotor inputs (IINROT = 1) and rotating-blade degrees of freedom and outputs (ISNROT =0,
IONROT =0). By default, P and A are identity feedthrough and C and S are zero, giving the response
of the open-loop helicopter model G. Any subset of the model represented by equation (200) can be
integrated, where the state of G is defined by

(f{n+nlis(m) =1} n =1,2,...,np m=12,...,n4 )
i’[if-(m)] m=12,0m
G =4 z[i;(m) m=1,2...,1 ’ @
c{n+mlirm) =1} n =12, ,my; m=1,2,...,n4,
ki[if("°)} m=1,2,...,nif )

As in the the trim procedure, the selection of the variables and equations is done by choosing indices.
If the rotor degree of freedom is not selected, a constant rotor rate is used, by default, in the integration
of the model (ie., ¥ = ). The inputs are defined as

___{ Q{K(n)+nb[J9(m)—l]} no=1,2 ., 7n/=152a'-'anjg } 218)
E{i“('m’)] m= 152»-"aniu
The feedback outputs are
M{n'+nb[j'w(777')_l]} no= L2000 m=1200,0,
v =1 3 [iy(m)] m=12,...,n, (219)

K[ZX(m)] m = 1’2,"'7'nx

and the auxilary outputs are

wA{n+npliglm) =11} n = 12,05 m=12,...,n,
2 =1 ligm)] m=1,2,...,n,
_X['i;((m)] m=1,2,.,.,ng

The equations integrated are
e An A+ mplip(m) =1} n =1,2,...,ny; m=1,...,nj,
[z‘f(m)] m=1,2,...,nl~f
Leg [E1(m)] m=1,2,...,1,

From equation (200) the form of the subsystem that is integrated is
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where
i{n+nb[j'f‘(n1} - l]} n = 1,2,...,71(,; m == 1329'--,”'_7',"

dG= i[if(m)] m=la21'-'1nif: (223)

z [¢1(m)] m=1,2,...,n

Two methods are avuilable for extracting the mass matrix M. One method uses equation (222)
directly, in which it is clear that the jth column of Mg is F¢, with d¢; equal to zero except for the
jth element set to unity, minus F(0, 2, ug). If Mg is of dimension n Mg = Tl 4 Nip + Ty
one evaluation of the model is necessary to get £ (Q, Zg, ug), and nyy,, additional evaluations of the
mode] are necessary to get M. This approach always works; however, it requires many evaluations
of the model and thus is inefficient. The other method is to use the corresponding elements from the
mass matrix, which is calculated in and passed from the model, to form the submatrix M. Once Mg
is available, the equation

[ M5 (26 u¢) G6 (26 uG)
i'-[n'i'nbj?‘(m)—l] n o=1,2,...,np m=112a'~'1nj,~. (224)

£[i5m)] m= 1,2,

can be found; this is the expected form of block G in figure 22.

ig =

If the helicopter model is trimmed, the inputs and outputs of G are available at the initial time. The
initial state zq,, initial input ug,, and initial output yg, can be used to extract the initial conditions
of the blocks A, C, P, and S (fig. 22) as follows, It is assumed that &4 = &0 = &¢p = &g = 0 and
it is required that nyg = nyp, which gives an equal number of equations and unknowns. With these
conditions, a nonlinear equation f(u) = 0 can be set up, where f and p are defined as in figure 23.
The variables on the left-hand side of the figure are adjusted until the variables on the right-hand side
are forced to zero. The values at which this occurs are the initial conditions of the system of figure 22.
The solution is extracted with the modified Newton method used in the trim procedure.

