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PRODUCTS OF MULTIPLE FOURIER SERIES WITH APPLICATION
TO THE MULTIBLADE TRANSFORMATION
Donald L. Kunz
Research Scientist, Aeromechanics Laboratory

U.S. Army R&T Laboratories (AVRADCOM)

SUMMARY

A relatively simple and systematic method for forming the products of multiple
Fourier series using tensor-like operations is demonstrated. This symbolic multi-~
plication can be performed for any arbitrary number of series, and only the coeffi-
clents of one series need to be known. The application of this methodology to the
transformation of a set of lincar differential equations with periodic coefficients
from a rotating coordinate system Lo a nonrotating system is also demonstrated. It
is shown that using Fourler operations tco perform this transformation make it easily
understood, simple to apply, and generally applicable.

INTRODUCTION

The harmonic balance method is a useful tool for obtaining the forced response
of systems governed by differential equations with periodic coefficients. However,
for a set of linear equations, the macual application of this method tends to become
quite unwieldy as the number of harmonics, or the number of degrees of freedom,
incteases. In reference 1, Peters and Ormiston develop matrix methods that will
perform the Fourier operations necessary to solve linear equations, eliminating the
nead for hand calculations involving Fourier series. Several investigations

(refs. 1-3) have uxed this methodology to successfully solve linear response problems.

As opposed to linear problems in which products of two Fourier series are
encountered, nonlinear problems retaining only second-order nonlinearities contain
products of three series. Reference 4, which considers such a problem, handles prod-
ucts of three series by multiplying the first two series in one step and the third
in a separate step. This presupposes that the coefficients of both of the first two
series are known, as they are in that particular application. idowever, 1f the coef-
ficients of only one series are known, this method of forming the product of multiple
Fourier series cannot he used.

The alternative to performing successive muitiplications (of two series to form
the product of multiple series) is to derive an array analogous to the Fourier prod-
uct matrix of reference 1. It is the objective of this Memorandum to demonstrate
the procedure for forming such an array for any arbitrary number of series. In addi-
tion, the application of Fourier series to performing the multiblade transformation
(refs. 5 and 6) is described. This application uses summation relations, Fourier
derivatives, and products of two and three series. Some of these operations can be
found in reference 1, but a complete set has been included in this report.

¥




LINEAR OPERATIONS

In reference |, Peters and Ormiston present the identities and linear operations
that are required to develop Fourier products, and to apply the generalized harmonic
balance methcd to the solution of differential equations. For reasons of complete-
ness and to cstablish a consistent notation within this report, these identities and
linear operations are repeated below.

Basic identities- Consider a function f(y) with period 2n. The Fourier coef-
ficients of f(y) are defined as follows:

1 p2m
ag = — f f(y)cos(ny)dy (1)
0
1 p27 '
b, = = f f (Y)sin(ny)dy )
0
I
8 = 37 o £ (v)dy 3)
b, =0 (4)

0

In periodic systems having b equally spaced, ideutical, time-lagging components
(e.g., helicopter rotors, turbine compressor rotors, and wind turbines), the follow-
ing summation relations are frequently useful.

1 & cos(ny,), 1f n s an integer multiple of b
5 cos(nyy) = { (5)
k=1 0 if n is not an integer multiple of b
1 b sin(nwo). if n 1s an integer multiple of b
§ 2 sin(y) = l (6)
k=1 0 if n is not an integer multiple of b
1 b cos(nw ). if n is an odd integer multiple of %
5 L (DK cos(nyy) = ‘ b (D
k=1 0 if n 1is not an odd integer multiple of 3
1 b sin(ny,), 1f n 1s an odd integer multiple of %
5 L DK sta(myy) = { LY
k=1 0 if n is not an odd {integer multiple of =
where Y = yg + 2n(k - 1)/5. The identities in equations (7) and (8) do not appear

in reference 1. but can be found in reference 6. They arfse only for periodic sys-
tems in which b {s even. Equations (5) and (6), on the otuer hand, are applicable
to systems in which b is either even or odd,
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Phase change- To express the phase-shifted function f£(y + §) as a function of
f(v), let g(y) = f(y + §) and express f and g as Fourier series, where N is a

nonnegative integer.

