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Influence of Nonlinear Blade Damping
on Helicopter Ground Resonance Instability

D.M. Tang* and E.H. Dowell}
Duke University, Durham, North Carolina

The lagging motion of each helicopter blade is assumed to be of equal amplitude and equally apportioned
phase, thus allowing a simplified analytical method to be used to calculate the ground resonance instability of a
helicopter model with nonlinear dampers in both the landing gear and blades. The geometrical nonlinearities of
the blade lag motion and the influence of initial disturbances on ground resonance instability are also discussed.
Finally an experiment is carried out using a helicopter scale model. The experimental data agree well with

analysis.
Nomenclature
d =slope, see Fig. 1b, 1/s
H,h, = geometrical lengths of the model, see Fig. 1a, in.
I =mass moment of inertia of blade relative to drag
hinge, 1b-in.-s
Jod, =mass moments of inertia of fuselage about X
and Z axes, respectively, through A, Ib-in.-s
gy =average mass moment of inertia of fuselage,
(J,+J,)/2, 1b-in.-s
KK, =spring coefficients of fuselage at landing gear,
Ib/in.
L = distance from the axis of rotation center to drag

hinge center, in.

my,.,m;,,  =nondimensional hydraulic damping coefficients
in landing gear

my,my, =dry friction damping coefficients in landing
gear, 1/s

my =mass of the blade, 1b-s-in.

my =damping moment coefficient, see Fig. 1b

Mg, =dry friction damping coefficient in blade
damper, 1/s

N =number of blades

n, = equivalent viscous damping coefficient of blade,
1/s

n,,n, =equivalent viscous damping coefficients of
fuselage, 1/s

P = frequency parameter, 2 -\, Hz

PP, =natural frequencies of fuselage, Hz

R =blade radius, in.

S = static mass moment relative to drag hinge, Ib-s.

t, T =time, s

0,0, =angular motions of fuselage about X and Z
axes, respectively

r0:90 =angular amplitudes of fuselage about X and Z
axes, respectively

Vi =azimuthal angle, deg

EL6 =angular deflection and amplitude, respectively,

of kth blade; £,=3SHE,/2J,, see Eq. (T)

vy =nondimensional blade parameter, vV LS/

Q =rotor speed, Hz

g =nondimensional hydraulic damping coefficient
in blade damper; &=2J,¢/3SH, see Eq. (7)
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b0, =phase difference of £, with respect to 0,, for
hydraulic and dry friction damping in the blade,
respectively, rad
2 = phase difference of 8, with respect to 6,, rad
A = oscillation frequency of the fuselage, Hz

€1,€0,€3 =nondimensional parameter of mass moment of
inertia, e, =382H?/2Jyl, e;=J,/J,, and e;=
Jo/J,, respectively

Superscripts

(") =d/d¢

) =d/dr

Introduction

ROUND resonance is a potentially destructive instability

that can occur in helicopters with fully articulated or soft
in-plane rotors. The nonlinear dynamics of a helicopter model
with nonlinear dampers in the landing gear have been analyzed
and discussed in a previous work.! See Refs. 1 and 2 for a
discussion of related work and earlier literature. The practical
design of a helicopter requires sufficient damping in both the
blades and landing gear to prevent this type of instability. In
some cases, the use of a nonlinear damper in the blades can
eliminate the need for damping in the landing gear, such that
the damping provided by a conventional skid gear will be
sufficient.

Addition of nonlinear damping in the blades complicates
the equations of blade lagging motion by introducing periodic
coefficients. The well-known Coleman transformation,? often
used in a linear rotor system, does not apply to the present
case. Tongue? has provided an iterative method to deal with
the nonlinearity in the rotor system which is also used here.

In the present paper, the lagging motion of each blade is
assumed be of equal amplitude and equally apportioned
phase, thus allowing a simplified analytical method to be used.
Numerical simulations that do not invoke this assumption in-
dicate that it and the simplified method are satisfactory for
hydraulic resistance, dry friction, or a combination of hy-
draulic and linear force-velocity damping characteristics.

In addition to including damping nonlinearities in both the
fuselage and blades, also considered is the influence of in-
cluding all second-order terms in the rotor system on the
ground resonance instability. Another interesting question
considered is: How large must the initial disturbance be to in-
duce unstable motion if the blades have dry friction damping
and the disturbance acts only on the fuselage?