Wich the initial conditions available, the entire system of figure 22 is integrated according to the flow
diagram in figure 24, The S block is evaluated to get its output y ¢ using u§, which is not necessarily
the the correct value at the given time. However, the output of S is specified to be independent of
us, so the output value is correct. With this input to block C, the values on the right-hand side of the
figure can be evaluated from the given information on the left-hand side of the figure. With this setup,
and the input yp defined by the user, the integration is carried out using the predictor-corrector method
in the subroutine DVERK from the IMSL package (1ef. 17). A summary of the integration inputs is
shown in table 6. As in the trim, the variables to be integrated are selected through indices. The input
is Up = Upg + AlUp, where Upg is determined in the trim. The term AUp is the input perturbaiion
about this trim,

Linearization

After trim, it is also possible to linearize a subset of the helicopter model (e.g., block G of fig. 22)
in the nonrotating system (ISNROT = [, [INROT = 1, and JONROT = 1). Linearization is done about
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the trim solution using the two-point finite-difference formula,

ai N i(m] +A$j) -—i(:z:j - A:Uj)
Oz, - 24z (225)

The partial-derivative matrix of the helicopter model is defined in figure 25; the rows and columns are
selected in the same way as in the integration process. For any given time, the partial-derivative matrix
can be calculated and the linear system can be evaluated according to the following equation:

[ [MG'P M;'Q
0 At) B(t)
S(t) = I:0 = 226
® o6 o) (229
[EMG'P+R] [EMEG'Q + U]
The harmonics of the linear odel matrix can be found using
_ a)f 27r/wf
So=5- ) S(t)at (227)
o W [l S d 228
Sno = = /0 (t) cos(ruw st)dit (228)
Sns ==L [ T8 S8 sin(ruo )t (229)
ns = T Jo sin nwf

These integrals are evaluated numerically using a Gaussian quadrature procedure. The periodic model
matrix is then expressible as

‘4118 B‘IIS

cos(nw ft) -+ Cre Dug

An B "Hpiv [ Ape B
0 0] [ ne one sin(nw t) (230)

1) = .
S() [CO DO Cne Dne

Since nonrotating coordinates are used, the helicopter model matrix will be constant when the model is
in hover. In forward flight, the model matrix has periodic coefficients, which become more important as
the forward flight speed is increased. The fundamental frequency ws depends on the number of blades
in the helicopter system. If ny is odd then wp = ny(2, whereas if it is even, wy = ’JZ‘*Q A summary of
the linearization procedure inputs is given in table 7.

n=lI

RESULTS

The model results are compared with other experimental and analytical results as a preliminary
validation. The first comparison is with blade-equilibrium responses in trim, of a flap-lag-torsion rotor
model used in reference 8. Unlike the model described in the present report, the equations in reference 8
were symbolically generated out to their final form. An omission in the reverse-flow region was
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discovered in the model of reference 8: the model did not account for the sign change in ), in its
aerodynamic formulation (see fig. 11). This error is introduced into the model described herein so the
comparison would be valid. The parameters of the model, presented in table 8, are of a four-bladed,
soft in-plane rotor with a lead-lag frequency of 0.7/rev. The rotor trim is calculated with six harmonics
(Mpppy; = 6 in each blade degree of freedom, and the fuselage mass is chosen to give a weight
coefficient of 0.005. The flap, lag, and torsion equations are satisfied for the blade equilibrium while
simultaneously satisfying the roll-moment, pitch-moment, z-force, and z-force equations. The trimmed
blade-equilibrium response in flap, lag, and torsion is shown in figure 26. Three response curves are
presented for each blade degree of freedom: (1) a curve from the model from reference 8, which has
an erroneous reverse-flow formulation; (2) a curve from the model of the present report, which uses the
same reverse-flow formulation as that used in reference 8; and (3) a curve from the model of the present
report, which uses what is believed to be the correct interpretation of the aerodynamic formulation
in the reverse-flow region, The two models with the incorrect reverse-flow interpretation show close
agreement, which serves to verify the analysis. The alternative reverse-flow interpretation greatly affects
the torsion response of the system, although its effect on the flap and lag responses is still very small.