N
f£(W) = 3 [a; cos(ny) + b, sin(ny))

n=9
N
g(¥) = 3 [A, cos(ny) + B, sin(ny)]
n=0
Writing g 1in terms of f and expanding,
N
g(v) = 3 {ap cosin/. © §)] + by sin[n(y + 8))}

n=9
N

gv) = Y {la, cos(né) + b, sin(nd)]cos(ny)
n=0

+ (-a, sin(né) + b, cos(né)]sin(ny)}

The A, and B, are then

A, = aj cos(nd) + b, sin(né) }
B

n ™ —an sin(né} + b, cos(nd)

This relationshir can be written in matrix form as

NEN

o

where
[ 1 :o
cos § 0 | sin &
|
|
0 | 0
coa(Né)'
[¢(s)] = —---»-———-~~~--—{ —————————— _————
0 |1
'81“6 g | -COSG
|
|
0 | 0
|
-sin (NS
L sin(NS) |

)

(10)

(11)

12)

(43)

(14)

(15)
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In the next section, a matrix operation which forms the derivative of a Fourier
series will be discussed. That derivative matrix is just a special case of equa-
tion (15), where the phase angle § equals 90°,

Derivative~ In order to apply the harmonic balance method to a system of dif-
ferential equations, it 18 necessary to be able to take the derivative of a Fourier

series. Given a seri f(y) and its derivative,
N
f(y) = Z {ag cos(ny) + b, sin(ny)] (16)
n=0
T
el Y. [-na, sin(ny) + nb, sin(ny)) an»n
n=o

set g(¥) equal to the derivative of f(y).

N
g(¥) = Y [Aq cos(ny) + By sin(ny)] 18)
n=0
Then,
An - nbn
(19)
Bnh = -na,

Equations (19’ can be written in matrix form as

RN
= (D] (20)
Balg ba ),

where

{=

=
(N}

0] mfomcmmmmm N (21)

[=]
=

e -

By extension of the concept used to develop equation (21), the derivative matrix
used to calculate the kth derivative of f(y) can be obtained.




30
Bl bn ),

(pk] « [p1k

where

Peters and Ormiston, in reference 1, discuss the case where f(y) is modulsted
by the harmonic function el®t  This concept can be generalized for the case where
the Fourier coefficients of f(y) are also functions of .

N
£(y) = ), [ap(w)cos(ny) + bp(¥)sin(ny)] (23)

n=o0

Taking the derivative of f and calling it g,

' N 9 b
g(y) = %% = ig% [%%? + nb, cos(ny) + TW? = na, sin(nwi 24)
) aan
An‘-a'E""nbn
(25)
ab,
B“'a—w"“a"

In matrix form, where [I] is the identity matrix,

| An a,
{ } - [m = [n]]{ ‘ (26)
Bo ), bn ),

For the kth derivative of f(y)

Ay k(a
! ‘ } - [m 53; + [D]] ' n} 27)
Bn bnl,

4

One of the uses of equation (27) will be seen during the discussion of the method of
multiblade coordinates.

Products of Fourler Series

In this section, a method for forming products of any numbe. of Fourier series
using matrix algebra is described. The Fourier product is one of the most essential
operations required to apply the generalized harmonic balance method to the solution
of different'al equations. Reference 1 discusses the technique used to multiply two
series together, but does not attempt to extend it to multiple products. In order to
form a basis of understanding of the methodology and to establish consistent notation,

il

o AL B i i i



products of two Fourier series are reviewed. Then, it is shown how to extend the
method to products of several series, using the product of three series as an
example.

Products of two Fourier series- Consider two Fourier series expansions, f(¥)
and X(y), where the coefficients of f£(y) are known and I and J are nonnegative
integers.

1

£(¥) = X [ag cos(iy) + by sin(iy)] (28)
i=o
J

X(¥) = 3 [xgc cos(¥) + xy4 sin(¥)) (29)
J=0

The product of f and X 1is defined to be Z(y), where
N
Z(y) = 2: (2o cos(ny) + z,o sin(ny)) (30)
n=0
where N 1is a nonnegative integer. Expanding Z in terms of f and X,
1 1 J
Z(y) = E'EZ: E: {aixjc{cos(i + 3)y + cos(i - JHy] + aixjslain(i + 3
=) 3=0

+ sin(4 - jHv] + biij[-cos(i + 3 + cos(i - Iy)
+ bixjc[sin(i + Iy + sin(i - J)v]} (31)

The object now is to develop a way to express equations (30) and (31) in the form

Znc Xje
= [P, ()] (32)
Zns Xis

where [P,(f)] is the Fourier product matrix for the product of two series.

