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The paper presents a Galerkin approach for the solution of the nonlinear beam equations. Nonlinear
beam analysis is required when analyzing helicopter blades' or high-aspect-ratio wings.? The present analysis
improves on earlier solution techniques based on nonlinear finite element approach used in Refs. 1 and 2,
and is the ideal choice for beam-like structures undergoing large motion. Furthermore, the approach leads
to an nonlinear, order-reduction technique which can be applied to the Galerkin equations as well as a
finite-element equations.

I. Nonlinear, Intrinsic Beam Equations

The nonlinear, intrinsic, mixed equations for the dynamics of a general (non-uniform, twisted, curved,
anisotropic) beam undergoing small strains and large deformation are given below,
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where ()’ denotes the derivative with respect to the undeformed beam reference line and () denotes the
absolute time derivative. F(z,t) and M(xz,t) are the measure numbers of the internal force and moment
vector (generalized forces), P(z,t) and H(x,t) are the measure numbers of the linear and angular momentum
vector (generalized momenta), v(z,t) and x(x,t) are the beam strains and curvatures (generalized strains),
V(z,t) and Q(z,t) are the linear and angular velocity measures (generalized velocities), and f(z,t) and
m(x,t) are the external force and moment measures. All measure numbers are calculated in the B—frame,
i.e., deformed cross-sectional frame. k(z) = |ki(z) ko(z) ks(z)] is the initial twist/curvature of the beam,
€1 = U 0 OJT

The first two equations in the above set are the equations of motion® while the latter two are the
intrinsic kinematical equations* derived from the generalized strain-displacement and generalized velocity-
displacement equations.

The generalized forces are related to the generalized strains via the cross-sectional beam stiffnesses/flexibilities.
These cross-sectional properties can be calculated using an analytical thin-walled theory® or computational
FEM analysis® for general configuration. Such an analysis gives the following, linear constitutive law,

Ut

where, R(x), S(x), T(x), are the cross-sectional flexibilities of the beam. Being linear, the present material
law is only valid for small local strains, which can, however, lead to large global deformations.
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The generalized momenta are related to the generalized velocities via the cross-sectional beam inertia,

BB 0[5

where, p(z), £(z), I(z) are the mass per unit length, mass center offset (vector in the cross-section from
the beam reference axis to the cross-sectional mass center), and mass moment of inertia per unit length
respectively.

Usually, the constitutive laws are used to replace some of the variable in terms of other. Here we decided
to replace the generalized strains in terms of generalized forces (thus allowing easy specification of zero
flexibility) and to replace the generalized momenta by generalized speeds (thus allowing easy specification
of zero inertia).

Finally the boundary conditions need to be specified. For the given beam of length L, there will be two
boundary conditions at each end:

V(0,t)=V® OR F(0,t) =F° (7)
Q(0,t) =0° OR M(0,t) =M° (8)
V(L,t)=V- OR F(L,t)=r" (9)
QL t)=0" OR M(L,t)=mM" (10)

For the formulation presented we are going to assume a cantilevered beam so as to make it easier to
present. It should be noted that the formulation as well as the conclusions that would be presented are
general enough to be applicable to all possible BC combinations. Thus, the BC are:

V(0,t) = V°® (11)
Q(0,t) =0° (12)
F(L,t) =F" (13)
M(L,t) =Mt (14)

II. Energy consistent weighting

Now consider the following weighting of all the equations (equations of motion, kinematic equations as
well as the boundary conditions). Note that the constitutive equations are not included as these equations
are satisfied exactly.