The results from the linearized helicopter model are compared with experimental hover results from
reference 9. The experimental setup consisted of a three-bladed rotor mounted on a mast that allowed
pitch and roll motions. Each blade had metal plates with notches, which acted as concentrated hinge
springs to closely simulate the flap-lag rigid-blade approximation. Torsion springs on the body mount of
the experimental rotor were adjusted to simulate an air-resonance condition. The parameters necessary
to model this system are given in table 9. Measurements were made of the damping and frequencies
of the system modes, and it is to these data that a correlation is made. Figure 27 shows the modal
frequencies and the lead-lag regressing damping plotted against the rotor rotation rate, with zero Llade
pitch. The simulated air-resonance condition occurs when the body roll-mode frequency nears that of
the lead-lag regressing mode, which is near a rotor rotational rate of 700 rpm. Excellent correlation with
the experimental data is seen in this condition. The body pitch and roll damping at zero blade pitch is
shown in figure 28. Good correlation between experiment and theory is also seen here, although the
model tends to overpredict the damping at the higher rotor rates. The lead-lag regressing damping at
9° blade pitch is shown in figure 29; again, the model does & good job of predicting the damping in the
resonance condition. Detailed cross-plots of the lead-lag regressing damping with respect to the blade
pitch are shown in figure 30. Good agreement is seen between experiment and theory, although the
damping tends to fall short at high and negative blade-pitch angles at the higher rotor rates, Figure 31
shows cross-plots of the body damping at 650 rpm; good agreement in pitch is seen at positive blade-
pitch angles. The body roll damping tends to be overpredicted, getting worse at higher blade-pitch
angles,

The main-rotor wake model used to calculate the downwash on the empennage surfaces is tested
by correlating it with experimental results from reference 5, page 77. A correlation is done in the
reference and is also done in the present report by using the flat-wake model described in the Main
Rotor Downwash subsection. Unlike the model used in reference 5, the model described herein assumes
a circulation distribution. In reference 5, a blade-¢lement approach is used to find the circulation
distribution. The integral in equation (152) is evaluated by using a Gaussian quadrature integration
method along with linearly interpolated values from the pretabulated functions. Figure 32 shows the
vertical nondimensional downwash at various azimuths at 0.1 R below the rotor. The experimental rotor,
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with 10° blade twist, is immersed in edgewise flow at Cr = 0.006. Using the flat-wake model gives
good correlation results; the asymmetry of the downwash at the 90° and 270° azimuth positions is
captured.

With the rotor and downwash models validated, it is now possible to validate the full helicopter
model. The model is configured to simulate a UH-60A helicopter in order to compare model responses
with the flight-test data that are available in references 10 and 8. Reference 10 presents a validation
of the real-time model presented in reference 11, which is also known as the GEN HEL model. Ref-
erence 18 presents a validation of an updated version of the GEN HEL model, which is referred to as
the Ames GEN HEL model. In the model of the UH-60A used in this report, all automatic controls
are off (SAS, PBA, etc.). The fuselage aerodynamic representation in the model was generated from
curve-fitted equations of the sta*ic aerodynamic characteristics. The exact equations are given in ref-
erence 19, pages 2-3, and are used in place of the equivalent-drag-area fuselage aerodynamic model.
The lag damper is modeled according to reference 11, page 5.1.10, and this representation is substituted
for the spring/damper model, The control mixer is modeled according to reference 11, pages 5.5.14 to
5.5.17, without the servo models. The tail-rotor parameters are extracted from reference 20, where a
detailed description of the UH-60A tail rotor is given, References 11 and 12 are used to extract other
physical parameters of the helicopter. Table 10 summarizes of all of the inputs to the model, The data
followed by a question mark are specified for each of the following correlations, From table 10 it can
be seen that the model has a flap-and-lag main rotor and a six-degree-of-freedom fuselage at constant
rpm. The dynamic inflow model is included, and the collective pitch, sine pitch, cosine pitch, and
tail-rotor collective pitch act as the inputs to the helicopter model, No feedback outputs are selected,
and accelerometer outputs are taken from the fuselage at the positions corresponding to those on the
flight-test vehicle,