In order to form equation (32) the cquivalent harmonics in equations (30) and
(31) must be identified and separated such that i + j=n and 1 - j = n. To this
end, the following matrices are defined (a representing either a or b):

a._: 3 02n-3°%1
At =" . i+j=n (33)
nj e i n-3<0,n-3>1
. o _n-y ;7 0f-n-3=21
Qpjy(a) = l -1 +3) =n (34)
0 ; -n-3<0, -n~-3>1
6




i 0Sn+3js1
Q¢ Ha) = {““” }n - an (15)
0

nJ i n+3i<0,n+3>1
_ G4yt O0Sn+3Zl1
Qaj (@) = ‘ ] ]--u ) =n e
0 i -n+ J <0, -n+3j>1I

Note that the nth row of the (Q-matrices represents the nath harmoaic of Z, and
the jth column will be multiplied by the jth harmonic component of X. The
harmonic component of a that goes in the nth row and jth column of the
Q-matrices is calculated according to equations (33)-(36). If the subscript of a
is called 1, it can be seen the Q-matrices provide a means of identifying like
harmonics. It is important to understand how this works for the oroduct of two
series since the same principle holds for multiple products, but is much more diffi-
cult to produce without some sort of pattern to follow.

The Q-matrices can now be combined to form the cosines and sines of like har-
monics. The following substitutions are used:

{ N . - --

Y oy cos(d + Dy = Y Inm(Q;J(a) + Qpy (@)1 pei+] (37)
i=0 m=0

L oo 4s -+

12 ay cos(i - Iy = E Inm[Qmj(u) + Qmj(ﬂ)] H n=1-14 (38)
=0 m=0

I ‘- .

2 oj sin(i + §)¥ = Qpy(a) - Qpj () i n=i+ (39)
i=o

L ++ -+

Z a4 sin(i - j)y = an((l) - an(d) ’ ne=1i-] (40)
i=0 .

where a may represent either a or b, and vhere [i] i8 a correction matrix

1
E 9’

(1] = 1 (41)

L 1]
In equations (37)-(40), the significance of :he pattern of signs must be stressed.
By changing from (1 + j) to (1 - j), the second sign in the C-matrix superscript
changes from minus to plus. Because of the way in which the Q-matrices were origi-
nally defined, the second superscript reflects how the jth harmonic of X con-
tributes to the definition of the subscript of a. Thus, it is logical that when
j changes sign, the second subscript should also change. In addition, the signs of

the second matrices in equations (37) and (38), which define .ne cosines, are posi-
tive; while in equations (39) and (40), which def.ne the sines, the same matrices
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are negative. These sign patterns will be valuable when the multiple product
matrices are formed.

All of the elements required to form the Fourier product matrix for products of
two series have now been developed, and [P,(f)] itself can now be formad. First,
partition [P,(f)] such thac

:ns - f‘-_ LB_ :JE} (42)
|
. B¢ | A8 X4q

Referring to equation (31) and making the substitutions in equations (37)-(40), the
partitions can be defined.

(ae] = 3 M [ie" @ + 1@ 7@1 + 10" @) + 10" %)) 43)
(w1 - 3 [10* @1 - €7@ - 0% %@ + 107 Yw1] (%)
(82 = 3 (T[-1e"®1 - (@B + @)1 + 1@ )] )
2] = 3 [ ™1 - 107®) + 1) - 1@ )] (46)

Note that since the first rows of [B¢] and [A8), and the first columns of [B®] and
[A®] are all zeros, [P,(f)] 1s singular. This difficulty can be circumvaented in at
least two different ways: an a, may be inserted in the upper-left corner of [A%],
or the offending rows and columns may be removed.

Once developed, this approach to multiplying to Fourier series is easy to use
and highly adaptable to computer applications. When dealing with relatively short
series, a method such as this one is probably unnecessary. However, when a product
is formed from two series each of which has many terms, or from more than two series,
this methodology is extremely useful.

Products of multiple Fourier series- In the preceding discussion, the steps
required to form the Fourier product metrix were described. These steps are:
(1) expand the product in summation notation, equatlon (31); (2) define the
O-matrices, equations (33)-(35); (3) combine the Q-matrices to define the cosine
and sine substitutions, equations (37)-(40); and (4) partition the product matrix
and define the partitions using steps 1 and 3. In forming the products of multiple
Fourier series, the same steps can be followed to form arrays that can be used to
multiply the series together using simple tensor-like operations.