L
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— F(0,t)T [V(0,t) = V°] — M(0,¢)" [Q(0,t) — Q7]
+ V(LT [FL ) - FH + Q)" [M(L,t)—M-] =0

Integrating by parts and then simplifying the expression we have:
L ] ) L
/ (VTP +QTH | dz + / [F75 + M7k da
0 0
L
= / (VI + Q" m] da + [V(L,6)"F- + Q(L,t)"M" — F(0,£)"V® — M(0,4)"0°] =0 (16)
0

The first term above is the rate of change of kinetic energy, the second term is the rate of change of potential
energy, the third term is the rate of work done (power) due to applied forces in the interior of the beam and
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the fourth term is the power due to applied forces at the boundaries. The equations states that the rate of
change of energy of the beam is equal to the rate of work done on the beam. Thus, the above equations is
an energy balance equations. We are going to use the above equation to derive a Galerkin approach to solve
the equations.

III. Galerkin approximation

Now let us assume that the primary variables can be written as a linear combination of a set of trial
functions.

V(z,t) Viz) V2%(z) Vo) |4t @)
Q,t) | _ | Q') Q) Qn(z) | | @) an
F(z,t) Fl(z) F*(z) F(z) :
M(z,t) M'(z) M*x) - M™2)] |g(t)

The above expansion is an approximation to the exact solution and, assuming that the set of trial functions
is complete, will approach the exact solution as n — oco. Now as presented above, the trial functions are
coupled, i.e., a given trial function is in general comprised of 12 functions of z for the 12 variables so as to
keep the presentation general. One of the first sets of trial functions that is presented next will be a set of
independent trial functions for each variable.

The secondary variables (P, H, v, k) are linearly related to the primary variables using the constitutive

laws, which are exactly satisfied.
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Now we need n equations which could be used to solve for the n generalized coordinates. These equations
come from the above energy balance equation.

/®|]_ {VjT [qul i §/Z_’C\q/’“Piqi B Fi’qi _ (E+ /;;“\z-]/k)Fqu _ ﬂ
i’ [Hiqi + QFgEH g + VEGRPiq' — Mg — (k+ #Fq*) Mg’ — (61 + 75 ) Fiq’ — rm}
+ " Wtf — Vg — (K + /FgF)Vig — (& + W)Qiqi} (20)
+ e [niqi — Qi/qi — (ﬂ|2+ H/k\q/k)ﬂiqi] } dz
— Fi(0)" [Vi(0)g' — V] — M7 (0)" [Q¥(0)g' — 0°]
+VIL) [FL)g —F + W) [M(L)g 1] =0

For each j =1,2,--- ,n we have one equations. The energy equation defined in the earlier section is a linear
combination of the above equations. Thus if the n equations defined above are satisfied then the energy
balance equation is automatically satisfied.

IV. Independent, orthogonal polynomial trial functions

Let all the 12 variables be represented in terms of independent generalized coordinates. Thus:

'(t)

v3(t
V(m,t)z[(bl(x) d2(z) - qw(x)} :() (21)
v (1)
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wh(t)
Q(x,t)Z{(I)l(x) ®%(z) - fb”(:c)} w:(t) (22)
w”(t)
f1(t)
2
F(x,t):[d)l(x) d2(z) - qw(a:)] f:(t) (23)
fr(t)
m'(t)
m?(t)
M(zt) = [®'(x) @2(x) - @(@)]] (24)
m" (t)
where,
Pi=(z) 0 0
() = 0 Pi-1(z) 0 (25)
0 0 Pi-1(z)
with "
T=r (26)
and ) _ ) .
' vi(t) ' wi (1) 4 fi(t) 4 mi (1)
vi(t) = qus(t) oo W (t) = qus(t) ¢ () = f3(t) o mi(t) = mb(t) (27)
vi(t) wi(t) f(t) mi(t)

The independent trial functions used are the shifted Legendre functions.” The Legendre functions are a
complete set of orthogonal polynomials. The shifted Legendre functions are orthogonal over the shifted (0 -
1) interval as shown below:

1
, : 1
1+ J( + d— — 52 2
| PP @ =55 (28)
The polynomials can be iteratively derived as:
P(z)=1 Plz)=22-1 (29)
, 2 +1)(2z — )P (z) — P~ (z
pit (g (21 D@7~ )P'(@) P (@) (30)
1+ 1
The Galerkin equations can be derived as:
H_ - . .
/ o7 [(G@%i +KP0T) + DRk (G + Kiw') — B f1 — (K + STOF fk 4 TORmF) B f1 — ﬂ By
0
+&7(L) [@'(L)f' —F-] =0
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0 (32)
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[L _ . . . . . A
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0
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where, 7,5,k =1,2,--- ,v, and n = 12 x v and the generalized coordinates can be represented as:

V.