Trim results calculated with and without the effect of the main-rotor wake in straight and level
flight are compared with experimental results in figure 33. The trim data were calculated at 25-knot
increments with the horizontal tail surface at the following settings: 40° for 0, 25, and 50 knots; 11.3°
for 75 knots; and 4° for 100, 125, and 150 knots. The vehicle was trimmed by satisfying all six fuselage
force and moment equations, the flap and lag rotor equations, and the inflow equations (see table 10).
Between O and 50 knots, the angle 6, was fixed, while the angle 6, was adjusted (i.e., i f=12in
table 10), Between 50 and 150 knots, the angle 8, was fixed, while the angle 8, was adjusted (i.e.,
if = 2,3 in table 10). The collective, longitudinal, lateral, and pedal inputs are presented in percent
of total motion; the total motion is 10 in. for the stick inputs and 5.38 in. for the pedals. The model
tends to deviate significantly from the experimental data above 120 knots, where aerodynamic effects
such as dynamic stall and radial flow, which are not accounted for in this model, can become important.
Below 120 knots, good correlation is seen and the results are similar to those presented in reference 18,
p. 28. The lateral and longitudinal stick positions are predicted more accurately by the Ames GEN HEL
model, but the pedal position is closer for the model described herein, Overall, the results froin the Ames
GEN HEL model are slightly better, probably because that mode! used tabular data for blade-section
aerodynanics, as well as other refinements particular to the UH-60A configuration. The flat-wake model
enhances correlation in all but the collective and lateral stick positions. The collective stick position is
hardly changed, whereas the lateral stick position is degraded by 1/4 in. at 150 knots,

Flight test time-histories from reference 10 are compared with the responses of the UH-60A model,
at 1 knot (figs. 34-37) and at 100 knots (figs. 38-41). Four sets of time-responses are presented at each
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flight speed; they correspond to 1 in. adjustments to the collective, longitudinal, lateral, and pedal
inputs, The inputs to the model are those from the flight data, referenced about the trim of the model.
The trim values generated by the model are indicated by points ¢, e, a, and p, corresponding to the
collective, longitudinal, lateral, and pedal inputs, respectively. The angular rates of the fuselage (roll,
pitch, and yaw) and the accelerometer outputs from the fuselage (longitudinal, lateral, and vertical)
are also presented for each case. The accelerometer position corresponds to the approximate center of
gravity of the helicopter; the precise center-of-gravity location is given as POSFUS in table 10, Each
plot has three curves: the test data, the model response, and the linearized model response. The test
data are from reference 10 and the test numbers are identical to the numbers used in the reference. The
model responses come from integration of the full nonlinear system, and the linearized model responses
come from integration of the linearized model. The responses of the linearized model are added to the
trim values to give the total responses presented. Since the helicopter is in straight and level flight,
the angular rates are zero at trim, and the linearized responses are identical to the totul responses. The
accelerometer responses contain gravity effects, and the nonzero trim values of the accelerometers must
be added to the linearized accelerometer outputs.

At | knot (figs. 34-37), the on-axis angular rates agree well with the test results, The off-axis
responses of the model do not correlate as well, with the pitch :.xis being the most troublesome by
diverging from the test data in tests 212, 203, and 209. However, this is no worse than the results
from the GEN HEL model, which is refined specifically to the UH-60A configuration and includes an
engine model with a rotor rpm degree of freedom and actuator dynamics. At 100 knots (figs. 38-41) the
on-axis responses have fair agreement with experimental results, and again, these results are consistent
with results from the GEN HEL model, Other tests were run at 60 knots and 140 knots, and the results
show a strong similarity to the results from the GEN HEL model. Another source for comparison is
reference 16, in which the results of a linearized model are compared with the same flight data. The
results from reference 16 are also similar to results obtained with the model of this report. Taking all
these results together, it is concluded that the present model gives resuits that are consistent with those
obtained from the GEN HEL program and the linearized model of reference 16.

A final comparison is made of the linearized model with the eight-state quasi-static model generated
from the Ames GEN HEL program, The linearized GEN HEL model is generated with @ = 27 rad/sec,
STy, = STy = ST, =29.583 ft, WLy, = WL, = WL, = 20.683 ft, Mp = 492.13 slugs, igero = 0,
and oy = [0,0,0] rad. The linearized model of this report is generated and arranged according to

ol A Ay {gzr‘ [Br'}
b= + U 231)
{fllf} [Afv' Aff] lf} By ™
Lp
y= [Cr Cf] ( iy ) + D ug (232)