The first step of expanding the product using summation notation is the only one
that requires any extensive hand calculations. This expansion is necessary in order
to determine the signs of the cosines and sines for the substituciors that are made
in step 4. As an example, consider the threc Fourier series, f(¢), X(v¥), Y(y), and
their product Z(y), where the coefficientr 0¥ £ are known and I, J, K, and N
are nonnegative integers.

i
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f(y) = i: [a; cos(iy) + by sin(iy)] 47)
im0

J
X(W) = 30 Ixyc cos(3¥) + x54 sia(jy)] (48)
=0

X
YW) = 3 [yy. cos(ky) + yyq sin(ky)] (49)
k=2

N
Z(p) = 2: [z, cos(ny) + z,g sin(ny)] (50)

n=0

Expanding Z 4in terms of f, X, and Y,

1 J K
Z() --41- Z z 2 {aixjcykc[cos(i + 3 +k)y +cos(d+3J -k +cos(d -3 + k)]
i=g j=o k=0
+cos(d - § - K¥] + agxyeygglsin(d + § + K)y - sin{d + 1 - kv

+8in{i - j + Ky - sin(d - J - k)y] + agxygykclsin{d + & + kv

+sin(d 4+ 3§ - Ky -sind - ] + Ky - 3sin(d - § - kY]

+ aixjsyks[-cos(i + 32 %)Y +cos(1 +3 -k +cos(d - +k)y

- cos{l -~ § - K)y] + byxycykclsin(d + 3 + Ky + sin(l + | - kv

+s8in(i - J + k)Y + 8in(1 - J - K)¥] + byxjcyksl-cos(i + 3§ + k)v
+cos(i +3 -k -cos(d - 3J + Ky +cos(i -3 ~-k)y]

+ bixj‘ykc[—cos(i + 3 +ky-cos(4+3J-Kky+cos(l-i+Kk)¥

+cos(i -3 -k + bixjsyks[-sin(i + 3 +ky +8in(d + 4 - Ky

+8in(L - § +k)y - sin(d - § - kK)y]} (51)

In step 2, where the Q-arrays are defined, the process of identifying like harmon-
ics is begun. To form the Fourier product of M series, M Q-arrays are required.
The first step in defining these arrays is to write all of the possible combinations
of indices 1, j, k, ... and set them equal to n. Then, solve each expression for
i, which 18 the subscript of each element of the Q-arrays. For the example of the
product of three series, the possible index combinations are: n = i + § + k,
ne-(1+3+%k),n=i+j-k,n=-d+j-k),n=41-3+%k,n=-({-1]3+Kk),
nei-3j-%k and n=-(1 -3 ~-%k). The eight Q-arrays (all three-dimensional)
are then




L

0<n-4-%x%1

=
=)
]
[ SV
]
=

Q:j.k-(a) - 1+f+kwn (52)

0 ; n-jJ-k<0,n-43-%k>1

Ia

%_n-j-k * 0f-n-jJ-ks1

Q41 (a) = -1 4+35+k)=n (53)
njk 0 : -n-3j-k<90

A

| |
| |
| |
| |

gk (@) = 14)-%=n (54)
0 : n-j+k<0,n-3+%k>1

- G.n-j+k 3 0<-n-3+ks1

Qi (o) = -l +3j-%)e=n (55)
0 ; “-n-j+k<0,-n~-J+k>1

- an4j-k 3 0 Xm+3-kZI

@ = {-g+ker (56)
0 H n+j-k<0,n+j-k>1

- C_n+j-k 3 0X-n+j-k=sI

Qqyk (@) = -1 -3 +k)=n (57)
0 ; -n+3-k~-0,-n+j~-k>1
On+j+k 5 0n+ji+k21

Q:;f(a) -‘ ! Z-3~-k=n (58)
0 ; n+j+k>1

A

0fn+j+k=21

-+ 4+ ‘“-nﬂ +k

Qnik (2) -1 -3J-%k)=n (59)
0 ; -n+j+k<0,-n+j+k>1

Note that these eight arrays were defined by inspection. There was no need to write

out each one to check its contents, because they all follow a specific pattern which

defines their use.