=1 . (35)

Special case: constant cross-section, curvature and loading

To obtain the above equations in a form suitable for solution, we need to calculate the integrals. For
demonstration, we will assume a constant cross-section (R, S, T, G, K, [ are all constants), constant curvature
(k is constant) and constant distributed loading (F, m are constants). Furthermore we will assume that the
boundary conditions ([F[L or VB, MY or O, VO or F®, N° or M®) are given. With the above assumptions, the
equations become:

APL(G + Kio') + CIFLwk(Gu' + Kw') — BI fi
—ATLK ST — CIRL(ST fh 4 Tmh) fF — DILE + PI(1)PI(1)f1 — PI(1)FE =0 (36)

AFL(KT O + 1) + TR Lk (KTv' + lw') + CI*F Lok (Gu' + Kw')
—Biim’ — AjLkm! — CTFL(ST f* 4 Tmk)mi — AViL6; f°

Bim' — A @
—CIFL(RF* 4 Smk) f — DILm + PI(1)P*(1)m’ — P (1)M* = 0
Ajil(Rfk + Smk) — Byt — AT kot — Cjikﬂ_(s/{r\}/k + ﬂl/k)vi
—ALEw’ — CFL(RFF + Smb)wt — PI(0)P (00 +PI(0)V =0 (38)
AFL(ST 5 4 Trink) — Biwt — ATkt — CTRL(ST f* + Tmk)wida (39)

—P7(0)P*(0)w’ + P (0)N° =0

Summation is implied over indices i and k. And .A7%, B¢, C7** and D’ are non-dimensional integrals as given

below:

1
ATt = / Pi(z)P(z)dz (40)
0
B = / P/(z) (P'(z)) dz (41)
0
1
citk — / PI(2)P (2)PH (%) dz (42)
0
D) = / P’ (z)dx (43)
0
(44)
The above set of equations can be written in the following form:
Ajigi + Bjigi + Cjikqiqr + Dj =0 (45)
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VI. Solution

Given the above set of nonlinear equations for the dynamics of beam, we can have the following solutions:
e Nonlinear steady-state solution
e Linear dynamic perturbation solution about the nonlinear steady state

e Nonlinear dynamic solution

A. Nonlinear steady-state solution
The linear steady state solution is calculated by solving:
Bjid; + Cyindidy + D = 0 (46)

where, g refers to steady-state solution due to steady-state forcing calculated in D. The solution is calculated
using Newton-Raphson iterations. The Jacobian required for the iteration can be easily calculated as:

J(q) = Bji + Cjirqr + Cjriqr (47)

Since the highest order of nonlinearity is second, the Newton-Raphson method leads to converged solution.

B. Nonlinear equations at the steady-state

Now, let the total applied force be given by:
D =D+ D(t) (48)

and the corresponding solution be:
qa=7+q(t) (49)

Substituting it in the equations of motion we have the equations with respect to the steady-state solution
as:

gﬂqu + Ejz@ + ajika\iak + f)j =0 (50)
where,
Aji = Aji (51)
Eji = Bj; + CjirGy, + CiniGy, (52)
ajik = Cjir (53)

The above equation are completely nonlinear with the origin at the steady-state.

