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f*Abstract
. : : nertia coupl:.ng on the Btahilm.ty a.nd control =
the'helicoPter and the responaa of . helicopter +to dispersed’ gust are

investigated. An articulated rotor with a blade hinge offeet and with an-

- model. The nonunlform diatributlon ‘of sinduced’ velocity on‘the rotor diak
-derived. from the generalized vortex theory is taken into: account. The

the specifmcation.'

_erlng_'he'inertla coupling and not and comparing the two states, the de- -

of helchpter to dlspersed gust are glven.,ﬁ..yl

.':fxfidlstance from conaidered point to origin point
”ualdistance from forwaxd edge pOlnt tO crlgln POint

' of*helicopter, roll angle,'yaw angle

ccefricientﬁof rotcm-fcrce and rotor

-':f T’CH’CS’CMX’ MY’ MZ
' moment

ﬁs .::__. sll.pp:mg a.ng}.e of helicopter o

attack angle of helicopter

*Coutrol of the HelmcoPter and the Response of Hellcopter Gust -f':“of Ve

élastic restraint about the flap hinge are used as the: rotary wing dynamiccf":
: ‘model of the dlapersed gust ia the aine—squared according to thc demand of? jﬂ:'f;f

lA'Bample calculatlon ‘of a'typical helicoPter has been fiade. COnaid-ETio'

‘4ail calculation and analysis of the stabillty, control and the respcnse 9f7f,cfc;




'19 Introductxon |

e The slender fuselage of helicopter and most of ‘the’ mass concentrat- :
SO ing on fuselage make the moment of inertia about the longitudinal x axis -
- much more smaller than other iwo moments of inertia about the other axes,

"ﬁi}for example, -a typical hellc0pter has the data about the moment of 1nert1a,n*73- £

2945m Kg, I T 8578 m Kg s I —: ‘10409 m’Kg (1) “"When the helicoP-'

:gfgf5fter makes maneuver flight. The varlations of the angular velocities are not
e small values. Therefore the moments of the inertia coupling items :

e edy, especlally the first and second items. The moments of centrlfugdl : _ :
oo linertia of hellcOpter are I '-—726 8 m Kg, I --.-.6}. 7m Kg and I '—-—-6.4m Kg, SRIANE

F?ff-ln which I_ xy value is larger than other, 50 the item I (“3 x Py ‘0 2) mst be .

.: ; also considered in study. In other words, there are twelve 1tems of momenta 5
. -of dnertia, which must be considered and dealed with respectively. Therefore

a)z (Ix'- I ) K] a) ujz(ly -1 ) anri 'C.‘)x“)y(lx"f Iy) can't be ﬁeglect-.-.;_-’:

- the nonlinear differential equations of motion w1th six freedoms are used to'-i‘"

:53”;analysis the property of hellcopter motlon.

b Reference('E 7 ( 3 deacrxbed the demand of 1nertla coupling hut:' '
.¢  _there is little papers 1nvestlgat1ng the inertia coupling of helicopter. a
s method to calculate and analysis the effects of inertia coupling on stabi-

i lity, control input response and gust response are studied in this paper.

e Obviously the guantitative analysis for the specification qualities and a ATt

ﬁ_“certaln reference of value for helicoPter d951gn are provided.

fﬂf2 Dynamlc Equations of Hellcopter |

-2, 1. Dynamlc model of rotor . e BRI '

..~ ~Rotor mb has a. qtar~flexlblllty b structure. The flapping
lgdeflection of rotor is only considered in this paper. The studied rotor -
- may.be equlvalent to an ‘articulated rotor witi a blade hlnge cffset from

lg,ff? ‘the shaft and with an elastic restraint aboutthe flapping hinge. The con-
'“ﬂ*-dltlon of - equlvalent is the same natural property in flapplng- ref.[ ]

2, 2. Aerodynamlc model of rotor - SR
P Phe compression and stall are not conaidered. Using the steady

- rdistributions of the induced velocity over rotor disk are derived from =
C et o peneralized Vortex theory. The lnfluence of gust on vortex 13 neglected. Sn
”-;1refa('4) . . Do . '
2 R The dynamlc equatlons of hellcopter ' . ST
RN . The general motion of the hellcOpter in. flight may be resolved
"lnto “Ewo moticns, the motion of the center of mass and the rotation about

ww ﬁthe center of mass. Then uging the +theory of mechanlc, “the total dynamlc..”'
-Hf’equatlons of hellcopter may be obtalned as follows. L S EAN
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In the eqaatzcns (4) {5) a&d (6), excep% +the first item reapectxvely
fthe elge iﬁems are inertia Coupllﬂg moments. Bécause the item I