Lastly, a discussion of an experimental investigation carried
out on a helicopter model is presented; see Ref. 4 for a com-
plete description. Generally good agreement between theoret-
ical and experimental results is found.
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Simplified Method of Nonlinear Analysis

A sketch of the helicopter model is shown in Fig. la. The
damping characteristics assumed is that the nondimensional
blade damping moment m, is approximately proportional to
the angular velocity squared of the blade lagging motion
(hydraulic), is a dry friction damping moment #2, or a com-
bined quadratic-linear damping moment m;, see Fig. 1b.
These are represented as follows:

my =0k & My = M gpSigné,

my =, 1§, 1; Ex<vmy/o
=d(§,—~my/o)+my;  E>Nmg/o

The equations of motion for the system that includes both a
nonlinear landing gear damper and a nonlinear blade damper
can be represented as follow:!2

. . SH
Ep+2n,E, +m;+ 328, =

- (6, simy, — b cosyy) 6))

. +2n,0,+m, 0,161 +m,signd, + P20,

H.

Sy [ e :
5 E[<sk—msk)sin¢k+znskcos¢k] @
x k=1

0, +2n,0,+m,0,16,1 +m,signd, + P29,

HS T o ,
M [ TR 3
z k=1

where i=1, 2, or 3.

In order to solve nonlinear equations with periodic coeffi-
cients in the rotor system, a simplifying assumption is adopted
herein. Verification of this assumption by numerical simula-
tion solutions of Egs. (1-3) is discussed more fully in Ref 5.
Only a brief discussion will be given subsequently.

It is assumed that one can express £, as

£k=éosin[(9—)\)t+% k+d>0] 4)

Let
0. =0,,cosNt 5)

and
.=0_,c0s (N —,) (6)

The next step will be to construct a describing function ap-
proximation for the damper characteristics of the blades:

8g 21k
— £2(Q —)\)2 _
m; =£5(Q—N) 37 cos[(Q ANit+ N +¢0}
4 2
m2=mdecos[(Q—)\)t+——jl\r]-li+<b]]
2 4 3 1
m; =—7;—{02(2)(Q —\)2 [—3—— - cosb, +——é—cos(300)]
d .
+ 2mycosf, + T[w —260, —sin(20,)1£,(Q — )\)}

where

0y =sin"Vmy/o£3(Q—N)?
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As an example, take m; =m,, and a final simplified formula
is obtained. For m; =m, and m; =m, a similar treatment can
be carried out.

Substitute Eq. (4) into Eq. (1), multiply the new equation by
siny,, sum these equations, and note the following trigono-
metric identities:

N N N
E sinycosy, =0, Z sin?y, =——
k=1 k=1 2

Substitute Egs. (5) and (6) into Egs. (2) and (3), then con-
sider a describing function approximation for the damper
characteristics of the fuselage as

. 4

signf, = ———sin\¢
T

o 8 )

0,101 = ——— 602)\2sinkt
37

L 4 .

signf, = ———sin(A\—¢_)
T

L 8 s

0,161 = v 02N sin(N\t—¢,)

Using the harmonic balance method, six simultaneous
nonlinear algebraic equations are derived to determine the
quantities £, &, 0,9, 0., 8, and \. For a detailed derivation,
see Ref. 5. The final equations can be expressed as follows:

3 _ 8
R0 — PV, — (2an+ £P— ¢

- 1
)y

T

X (f0+0,)=0

- - 86 \ - 1 -
302 - PYE + (anP+£0P2 I )EC—TEI)\ZGZC=O

(=N + P +eNE. =0
~ 8 2 L 4 2
2n,N8 +~§th)\ 9x0+‘;r"mdx—62)\ £,=0
2 7AY) 8 24
(—X\ +Pz)n9u+ (2)’12)\+§th>\ 07,0
4 JU ~
+—mdz/0z())6zs _63)\225 =0
T
) ~ 8 -
(—)\ +Pz)075"—‘ (2”2)\+§th)\ 07,0

4 o .
+dez/ez0)6zc + E3¢2£c =0 @)

where

0~x0 = 0x0’ 6z0 = 0?.0

E.=Ejcospy, £ =Fising,, £o=VEI+E?