The vector z, contains all rotor states and inflow states, und the vector g # contains all fuselage states.
The inputs are the longitudinal, collective, lateral, and pedal positions (1_1%1 = [, b, Oas 6,,]T). The out-
puts y are chosen to correspond to the states of the GEN HEL model (MT = [u,w, q, A8, v, p, g, r, AY)),
For comparison with the GEN HEL model, the derivatives of the rotor and inllow states i, are set to




zero, yielding

Ef = Apedf + Brequ (233)

Y = Credzf + Dyequ (234)
Areg = Agp — Ap Anl Ay g (235)
Brey = Bf — A, Ayl By (236)
Cred = Cf — CrAnl Av (237)
D,.q =D —-CrA:!B, (238)

The state variables used to describe the fuselage motions are not precisely those used in the GEN HEL
model; however, the information needed to make the transformation to the GEN HEL states is found in
the equation

Cu ) 97: \
w i,
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Af Bma

y=19 v 3} =[Cred Rmy > (239)
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The quantities u, v, and w are the velocities along the fuselage, and p, g, and r are the body angular
rates. The quantities Af, A¢, and Ay are the pitch, roll, and yaw angular perturbations. With this
choice of output quantities, it is clear that D,.; = 0, and thus equation (239) holds. Equation (239) is
then used to transform the model to the final form

([ u ) ([ u )
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where Ay has been removed from the system.

This operation was carried out on a linearized model at 1 knot; the resulting F and G matrices
are presented in table Il along with the system matrices from the Ames GEN HEL program. The
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eigenvalues and normalized eigenvectors are snown in figure 42 for both models. The calculations are
based on the F matrix represented in dimensions of feet, seconds and degrees so as to scale the angular
rates to an order of magnitude comparable to the velocities. Real eigenvalues have real eigenvectors
(figs. 42(d) and 42(e)); complex eigenvalues have complex eigenvectors composed of a real part and
an imaginary part. The eigenvector corresponding to the complex conjugate of the eigenvalue is the
complex conjugate of the eigenvector. The greatest difference between models arises in the higher
frequency modes, shown in figures 42(a) and 42(b). The model of this report tends to introduce more
coupling between roll and pitch than the Ames GEN HEL model. The mode in figure 42(c) is dominated
by w and r in both models, although the content differs. In figures 42(d) and 42(e) the two modes are
very close, although the damping is much higher in the model of this report. Differences in the damping
and frequencies of the eigenvalues are also noted; they are likely caused by the different inflow models
used in the two analyses. Selected Bode plots of the system are shown in figure 43. The é./w plot
shows good agreement and the 6,/ gain agrees well with the Ames GEN HEL model. The 360° phase
shift in the 6,/r plot is due to a zero in the right half of the s-plane that is not unstable in the mode of
this report. The sharp peak in the 5 /p plot is due to the light damping that is predicted by the Ames
GEN HEL model.

The entire process is repeated at 100 knots, resulting in the F and G matrices given in table 12, The
eigenvalues and eigenvectors are presented in figure 44; the eigenvectors agree more closely between
models in this case than in the 1-knot case. The on-axis Bode plots of the 100-knot case are given in
figure 45. The two models do not agree closely, but the general trends in the models are similar.

CONCLUDING REMARKS

A single-rotor helicopter mathematical model for the design of high-bandwidth flight control sys-
tems has been described. The flap, lag, and torsion rotor model allows the approximate modeling of
hingeless rotor systems, and the various hinge sequences that are available allow the modeling of inany
different articulated rotors. Quasi-steady Greenberg aerodynamics are used in conjunction with the
nonlinear Pitt/Peters dynamic inflow model to calculate the blade aerodynamic forces. An rpm degree
ol freedom of the main rotor is available, along with a six-degree-of-freedom rigid fuselage. The tail
surfaces have main-rotor downwash effects that arise from the flat-wake simulation. Operations on the
mode! include trim, linearization, and time-integration, which have been tormulated so that they may
be applied to any consistently cast rotorcraft mathematical model. This features allows for modification
of the helicopter model without requiring significant changes in the operations. Preliminary validation
of the model showed reasonable correlation with experimental and analytical results.