Step three completes the identification of like harmonics by cowmbining the
Q-matrices to obtain the cosines and sines of each harmonic. Again, this can be
done by inspection. Starting with cos[(1 + J + k + ...)y]j, the Q-arrays that rep-
resent n = ({ + j +k + ...) are added together and premultiplied by a corrcction
matrix which multiplies all of the n = 0 terms by one-half. Similarly, the other
cosire functions are obtained by adding the appropriate Q-arrays and premultiplying
by the correction matrix. The sine functions arz defined by subtracting the
Q-arrays from one another and no correction is i1cjuired. Returning to the example
of the product of three series, the cosine and sine expressions are

1 N _ _ ——
Y agcos+3+kW m Y IpnlQa () +Qai (@] 5 n=1+43+k (60)
i=0 m=0
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N - - - -
ay cos( + 3 -y = 3 Im(Q:jk+(ﬂ) + Qn1k+(°)] i nei+)-k (61)
m=0 '

1 N - -t

Y a, cos(d -3 +R0 Y xth;;k (a) + Qmj*k @] ; n=1-3+k (52)
1=9 m=0

A N - ++ + -++

Y sy cos(t =3 =Ry = o LglQuy (@) +Qgq (@] 5 n=1-j3-%k (63)
=0 me

2 ag eln(d + § + k)y = Q:J'k' (@) - Quyk (@) i ne=di+3+k (64)
{=0

L +- + -~ +

2 oy sin( 4+ 4 - K = Qg @) - Quyp (al i a=i+j-k (65)
i=9

L ++- -4 -

2 o, sin(d - 3 + %)y = Qpyi (@) - Quyy (@) ;5 n=4i-3+k (66)
i=0

3 op stn(t - 3 - kv = Qi@ - 0 @ S on=i-d ok (67)
i=0

where a may represent. either a or b, and whexre 1 1s the cor:action matrix
de'11ed in equation (41)

The final step in furming the prouct of multiple Fourier series is to parti-
tion the product array [Py(f)] and define tne partitions. Within [Py(f)] the cosine
and sine coefficients are grouped together in blocks which are arranged in a checker-
board fashion throughoutv the array. If the partitions ure chosen such that each oue
contains only cosine or sine coefficients of f(y), there will be 2M partitions.
Writing the relationship among Z(y), f(¢), X(¢), and Y(¢) for the example of a
product of three series in pseudo~-matrix notation,

(- LG

Partitioning [P,(f)],

8C 88
we* DL AagiXye * Bagikys)? j);o Basikse * Aa9ise e ©9

X ( J ce sc J 1
z = E: 2: (B, x, + A

88
|5 e T Tk *160 Ve * 2 (Anjk 3o Y Bik*ys ke (70)

3= -

Using equation (51) to define the partitions and substituting equations (€0)-(67),

11




B e b - -

N - - aw - - -~ - .- -
Ay D) Ln(Q g (a) + QG @ + Gt + Qe (8) + q:;; (a)

m=g
-+ +4+ + -4+
+ Qmjk (a) + Qmjk (a) + dek (a)]

cs 1 -~ . - +- + ~--+ ++ - -t -
gk =% Qg @) = Qupy (@) = Qpyp (@) +Qpy, (@) +Q 17 (8) - Q (@)

Qgie @ + Q¥ @)

8C 1 + - - - - + -+ -t + 4 - -t -
Anjk - z [ank (a) - ank (a) + ank (a) = ank (a) - ank (a) + ank (a)

++ + -+ +
- @ + ot @)

88

N
1 - +- - -—- +-+ -——+ +4 -
Anjk -3 mgo Im[-Qmjk (a) - ka (a) + Qmjk (a) + Qmjk (a) + Qmjk (a)

-4- +++ -++
* Qi @) - Qe @) - @y (a)]

cC

1, +-- --- +-+ -+ +4 - --
agie = % (g ® = QT ®) + QM) - QL1 ®) + Q1L T®) - o (b)

+++ -++
+q i ® - o ten

cs

N
1 = +- - _— +-+ - ++-
Bk = Zmz_:o Tom(=Qqgi ®) = Qpype (®) + Qg "(0) + @y "(b) - Q iy " (B)

-4 - +++ -++
Qmjk (b) + Qmjk (b) + Qka (b)}

N

sc 1 - +- - - +-+ _—+ +4 -
Bk ™ % ng Tnm{=Qpyp () = Quyp ®) = Qg ) = @y " (B) + Q13 " (B)
-—+- +++ -++
+O L Tm) + Qe + T m))
ss 1 +- - -- +-+ - +4 - -t -

++ 4+ -++
- Qo ® *+ Qo))

12
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(73)

(74)

(75)

(76)

a7
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Having obtained the partitions of the product array, they can be substituted into
equations (69) and (70), and [Py(f)] can be formed. Again, care must be taken in
using [Py (£)] because each "slice" of that array (j =1, 2, ... J or

k=1, 2, ... K) 18 a singular matrix, as described in the section on the Fourier
product matrix. As in that case, the problem can be eliminated quite easily.