0, =0,4c080,, O,=0,sinp,, 0,=V02 +6%

Numerical Solution Procedure and Results
The approximate solution method outlined in the previous
section will now be demonstrated on a helicopter model with
only one-degree-of-freedom fuselage motion.
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Fig. 1a Test model.

m m
2 3
m

Fig. 1b Damping characteristics of blade damper.

In Egs. (7), the §,; and §,. will be eliminated, and the first
four equations will remain. From the third equation of Egs.
(7), there is the relationship

E.=— (=N + P2 o/eN?

Substituting for £, into the remaining equations, three
simultaneous nonlinear algebraic equations are derived for
determining the quantities 8,4, A, and £..

The Broyden method® was used to solve the preceding
simultaneous equations. In summary, we chose an initial guess
of 0,40, €50, and Ay, and used an iterative process to satisfy the
following equations:

S0, £ =0
fz(gwa ES’ )\)20
S0, £ N =0

To test the validity of the calculation results, numerical
simulation integrations of the nonlinear equations of motion
were performed; see the Appendix for details. The limit cycle
amplitudes and oscillation frequencies found from the
numerical integrations agreed well with the results of the
preceding approximate procedure.

Figure 2 shows the limit cycle behavior for several nonlinear
damping levels in the blades. The following model parameters
are used for this example: n,=0.03067, n,=0.0315,
P =1.03, m,, =0.5, my, =0, ¢, =0.244, ¢, = 1. From the fig-
ure it is found that the maximum limit cycle amplitude occurs
near the critical rotor speed?® of the linear system. The curves
have a shape similar to the figure without nonlinear blade
damping, i.e., =0, but the response amplitude decreases as

J. AIRCRAFT

A5¢
40+

351

Oxo
o
=]

T

s

—L ]
228 240 25¢

Fig. 2 Limit cycle amplitude vs rotor speed for various nonlinear
blade damping levels.
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Fig. 3 Limit cycle amplitude vs rotor speed for =1, m,, =0.

the nonlinear damping increases, and the instability region
becomes narrower. Physically, the action of nonlinear blade
damping is to increase the stability margin of the system, as
well as to increase the equivalent nonlinear damping in the
landing gear, but the addition of a nonlinear damper in the
blades does not produce a qualitative difference.

Figure 3 shows the limit cycle behavior for given §=1.0 and
the nonlinear dampers in the landing gear removed. As com-
pared with Fig. 2, it is found that a sufficient nonlinear damp-
ing level in the blades also can suppress the ground resonance
instability or reduce the limit cycle amplitude response in the
instability region. However the effectiveness of nonlinear
blade damping is not as high as that of the nonlinear damping
in the landing gear. In order to achieve the same stability
margin, a higher nonlinear blade damping level is required.

Figure 4 shows the comparison of the simplified method
and the numerical integration results for &= 0.4. Satisfactory
agreement between the two methods is noted.

Figure 5 shows that the blades’ motions tend to steady limit
cycles when the rotor speed falls inside the unstable region at a
rotor speed of 1.78 Hz. Some typical characteristics are found
from these time histories.

1) At a given rotor speed, the limit cycle amplitude of in-
dividual blades is approximately identical.

2) When the motion of the blades tends to a limit cycle, the
phase difference of response between two neighboring blades
is nearly equal to 2#/3.

In this paper, particular attention is also given to the full
nonlinear equations in the case of g=1 in the Appendix. In
addition to damper nonlinearities, the geometrical
nonlinearities of the blade motion are included in the general
equations when g = 1. For g =0, these term are neglected. For
the more complete nonlinear equations, thus far no one has
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proposed a simplified method of solution. Here, in order to
compare with the above simplified method and observe
unstable phenomena in the case of large blade lag motion, a
numerical integration is used to solve the full nonlinear equa-
tions for g=1 (see the Appendix). Figures 6 and 7 were ob-
tained using g = 1; all other results were for g=0.