?'  t_fmach more smaller than the 1tem Iy and IZ 30 the I may be neglected,
& ';?hexefore tb& piteh inertia coupling momenﬁ item (X -1 )aJ aJ
_the yaw mnerﬁla coupllng moment ‘item {1, ~1 )a> are iarger'than

‘other inertia coupling item reiaﬁxvely. The roll inextla :coupling .
moment itew {I -1 )a&:& .and all of the centrifugal &nertia cougl;ng

e moment 1tema ara smaller. Within tnese centrifugal ‘items the item :
I (a} Wy o& ) is larger than other, its value is about the one-ten .

as larg@ as the yaw inertia coapling moment. In other words, the study
S of the. inertia coupling moment in practice im the study of the piteh
- I.an& yaw inértla coaglzng momants whzch effectn 1argely on th& stu&y._

ST Eh@ﬁher ecns;&ering the inartla couplxng Ltems or nﬂt in mathe~
Cmabical is actually how to deal wmth the nonlinear items of the dynamic -
©equations. Caloulating the" responses of the control imput  if the :

‘inertia coupling items are not considered, the method is conventional
method used the small-disturbance theory and linearization. PBut if the.
- Cinertia coupling itema are aonsldereﬁ, noniznear motian equatloﬁs are
- golved ueéd the. numerleal»method, :

2.4 Dlstarhed equationa cf hellcoyter R
‘ : Using the small-disturbance theory, the equaﬁions of %he
h@licoptﬁr disturbed motion can be obiained., Using the linear transit
of coefficient and treatmeni of reducing maﬁrlx rank, the atandarﬁ
" form of eQuaxlon is as follows‘ : _ o

(DE-A)J{ *-—BU'

5 -4



where. X ;[Avx s L!Wy pﬂvz ’ Aw.x’ A“)y; ’.sz‘ :Ab’x rﬁ(% !Aqﬁz)

E is unit matrix by 9X9

| T
U——E‘@oc 'ADGC 180 5c ’A(H" tch

As ’ Bs are coefficient ma.trix

._3. The Influence of Inertia Coupling on: Stability Roots of the _Helicopter

i

" In ordel'!%o obtain the stability roots of the helicopter, put the
matrix B to0 equal to zero, then the characteristic equation

AE - A == O is obtained and the roots of ‘the characteristic equation
‘may be aolved, as followa, 7\ {5=1, 2, «ee 9)s Because of linesization
the items I w 2 I W an d szwx are remaineder. Relating to the -

Xy 'y ¥z 2
the Toots of stability, the above three items egqual to zero when not

' gonsidering the inertia:coupling.

A sample calculation of atabillty roots for a typical helicopter

is made when hovering and forward speed f¢=- 0.2. Qonsidering the coupl-

-~ ing of the longitudinal and lateral motion at 4L= 0.2, the characters-
© . tic roots of stability are shown in table (1) From the results of cal-
.culation the conclusions may be obtamed a.s I‘ollows. _

cons_xdenn_g the inertia o not considermg the inertia
‘coupling Lo | B oouplmg
-0.607108°°  0.248408 | —0.61537E ~ o.259708%%
0.601108%°  o.248408% | -o0.615576™ -0.259708°
-o.lalsaﬁog__.--:0.20292E°1_‘ _;9.1215?E°° ?0.2039230?
“0;13158ﬁ00. ~0.202928" | —6.i2137EOO —0.2b392E0;
-0,817218™ o : | coe7206® o
o.298445° o | 0. 266455 0
0394345 0.213098%° | f0.16528E;2 0.21268E°°
03943482 ~0.213098°° ~0.1632852 -0.21265E0§
~0.253625 1 0 | ~o.1adasﬁr7 0

Table 1. The roots of stability
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(1) Regardless of the coupling of the longitudinal and lateral

"motion, the inertia coupling moments have an effect on the roots of
‘lateral stability,but have little effect on the roots of longitudinal
“gtability. The effects in hoverlng state is greater than in forward
'speed/u-—o 2. : o

: (2) con51der1ng the ﬁoupllng of 1ongitud1na1 and lateral motlon,
the inertia coupling has an effect on roots of stability more and lessz
~and the effects.in_hbwering_are_smaller_than in_forward speed 4t = 0.2,

.4..Thé Influence of ineftia Coupliné on the Response to Controlled
- Input L : E o . :

_ 'f The;contrblled inputs have three kinde,longitudinal, lateral
and yaw controlled input. If the moments of inertia coupling are not