Further validation of the model is necessary. The higher order linearizec models need to be
compared to experimental results, and flap-lag-torsion experimental data are needed to validate the
torsional effects of the rotor model. Also, additional work is necessary to extend the range of valid flight
conditions, which are cuirently limited to low-speed, lightly loaded helicopter systems. The limiting
factor is the blade-section aerodynamic model, which should be improved to account for dynamic
sial!, radial-flow effects, and compressibility effects. Finally, the linearization process is limited to the
helicopter mc-el itself. A useful additional operation would be the linearization of the remaining blocks
of the systein and the ccmbination of these linearized blocks into a single set of system matrices.
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Table 1. Rotation sequences of blade coordinate systems

—

RtoP PtoL LtoB
fipt  dp:—ir k=gp Gkt L
iy, Cpi—23 O + o 3¢
fplt Ip A_'Q}R et =yp Gb i3
$p+ :.31) Gp i —=3 Ot .i‘g
O+ &g,
pfit 3p =R Spt~gp Cpt iy
G.L. : va Gpr =<3 9& : i‘g
Gp ' ~8
Iftp 3p =R Gk +Cptip St =YL
Cpt =3
O + oy "
Ipft Ip =R Ch:ip St =i
HL l'ck Qp )
Cp i <g O ¢,
pift — Jpi=jp G+ Gpi-Ep =i
g L3, Gpt =3y
8y : b,

Table 2. Function odd/even properties

Function Even/odd (&.91. %)) Equation number Figure number
AL'_{: (E'O,E) 2.10 2.15
Avy (O,E.E) 2.9 2.14
i (0,E,0) 2.37 2.25
¥ (0.E.E) 2.40 2.26
I (0,0,0) 2.38 2.28
K (0,0,E) 2.39 2.27
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Variable

Table 8, Flap-lag-torsion rotor nondimensional data

Value

Variable Value
Rotor Trim
n 4 NHray 6
mass 1 MPTTRM 30
0.0001 0 0
Ip 0 0.083333 0 nj, 3
0 0 C.083433 ‘
Mg 1 f(4) p
i dero l ar !
Mp { ni, 3
R 1 Mg 1
Q l ny 3
&z 0.5 M feq 4
2 0 Jn (1,2.3]
9 | iy (2]
a 2 i [1,2,3]
P 48248 Js 3]
do 0.01 I (1,3,4]
Iy 0.0024 Ufeoq [1,2.4.61
Ky 0.088542
. 0.16333
My 38,1045
h 0.2
v 0




Table 9. Flap-lag rotor/fuselage data

Variable Value Variable Value
- Rotor/fuselage Trim
N 3 "Hrpy 2
My 0.209 kg MPTTRM 30
R 08llm nj,, 2
Q 7 rad/sec f4) 0.01 my/sec
}' 0 0 0 1
Ig 0 0.010069 0 kgm? | ny 3
[ 0 0 0010069
mass 0 8(1.3) 8o rad
Moy 1 nja 1
e 0.0851 m np 2
g 9.81 m/sec? R feq 2
tdero 1 Jr [1.2]
Ty 0.186 m i1 [1,2,3]
2 0726 m Jo 3]
b 0.02095 m K (2,31
MPT 10 Ifey [1,2] .
a 5.73 l/rad Linearization '
P 12761 kg/m? NH x 0
Tw- 0.02618 rad MPTLIN 10
IOPT1 ! nj, 2
do 0.0079 i [1,2]
I0PT2 3 nj, 2
Ky 6.691 kg m2/rad sec? Jr (1,2]
s 30.659 kg m?/rad sec? ni, 2
Cy 0.003538 kg m%/rad sec i [1,2]
C. 0.007574 kg m?/rad sec ni, 2
Ay 68.03 kg m2/rad sec? i (1,2
Ly 104.3 kg m?/rad sec” nj, 3
Cn 0.08117 kg m?/rad sec 1 [1,2,3]
Cry 0.4200 kg m?/rad sec Ar 1077, 107) rad/sec
0.183 0 O
Ip 0 0633 0 } kg m? Ar (107%,1079) rad
0 0 0] .
M; 20.83 kg Af (1073, 1079) rad/sec
h 0.241 :n Af [1076.107%] rad
Ar [1075,1076, 10~9)