Figure 6 shows the fuselage motion phase plane plots for
various nonlinear blade damping levels at a rotor speed of 1.78
Hz. Figure 6a shows the phase plane plot without nonlinear
damping in the blades. The fuselage motion becomes quite
complex, the periodicity of the motion vanishes, and aperiodic
(random-like) motion appears to occur. In addition to the
main harmonic frequency component A\, which is nearly equal
to the natural frequency of the fuselage, many noninteger har-
monic components appear in the frequency spectrum, see Fig.
7, such as frequencies Q, 2Q — A, 2Q, 2@+ A, .... Moreover, the
broadband frequency response, which occurs between the two
dominant peak frequency components, suggests that the mo-
tion is chaotic. However, it is found that the lag motion angle
is so large when this phenomenon occurs, that it makes its
practical possibility doubtful. In fact, for an actual helicopter,
this type of motion is unlikely to be observed, because the
maximum allowable lag angle in the usual blade configuration
is limited, or the blade tip has touched the ground due to large
fuselage roll motion. As the nonlinear blade damping level in-
creases, the fuselage roll motion approaches to a limit cycle,
i.e., the random-like motion gradually tends to periodic mo-
tion, as shown in Fig. 6b. Moreover, the present solution for
g =1 leads to the same results as those predicted by Eq. (1) for
¢ =0. The reason is that as the damping level increases, the lag
motion amplitude decreases, and the terms of second-order
lag motion can be neglected. In our model instability experi-
ment, random-like motion has never been found because the
maximum allowable lag angle in the helicopter test model is
equal to +20 deg.

Experimental Tests and Results

The experimental model used in the present study is a
substantially modified version of that originally designed by
Richard Bielawa of Rensselaer Polytechnic Institute, Troy,
NY, for his work on ground resonance. The instrumentation
and model configuration are the same as in Ref. 1. The model
analyzed and tested in this paper is called the A-model.
However, in the A-model, three nonlinear blade dampers are
substituted for the linear dampers which were used in the
study of Ref. 1. .

The following test device was used to measure force
characteristics. An electric motor with stepless variable speed
provides a vibration source, and drives a cam that can
generate a sine wave. The desired amplitude is obtained using
the lever principle. A piezoelectric force transducer is mounted
on the end of the damper piston. The output force signal is
analyzed by a frequency spectral analyzer, HP3582A.
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Fig. 4 Comparison between results from numerical integration and
simplified method for 6=0.4, m;, =0.5.
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Figure 8 shows the velocity-force characteristic of the
damper at two different fixed amplitudes. The curve indicates
approximately three kinds of damping characteristics. In the
very low region of velocity, the curve seems to be a straight
line parallel to the horizontal axis (the values could not be
measured accurately). It appears that there is a dry friction
resistance in the damper caused by the rubber O-ring. In the
region of velocity lower than 2.9 in.-s, the curve appears to
have a quadratic characteristic. From the test, it is found that
the force wave shape has a significant second-order harmonic
component. In the higher region of velocity, the curve appears
linear. The force wave shape is very nearly sinusoidal. Because
the maximum lag motion angle is equal to =+ 20 deg in the pres-
ent scale model, the practical work region of the damper falls
inside the quadratic limits when the unstable motion occurs.
In the theoretical analysis used for comparison with experi-
ment, the first two portions of the entire damper characteristic
curve were modeled.
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Fig. 5 Time history of blade motion for Q=1.78 Hz.
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Fig. 6 Phase plane plot of fuselage motion for tweo different non-
linear blade damping levels for m=0.5, a) §=0, b) ¢=0.4.
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Fig. 8 Force vs velocity blade damper characteristic.
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Fig. 9 Comparison of limit cycle behavior between calculation and
test for amplitude vs rotor speed.
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Fig. 10 Phase plane plot of fuselage motion from test for 2=1.78
Hz.
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Fig. 11 Comparison between prediction and test under initial distur-
bance 6,(0) =0.25; a) prediction, b) test.

A stability test was accomplished by slowly varying the
rotor speed until an instability was observed under a suffi-
ciently large external disturbance. The signals are recorded
simultaneously on a tape recorder. The limit cycle behavior,
phase plane plots, and frequency spectrographs are analyzed
by an HP3582A and plotted by an X-Y recorder.

Figure 9 shows the comparison between prediction and tests
for the limit cycle behavior; the agreement is good. Figure 10
shows a phase plane plot of the measured fuselage motion.
Although some higher-order harmonic components are in-
cluded in the nearly elliptical curve, the steady-state limit cycle
amplitude is very clear.