.- considered, the responses of all controlled 1nputs may be calculated
' from the llnearlzation .equatiouss

(DE-A)xmBU T W
'where U is respectlvely as follow1ng

1ongitud1na1 control U M[O o, A@ ,' OJT
” 0,_OJfP.:_'

Cyaw fcdritroi R :[0' 7’09. 09'-7‘“(‘9. )tréJ ’

lateral - control_ U --“-_‘-[0,“‘@ ce

figel- .tne response of roll angle to 1ongitud1na1 controlled
o 1nput at.AZ—— 0.2
. Fig.2 the response of yaw angle to 1ong1tudinal controlled in
E Cinput at L= :
fig.3 . the response of pltch angle to 1ong1tudina1 controlled
N © cinput at e = 0.2
fig.4 the response of roll angle to lateral controlled input

SRR at ge=20.2
fig.5 ‘the _response of yaw angle to 1atera1 cantrolled input
cat = 0.2

© fig.6 the response of pltch angle to lateral controlled
: input at ,&g——O 2 : : :

: ' In each figure curve l - lndlcated the responaa regardless
: of inertia coupling and curve 2 is indicated the rQSponse consldering
the inertia coupllng,_'

The conclu51ons may be obtazned from the results of ﬁhe calcula—
- “tion, as follows: : :
(1) The responses of the attltude angle qﬁy of

hellcopter to the longltudlnal controlled input  are greater when

~ ‘the inertia coupling moments are considered, and they are tlme-varylng.But
~at 1 second or within 1 second moment,the responser are agreed with the
“demand of the flying quality specification of helicopter. :
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(2) The reeponeee of the correaponding attltude angles to the
_icoax1al controlled inputs are smaller than the non-coaxial controlled
“input ©.in hovering, i.e. the response of the pitch angle to the _

.1ong1tud1na1 controlled 1nput » the response of the roll:angle to the
_‘lateral conbrolled 1nput -and the response of the yaw angle to the yaw
.. -controlled lnput are smaller. But there are no' this phenomena in for-

~ward flight. It is described that the aerodynamice coupled Wlth the

1'.1nertia play an 1mportant role 1n the coupling,

_'. : (3) ALl of the responses of the aitltude angle of helicopter to
~all controlled input -at the Al== 0.2 are larger than at the hovering
- ptate. There are no same variant laws within the reeponee of the hover~

fzng state and forward fllght state, - : . _

_ (4) In general, the 1nf1uenoee ‘of the responses of inertia
'coupling moments on all the attitude angles increase the responaee ‘but
~in hovering the influence of the responses of inertia coupling on the ~ -

.d _attitude angles also have the decreased phenomena. For example, the
. response of yaw angle to the longitudinal controlled input., the

response of roll angle to the lateral controlled 1nput, and the response
of yaw angle {o yaw controlled 1nput.. N Lo - . -

- 5 The Influence of Inertla Coupllng of Hellc0pter on the Reeponee to
Dispersed Gust A . . L .

.y "].'The_total procéeses:of'pehetretingaguSt;'eteeping gust and withw :
drawing gust are considered in this paper. The model of dispersed gust

" is determined from the demand of the flying quality specification which

" has more common sense and ability specified the essential questions. The

-.dietributlon of the induced belocity over the rotor dlek are nonunlform."

: _ The model of dlspersed gust have sonie aseumptlone as follows. the
C o ogast is non—anlsotrOpic,the intensity of gust is equal in any direction
.-and it has nothlng to do with the selection of coordinabe’ syetem. The .
gust field is taken to be "frozen", The variation of the gust is very

" small, which are considered :as constant in any position later on the
© o flight veloecity. of helicopter increased to a certain value and later on
. the fllght range of helxcopter 1noreased to very longer dlstanoe.

_ Calculetlng the response of he11c0pter to the gust the analyels
‘0of helicopter may be divided three parts, rotor, fuselage #find tailrotor
" which enter to the total processes. The analysis of the rotor is the key
of the analysls of helicopter passing through the total processes. The
-expre531one of the slne—aquered model of gust ls as follows. o

(wg) és (Wg0> [1 --cos’r/cng) (a - )J (ifmi,fz._ 3
where 1 e: l; 2y 5 is 1ndloated long1tud1nal short perlod motlon, up— _
" down motion and Holland motion reepeotlvely. . :

Because the Veloclty of gust has an effect on motion equations of_o

".hellcopter only by aerodynamlc items. The 1nf1uence of the aerodynamlo
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_items on the fuselage are the attack angle and slipping angle when the
fuselage passes through the gust considered the total processes.
Comparing the gust with the head-on velocity of blade section, the ,
" primary effect of the gust on the tailrotor is the head-on velocity of
~the blade section. The component of gust is o small that the influence

of gust on the tailrotor can be neglected.