Forming the product array for products of M Fouvier series can be quite
simple. However, it is obvious that the more series that are multiplied together,
the more cumbersome this process becomes. Fortunately, once the product array has
been derived for M series, it need never be done again.

' Multiblade Coordinate Transformation
The purpose of the multiblade transformation is to transform equations from a
coordinate system which rotates at a constant angular velocity to a nonrotating

coordinate system. In reference 5 the mathematical definition of multiblade coordi-
nates is presented, but not thoroughly explained. Reference 6 contains a more com-
plete development of the mathematics of the transformation and its use. Since the
multiblade transformation is really only a modified Fourier series, the operations
that were defined in the preceding sections should be applicable after making some
minor modifications. It will be seen that using certain Fourier operations makes
the transformation simple to perform for any number of blades, with no ad hoc addi-
tions or corrections.

Consider the linear (or linearized), second~order, differential equations for a
dynamic system having b identical, equally spaced, time-lagging components. The
kth component has a degree of freedom qj which is referenced to the rotating
coordinate system. There is also a degree of freedom p which is referenced to the
nonrotating system and is common to all b components. In the rotating system, the
equations of motion for qy and p are respectively

Moo (), + Coq Dy + Ko (h)a, + M (WP + Cu (b + K ()P = Foly)  (79)
Mo RO, * Coa (G + K WG, + M (W)F + C (WP + K ()P = F(w)  (80)

where the coefficients of the eéuations are periodic in Yy = yo + 2n(k - 1)/b.

If these equations were to be put into the form of a variational statement,
equation (79) would be multiplied by &qy and equation (80) would be multiplied by
Sp. The resulting variational statement is

ty . . .
{IM q, +C + K + M +C + K -F 16
J: ( qqqk aqk aqk qpp qpp qpp q] U
1

+M + K aq

4, +C_q +M p+C p+K p-F ]6pldt =0 81
pa%k * Cpak ¥ Kpqlic * MppP * CppP * KppP 7 FploP (1)
To transform equation (81) from the rotating system into the nonrotating system, only
6qk, qi» and its derivatives need to be transformed. The degree-of-freedom p 1is
already referenced to the nonrotating coordinate system. Since derivatives of the
coordinate qy would be difficult to manipulate, the dummy variables ay and By
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vill be substituted for qj and qy, respectively. Applying the definition of the
multiblade coordinates (ref. 5),

N
ag = ag + ag(-Dk + ¥ [ap, cos(nyy) + ay, sin(nyy)) (82)
ne)
N
B = By + Ba(-1)k + I [By. cos(awy) + Bpe sin(avy)) (83)
n=)
N
q = 9 + g(-D¥ + T lap cos(avy) + qng sin(nvy)] (84)
n=3)
N
8q = 86qp + 6qq(-1)K + T [8qy. cos(nyy) + Sqng min(nyy)] (85)
n=1

Since the coefficients of equation (81) are periodic functions (i.e., Fourier ]
series), substituting equations (82)-(85) into that equation results in terms that

are products of modified Fourier series. The terms q®k59ks CqqBkdqk, and

Kqqaxdqx are products of three series, p6p. pGp. Kpppdp, and Fpép are

single series, and all of the others are products og two series.

To form the products required in equation (81), the same basic methodology
deuscribed in the preceding section can be applied. The difference lies in the
treatment of the (-1)k terms. Since the locations in the arrays allotted to the
sin(Ow) terms are always filled with zeros, those locations may be used for the
(-1)%  terms. This also preserves the symmetry of the arrays.

The foimation of the modified Fourier products in equation (81) performs the
transformation from the votating to the nonrotating coordinate system. To complete
the process, the dummy v. viables ay and By need to be eliminated. Using the defi-
nition of the derivative of a series having periodic coefficients

0 ) Qo‘
N c dic
azce 92¢
“nel (1} 2~ + 2(0) 52— + (D2} ine (86)
+
! U..d aw qd [
LI Qs
Gag 928
%ns / \dns
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(Bo (2, )
Birc q,
Bac q;

{ el =2+ mH ! 8
By {[1] T (D] ay (87)
Big qig
B2s Q8

Once equations (86) and (87) are substituted into the transformed equations, the
transformation is essentially complete, except for sorting the periodic terms.