Figures 11-13 show the comparisons between prediction
(Figs. 11a, 12a, and 13a) and test (Figs. 11b, 12b, and 13b)
when different disturbances act on the fuselage at a rotor
speed of 1.78 Hz. Although there are some quantitative dif-
ferences, the general features of the test are well predicted by
the calculation. However, when the initial disturbance is
6, (0)=0.3, the analytical and experimental results are shown
to be opposite to each other, see Fig. 12. These differences
mainly come from the quantitative error in the determination
of dry friction damping in the blade damper and in the pin
joint between the blades and the hub, because the dynamic dry
friction damping coefficient could not be measured suffi-
ciently accurately in the authors’ test. The sensitivity to initial
condition is primarily a result of dry friction damping.
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Fig. 12 Comparison between prediction and test under initial distur-
bance 6 (0)=0.3; a) prediction, b) test.

Conclusions

1) The addition of a nonlinear hydraulic damper to the
blades leads to a reduced response amplitude and an increased
stability margin if there is a ground resonance instability.
However, its action does not produce qualitatively different
behavior from that of the nonlinear landing gear-linear blade
configuration.! For some landing gear configurations, such as
a conventional skid gear which is not able to provide sufficient
damping to protect against ground resonance instability, the
use of a nonlinear hydraulic blade damper may be quite
beneficial. However this type of damper has a history of poor

service life due to leakage and wear, and needs frequent-

maintenance.

2) The addition of dry friction damping to the blades is also
advantageous. In some articulated helicopters, having only a
dry friction damper in each blade is sufficient to avoid ground
resonance instability.

3) The simplified theoretical method presented herein has
been verified by numerical time-integration solutions. The
satisfactory agreement between the results of the simplified
method and numerical integration shows that the former
method may be effective in evaluating the stability boundary
and limit cycle amplitude of helicopters with nonlinear damp-
ing in both the blades and landing gear. Moreover, the
theoretical results are in generally good agreement with the ex-
periments reported herein.
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Fig. 13 Comparison between prediction and test under initial distur-
bance 8,(0) = 0.35; a) prediction, b) test.

Appendix: Determination of Limit Cycle Behavior
by Numerical Time Integration

The full nonlinear equations of motion corresponding to the
A-model including dry friction and hydraulic damping in the
blades are!»?:

Ei+2n,, + ot | Ex V4 mgsigné, + V2L,
SH .. .
= O+ &) (A1)

b, +2n0,+m,6.16 |+P20,

HS & . . .
= Y LEsin@e+£0) + (R+£)2cos(e +£0)] (A2)
X k=1
where
Yy =0+ 27k /3
Let
, dg, , _k_dg 0 = 2 = M
=P, ;=P E=Pogo 9550 T
. om, J, Hs: -

= = , €y =
P *THSm,, 1

. _ - My - &
S, =siny,, C,=cosy,, d=eo, My = P by=—"
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If all terms greater than second order are neglected, the non-
dimensional equations are

Er+ 20,8 + (g, , 563 )signE] + v302E, = .07 1S, + geci i ]

(A3)
3
0r+6,16,1+2A,0,+0,= Y, [Si(£7—02E,)
+2C,08)] +qe Y, [ —20S,£1E,
k=1
+C (ErE — Va2 EL + £12)] (A4)

where g =0 or 1is a value to be chosen as discussed in the main
text.
A vector of unknowns is defined as

Equations (A3) and (A4) can be rewritten compactly as a
matrix equation of fourth order.

[M]{Z}={B)} (AS)

The mass matrix M is expressed as

1 0 0 —eoR,

0 1 0 —eyR,
(M] =

0 0 1 —e()R3

~R, —R, —Ry, 1

{B} = — (g, + &£ )signé| + v 02E,
— (g, + 0E3)signés + v3Q2E,
— (g, + 5E;Y)signé] + 302 E;
— 0101 —2n,6.—8,
3 3 L
= Y (026,85, —20£,C,) +ge Y, (—29E,.E(S,
k=1 k=1

~BPEC+EPC)

J. AIRCRAFT

where

R, =S, +qeC.&,, k=1,2,3

Decoupling Eq. (A5) and defining y =z, the standard form
for a set of first-order initial-value differential equations is
obtained,

y()y=F(y) and y(1)=y,

that is,
{y)=[M]~'(B) (A6)

The fourth-order’ Runge-Kutta method was used to solve
the above equations and obtain limit cycle amplitudes through
a phase plane plot.
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