Table 10. UH-60A configuration data

Variable  Value [ Variable Value
UH-60A

ny 4 My, 8.003 slug
R 26.83 ft Q ? rad/sec
&p 10.833 ft i 4,12 ft
2 24,78 ft e 125 ft
a 5.73 1/rad b 0.865 ft
dg 0.01 dy 12
Ty. 0.043595 rad T, ~0.011258 rad/ft
g 32.1 ftsec? A 0.002030 slug/ft3
mass 0 Mgy 1
MPT 10 i dern ?
IOPTI 4 IOPT2 5

0 0 0
Ig [o 87342 0 } slug ft2 | JMp 7 slug

0 0 573.42
STy 28.433 ft Sp e
WL 26.250 ft ST ? ft
85 —0.05236 rad WLln ? tt
ST, ? ft Ir [7] slug ft2
"p-Lc ? ft STa ? ft.
MAXTR 40 WLy ? ft
Pe 122173 rad Qrp 124.62 rad/sec
Rrp 5.5ft Mprq 0.467 slug
EPSTR 0.1D-3 Corn 0.01
brr 0.40625 ft Kppp ~9920.8 slug ft®/rad sec?
AT 4 g 0.7002
arp 5.73 l/rad trr —~0.05458 rad/ft
€TR 1 ft Lhorp 21t
Iy 3.0 slug ft? TRp 0.8
WL, 27.058 ft TRioss 07
ST, 61.000 ft [OPT4 [
oy [0,0,—1.5708] rad ns 3
ay [7,2,0] rad ST [58.367.58.367,57.917] ft
Cr, [1.025,1.025,0.820] BL, [-3.5,3.5,0] ft
CL, [0.75,0.75,0.890] WL [20.367,20.367,22.750] ft
CL, [0.85,0.85,0.800] Sty (22.5,22.5,32.3] ft?
ap, [0.262,0.262,0.175] rad IOPTS [7.2,7]
ap, [0.349,0.349,0.524] rad A0 [0,0,0.08] rad
ap, [0.524,0.524,0.698] rad Do [0.12,-0.12,0] rad
ap, [1.047,1.047,1.047] rad ars (0.12,0.12,0.12] rad




Table 10. Continued

Variable Value | Variable Value
UH-60A
Cpy (0.01,0.01,0.02] brs [0.12,0.12,0.12] rad
Cp, [0.1875,0.1875,0.043] Crs [0.5.0.5.0.5]
Cp, [0.3625.0.3625,0.360] ar, [0.262,0.262,0.349] rad
Cp, [0.4250,0.4250,0.580] ar, [0.524,0.524,0.436] rad
Cp, [0.9000,0.9000,0.8751 ar, [0.786,0,786,0.698] rad
Cpq [1.200,1.200,1.100] “LOgvp —~1.4 rad
aro —0.4 rad arp 0.4 rad
QU P p 1.4 rad JLogNp —1.4 rad
Jro ~0.4 rad 3up 0.4 rad
3 Pavp 1.4 rad Ny g 3
N mid LET 3
ng_ o 8 MPTDW 20
| 1.25 ft ) 26.83 ft
Apw 0.08 rad 1 [20,60,100,140,180,220] ft/sec
Nupw 6 LFP 3
[ 32,417 32417 32417 T
-2.5800 -2.5800 -2.5800

POSFUS 17.308  17.308  17.308

1 0 0

0 1 0

0 0 1

Trim
NHrryf 3 f(4) groundspeed = 7 fusec
iy [1,2] nj, 2
is [2,2] nig 2
1 [1,2,3] ny, 3
Jo 3 nj, 3
K [1,3.4] np 3
lu (1,2] nj, 2
ifeq [1,2,3,45,6,7] 1 foy 7
Linearization

A 10=? MPTLIN 20
nj, 2 Ji [1,2]
nj, 2 Jr (1.2]
ni 6 i [1,2,3.4.5.6]
iy 3 it [1,2,3]
ni, 3 i [1,2,3]
'njﬁ 1 ./.(; 3
np 3 K [1.3.4]
ng, 1 » )
0, 6 I'g (1.2,3,7.8,9]
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Table 10. Concluded