Thus far, the number of rotating components, b, has not teen needed for the
transformation. However, it is of great importance in determining the number of
multiblade coordinates that are needed, as well as determining the harmonic contri- }
butions in the nonrotating system. The number of multiblade coordinates that are j
required is equal to the number of components, where N = (b - 2)/2 for b even
and N= (b - 1)/2 for b odd. If b 1is odd, the differential collective mode
does not exist (ref. 5). To determine the harmonic contributions in the nonrotating
coordinate system, equation (8l1) is summed over the b components and the identi-
ties in equations (5)-(8) are applied. The transformation is now complete, and the
variational statement may be broken down into differential equations.

In applying this method for using the multiblade transform, there are shortcuts j
that can be taken. There is no practical reason to convert the differential equa- ;
tions to a vai.ational statement and then convert back. This was done to show the
logic behind the operations that were performed. Similarly, there is no need for the
dummy variables ajp and By which were included only for convenience. The scrting
of harmonics can be done by inspection., If b 1is odd, only those harmonics that are
integer multiples of b are retained. If b is even, harmonics that are integer
multiples of b are retained for all terms not involving (-1)k, In those terms
where (-1)k appears, only those harmonics which are odd integer multiples of b/2
are retained.

CONCLUDING REMARKS

In this Memorandum, the development of Fourier operations which was begun in
reference 1 is extended. Summation relations for expressions involving (-1)* are
defined, the definition of the derivatives of Fourier series are generalized to
include series having coefficients that are functions of ¢, and a method for per-
forming the symbolic multiplication of any number of Fourier series is developed.

In addition, the operations are applied to the multiblade coordinate transformation.
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} While the harmonic balance method may not be suitable for solving all types

? of response problems, its elegance and understandability are desirable features.

: Its major disadvantages are the large number of algebraic equations that must be

solved and the necessity for forming products and derivatives of Fourier series.

Because of the work performed in reference 1 and the extensions included in this

report, the second disadvantage becomes unimportant since those tasks can be per-
formed by the computer.

example of using these operations to perform a coordinate transformation was devel-
oped. The result of this development was a procedure which has general applicabil-
ity, is understandable, and is suitable for automation. Many o*her applications for
these operations may be found.

l
E
:
i\ Other applications of Fouriler operations are possible. In this report, the

SRy T TR TR RN TR TR T TN

16




} REFERENCES

1. Peters, D. A.; and Ormiston, R. A.: Flapping Response Characteristics of Hinge-
less Rotuor Blades by a Generalized Harmonic Balance Method. NASA TN D-7856,

1975.

2. Hsu, T. K.; and Peters, D. A.: Coupled Rotor/Airframe Vibration Analysis by a
Fy Combined Harmonic-Balance, Impedance-Matching Method. Proceedings of the
36th Annual Forum of the American Helicopter Society, May 1980.

3. Kunz, D. L.: Effects of Rotor-Body Coupling in a Linear Rotorcraft Vibration
Model. Proceedings of the 36th Annual Forum of the American Helicopter
I Society, May 1980.

4. Eipe, A.: Effect of Some Structural Parameters on Elastic Rotor Loads by an
Iterative Harmonic Balance. Sc. D. Thesis, Washington University, 1979.

' 5. Hohenemser, K. H.; and Yin, S. K.: Some Applications of the Method of Multi- é
i blade Coordinates. Journal of the American Helicopter Society, Vol. 17, 3
No. 3, July 1972,

6. Johnson, W.: Helicopter Theory, Princeton University Press, Princeton, New
) Jersey, 1980, pp. 349-361.

B T e

17




	1982008872.pdf
	0021A02.TIF
	0021A03.TIF
	0021A04.TIF
	0021A05.TIF
	0021A06.TIF
	0021A07.TIF
	0021A08.TIF
	0021A09.TIF
	0021A10.TIF
	0021A11.TIF
	0021A12.TIF
	0021A13.TIF
	0021A14.TIF
	0021B01.TIF
	0021B02.TIF
	0021B03.TIF
	0021B04.TIF
	0021B05.TIF
	0021B06.TIF