5 There are nine Varlables in dynamlc equations of hellcOpter. In
order to calculate the respongse of helicopter on gust, it is necessary
to complete three kinematic equations as followg:

_dr

L : L : .
,.; =, - myﬁg,?zcos 5’x+a)zsa.n thg 9, (9)

2,

;- :.-ruchos XX/GOS 9, -a)z;é;n Xx/cos.ﬁz (10)
{nﬁz' .
:m_- = Wysiﬁ ¥ [+ w,cos a’x | (11)

- Solving the above two sets of equations gimultaneously, the
‘dynamic responses of helicopter to gust may be obtained. The simultaneous
" equations are a set of nonlinear differential equatiouns. When calculate
the response of helicopter to gust, considering the influence of inertia
-coupling, the equations are nonlinear. But when the inertia of coupling
is not considered the equations are linear ‘equations.

The 1nf1uence of 1nert1a coupllng on the response of helicopter to
gust are studied in this paper. The frequency of Holland roll motion is
only selected as the frequency of gust and only the forward speed 4¢==0. 2
is studled. .

The results of calculation as follows:

t=1 sec - .rol; aqgle_a’x piteh angle';9z yaw angle 755
considering the ] oy - o o

- i 1.32442 . 0.74596 0.04079
inertia coupling | ’
not considering o o

‘ , 1. 37404 0.74102° 0.,02943
the inertia coupling
RS S ~

Table 2. The responges of &ttitude angles

at 1 second
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not considering congidering

the inertia coupling the inertia coupling

Bzwmax 1.39269° , = 0.688sec. | 1.4033° , t=0.T5sec.

2O 'o._76697° , I_t=0.0859rsec. 0.76697° , t=0.1075sec.

R 0.0407_90._.."1:*—.,1 sec 0.02943° , t51 sec.

Table 3. The time when the max. response of the
f_éititude angle is created respectively

N Response T . Response
_nbt'cqnéidéring inertia |  considering inertia
. coupling | ) “coupling
Cp 13,04298 X 19‘5 13.00801 x 1673
Cy 0,31153 1107 0.30984 X 1077
c, | .o..gz:i}sa' 21073 | 0.04787 x 10‘3 |
cM% | R ) -0;"02807 ‘x_ 10‘3 0.02769 x10~
CM.Y - .0.55_3599._::”10“_3. | : ' '-0,5.6605 xJ_.o"f‘.
C,. | . _6._0'}6_55 p 10“__3 C 0.,069988 10"
wx | .o.'oqozj - 0.00013
a)'.‘_), | 0.00005 - -l 0,00003
e 0,00001 0
Vx 0.2 | 0.1999
vy ] ~0.00252 ~0.00254
Ve | 0.00015 0.00013
@B 0.04342 0.03617
0("8 ' 0.7223 0.72798

Table 4. The responses of the else physical parémeters at 1 sec.
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 From the ébove tables the conclugions may be obiained as follows:

a'(l) The response of attitude angle to the gust, the max. value is the

roll angle and the min. value is the yaw angle.

(2) The max. influence of the inertia coupling on the response of atti-
tude angle to the gust is the roll angle. The min. is the yaw angle.
In general,all of the value of influences are more smaller.

(3) Considering the inertia coupling and not, the max. responses of

. attitude angles to the gust may be created non slmultaneously. But
. the two times are very nearly.

.(43 The influences of inexrtia coupling on the response ‘of lateral motion

parameters to the gust are larger than elae parameters, for example,

"Ca ﬁs,vzand Wx *

© By SyntheticICOnclusions

(1) Respect to a typical helicopter, whether considering the

inertia coupling or not the influences of the attitude angles on the
‘response to controlled jipput sare obvious, and they are time-varying.
But at 1 gecond or within 1 second moment, the responses are agreed

with the demand of the flying quality specification of helicopter.

S (2) Whether conaidefing the inertia coupling or not,in general,
the influence of coupling on the response of the gust are smaller.

Whether consider this factor or not is dépended on thel &emand of the
accuracy in engineering. :

(3) The gust respbnses are different from the 6ontrol responses.

But there are same feature which is that the influences of inertia

coupling on the responses of the laberal motion parameters are larger
than the responses of the pitch wotion parameters.

o
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