Variable Value | Variable Value
Integration
trint 8 Ny 4 4
TOLINT 0.001 NPTINT 401
nj, 2 i [1,2]
nj, 2 I [1.2]
. niy 6 'f [1.2,3,4,5,6]
nig 3 if (1,2,3]
n, 3 i [1,2,3]
nj, l Jo 3
ny 3 K [1,3.4]
ny, ! iy (1]
ni; 6 | [1,2,3,7,89]
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Figure 1. Fuselage-fixed coordinate frame (F).
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Figure 3, Rotor-hub-axis coordinate frame (H) and its transformation from the F frame.
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Va = VELOCITY OF THE AIR RELATIVE TO POINT a

“CagCop  ~Coy S Sa
Tew = 'sﬁf Cg, 0
“SagCr =Sy Siy ~Co

Figure 4, Fuselage wind-axis coordinate frame (W) and its transformation to the F frame.
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Figure 5. Main-rotor coordinate frame (R) and its transformation from the H frame,
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Figure 6, Main-rotor-blade coordinate frames,
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Figure 10. Blade-section chord coordinate frame (C).
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Figure 12, Actuator-disk coordinate frame (A),
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Figure 13, Tail-surface orientation and aerodynamic forces.
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Figure 14, Tail-surface drag coefficient break points.
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Figure 15. Tail-surface lift coefficient break points.
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Figure 16. Tail-rotor orientation and aerodynamic forces.
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Figure 17. Flat-wake model coordinate system.
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19. Wake orientation for generating a surface downwash table,
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Figure 20. Overview of oparations.
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VARIABLES CCNTROLS

X: ROTOR FIXED AUGMENTED ROTOR FIXED
BLADE BLADE
rrr f6f X X 9 u
ISNROT IINROT
0 1 0 1
MBCT MBCT

MODEL DYNAMICS

IONROT
0

mMBCT

+ ' ~ »

f W y (M)

Feq: Teq eq Xeq

EQUATIONS MEASUREMENTS
Figure 21, General input/output model structure used by trim,linearization, and integration operatious.
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Figure 22. General system structure for integration.
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Figure 23.

ADJUST v YGO TO ZERO f
Yg=uc
Xc = C — *C
L Yy
UP c
Y
Xp o] P > <p
Y+
Yp +
XA - A — %
YA T UG
+
(UG*UGO)
ug

o]

Flow of calculation to find the initial conditions of the system of rigure 22.
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Figure 24. Flow of calculation to integrate the system of figure 22.
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Figure 26. Blade responses from the present model compared with those from a flap-lag-torsion rotor
in trim.
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Figure 27. Modal frequencies and lead-lag regressing damping data from the present model compared
with those from a flap-lag rotor/fuselage system at zero blade pitch.
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Figure 28. Body pitch and roll damping data from the present model compared with those from a
flap-lag rotor/fuselage system at zero blade pitch.
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Figure 29. Lead-lag regressing damping data from the present model compared with those from a
flap-lag rotor/fuselage system at 9° blade pitch,
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Figure 30. Lead-lag regressing damping data from the present model compared with those from a
flap-lag rotor/fuselage system at various rotor speeds and blade pitches.
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Figure 31. Body pitch and roll damping data from the present model compared with those from a
flap-lag rotor/fuselage system at 650 rpm.
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Figure 34. UH-60A model responses with 1-in.-up collective at 1 knot.
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Figure 36. UH-60A model responses with 1-in.-left lateral stick at 1 knot.
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Figure 37. UH-60A model responses with 1-in.-left pedal at 1 knot.
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Figure 38, UH-60A mode! responses with 1-in.-up collective at 100 knots.
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Figure 39. UH-60A model responses with l-in.-forward longitudinal stick at 100 knots.
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Figure 40. UH-60A model responses with 1-in.-left lateral stick at 100 knots.
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Figure 40. Concluded.
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Figure 41, UH-60A model responses with 1-in.-right pedal at 100 knots.
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