C. Linearized equations at the steady-state

The linearized system is given by: . R R
Ajia\z' + Bﬂ@ + Dj =0 (54)

The linear modes at the steady-state are calculated using the linearized eigenvalue problem at the steady-
state: . N
Ajiq; + Bjigi = 0 (55)
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VII. Modal transformation and reduction

Now consider representing the variables in terms of the modal co-ordinates:
4 =Ua& (56)

where, U1, Us2, -+ are the modes of linearized system (Eq. 55). If the length of ¢ is less then the length of
G then we have reduction in the number of states of the system. The reduced order system can be written
as:

A + B + Cron&ibn + Dy, = 0 (57)

where,
Arml = A\jinmUil (58)
mi = BjiUjmUs (59)
Crun = CjirUjmUaUgn (60)
D!, = D,;U;n, (61)
)

There are two points to be noted. Firstly, the simple form of the modal transformation equation (Eq. 61
is possible due to the specific order of the equations, i.e., the equations are ordered so that the corresponding
weighing functions are in the same order as the variables in the generalized coordinate vector.

Secondly, it should be noted that the system equations are in state-space form. Thus, the eigenvalues
and eigenvectors of the system will be, in general, complex. Each vibration mode will be represented by
two eigenvalues which are complex conjugates and the corresponding eigenvectors which are also complex
conjugates. To avoid complex modal coordinates the pair of complex conjugate eigenvectors is represented
by two real vectors made up of the real and imaginary parts.®

VIII. Results

The equations (full set) were solved for a simple prismatic beam case presented in Table 1. Table 2
lists the calculated frequencies and compares the results with exact results? as well as FEM solution.! The
frequency predictions of a non-rotating as well as rotating beam using the present approach with 10 assumed
modes per variable (120 states) are exact to three significant digits. On the other hand, FEM solution with
10 nodes (120 states), is not very accurate leading to errors greater than 10% for the third bending mode.

Fig 1 shows the convergence of the Galerkin approach and compares it to the convergence of the FEM
approach. The Galerkin approximation is very accurate and the error decreases sharply with increasing
modes. Using around 8 trial functions per variable (less than 100 total variables), we reach the minimum
error limit for double precision calculations. The FEM approach has a smooth second-order convergence
which means one would require over a million finite elements to get to the error limit.

Fig 2 shows the change in frequency of the beam with applied vertical load. The beam deforms due to the
load and the large deformation leads to coupling between the horizontal bending and torsion modes. This is
a nonlinear coupling and can be captured by a model with correct nonlinear terms. We retained 4 vertical
bending, 2 torsion and 2 horizontal bending modes of the unloaded model in the reduced order model. Thus,
the frequencies of the linearized system is exact for no load. As we load the beam the deformation induces
nonlinear coupling which is captured by the reduced order model. One could improve on these results by
adding perturbation modes'® or with nonlinear normal modes analysis.'!
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Table 1. Beam data (for model validation purpose)

Span | 16 m
Chord | 1 m
Mass per unit length | 0.75 kg/m
Mom. Inertia (50% chord) | 0.1 kg m
Spanwise elastic axis | 50% chord
Center of gravity | 50% chord
Bending rigidity | 2 x 10* N m?
Torsional rigidity | 1 x 10* N m?
Bending rigidity (chordwise) | 4 x 10 N m?
Shear/Extensional rigidity | oo

Table 2. Beam structural frequencies (for model validation purpose)

Mode (rad/s) Exact Present FEM
10 modes 10 nodes
Cantilevered Blade: w=0& v =10
1% bending 2.243 2.243 2.252
274 hending 14.06 14.06 14.74
37? bending 39.36 39.36 44.94
1% torsion 31.05 31.05 31.12
274 torsion 93.14 93.14 95.32

Rotating Cantilevered Blade: w = 3.189rad/s & v =0

1% bending 4.114 4.114 4.110
2" bending 16.23 16.23 16.88
37? bending 41.59 41.59 47.12

Rotating Cantilevered Blade with Offset: w = 3.189rad/s & v = 51.03m/s

1** bending 5.703 5.703 5.696

274 hending 18.72 18.72 19.35

374 bending 44.50 44.50 49.97
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Figure 1. Accuracy of the Galerkin approach
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Figure 2. Efficacy of the reduced-order model in capturing nonlinearities
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