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ABSTRACT

In the past few years a number of studies have provided
accurate flight test data for the control response of single
rotor helicopters over a wide frequency range. These measured
responses have been compared to theory in a number of studies.
Various differences between theory and experiment appear in all
of these studies. This paper examines some of these differences,
provides a quantitative explanation of one prominent difference,
associated with the contribution of the lag degree of freedom,
and suggests areas for further investigation. The discussion is
directed towards articulated rotor helicopters. Flight test data
from the UH-60, CH-53 and AH-64 helicopters, much of it taken for
express purpose of evaluating the control response, and
correlation with theory, as well as the use of parameter
identification methods, 1is considered. Results for flight
conditions near hover are emphasized.

INTRODUCTION

A large number of studies have appeared in the past few
years directed towards solving the difficult problem of modelling
the response of single rotor helicopters to control inputs over a
reasonably large frequency range,as necessary for the design of
modern automatic flight control systems. For many years,with the
technology available, it was satisfactory to use for design a
model which was reasonably accurate over the range of frequencies
which included the quasi-static body modes. While the possible
importance of the flapping dynamics to automatic flight control
system design has been recognized for some years [1l] it has only
received increased attention relatively recently [2,3]. For
many early helicopter designs the influence of the flapping
dynamics' could be largely viewed as a cascaded problem, i.e., a
rapid rotor plane response followed by a slower fuselage
response, more recent helicopter designs with 1larger hinge
offset, or hingeless blades exhibit a faster body response and
consequently modes which involve coupling between flapping and
body motion [4,5]. The roll response of many contemporary
helicopters shows a distinctly second order nature due to this
coupling. Much more recently it has been recognized that the lag
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coriolus and aerodynamic terms but the coupling is largely one
way. Thus the lag frequency is largely determined by the 1lag
equation alone. The reduction of the physics for articulated
rotors based on the nature of the interaction makes the
discrepancy between theory and experiment more surprising since
we are dealing presumably with a relatively simple one degree of
freedom systemn.

Figure 2 shows a frequency response for the UH-60, comparing

the difference between various theories and experiment. The
notch due to the lag motion dynamics occurs in the 15-20 rad/sec
frequency band. This figure is taken from [8], which examines

among other things the effect of various dynamic inflow models on
the response.Examination of this figure, as well as others in
this paper, indicates little effect of the various dynamic inflow
models on the theoretical frequency at which this notch occurs,
also supporting the argument given above that this discrepancy is
primarily associated with the lag degree of freedom, and its
proper description. To emphasize the nature of this
disagreement, Figure 3 presents other results. Some of the data
from Figure 2 is shown on an expanded scale, compared with other
theory [11]. Another data set is shown, for a CH-53, along with
comparison to theory [9], very similar to that for the UH-60
[11]. The only explanation offered in the literature is found in
[9] where a fictitious, powerful lag spring is added. Recall
that this notch 1is 1located at the regressing lag frequency,
consequently increasing the lag stiffness, which increases the
lag frequency in the rotating frame will lower the regressing lag
frequency. This spring does not exist in the aircraft.

Consider further the CH-53 comparison between theory and
experiment related to the lag degree of freedom [9,10]. The
characteristics of the mechanical lag damper of this aircraft
have been measured experimentally in two ways, through bench
tests, and directly in flight test. The experimental results
from these two different experiments agree very well and also
show that the damper characteristic is reasonably linear for the
amplitudes of interest here, and that the spring effect of the
damper is quite small and gives a negligible contribution to the
lag frequency, as shown in detail in [10]. Thus the lag damper
characteristics may be considered known.

Consider now the rigid blade lag dynamics as predicted by
the blade geometric and inertial properties and the experimental
lag damper characteristics. The calculated rigid lag dynamics in
the rotating frame are shown in Figure 4. The very high level of
damping produced by the damper can be noted. This model gives a
lag natural frequency of about .32 per rev., where the notch in
the flight test data corresponds to a rotating lag frequency of
about .42 per rev. Thus a very powerful spring of unknown origin
would be required to explain this discrepancy [9]. Consider the
effect of the damper. It clearly applies a powerful moment to
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the root of the blade, indicating that it would be desirable to
consider the effects of blade flexibility. An approach, using
assumed modes was formulated. The flexible blade is modelled by
hinged plus cantilever modes so that the root boundary condition
provided by the damper is satisfied. This approach was first
examined in the non rotating case, by comparison to the exact
solution for a uniform bean. In the rotating case a  well
converged solution 1is obtained using two cantilever and two
hinged modes. Figure 5 shows the effect of adding damping using
the lag model with flexible modes. The lowest mode increases in
frequency with increasing damping, i.e., the trend shown in
Figure 4 obtained from the rigid model is reversed. Using the
experimental value of lag damping, the natural frequency of

this lowest mode is about .42 per rev., very close to the value
that gives very good for agreement with experiment in the fixed
frame.

Roll Rate Response (Hover)

The UH-60 time response to a lateral control input has been
compared to different theories in [8, 12, and 19], with the roll
rate response showing quite reasonable agreement with experiment.
Although, in [8], it was found that modifying the form of the
dynamic inflow theory of [22] gave better agreement with test
data, while in [12] very good agreement is shown using the theory
of [22]. 1In [19], the theory of [22] is used, and the first peak
in the response is predicted quite well. These results are
shown in Figures 6, 7, and 8. Figures 6 and 8 illustrates very
clearly the influence of dynamic inflow on the response. Also
comparison of the 12 state (quasi-static model) with the 27 state
model shows the second order nature of the response. The case
referred to as Howlett has no harmonic inflow components. The
"rigid wake" model gives the strongest effect of the inflow,
which corresponds to the largest value of the roll damping, and
consequently the smallest peak roll rate. See also Figure 9 for
the effect of the inflow model on the frequency response.

Similar comparisons for the AH-64 are shown in [17,18]. The
measured flight test response is compared to two theories. Theory
B does use the dynamic inflow theory of [22], and it is not
completely clear what theory T uses for dynamic inflow, given the
discussion on pg. 1239 of [18]. Response comparisons are shown
in Figures 10 and 11. Generally these theories underestimate
the measured roll response for the AH-64, compared to the UH-60
where the tendency of the theory 1is to over estimate the
response. As a last comparison between theory and experiment
the frequency response comparison from [18] is shown. Agreement
between experiment and theory are much less clear in this case.

It can be seen that proper modelling of the harmonic
components of the dynamic inflow is an important factor in
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calculating the control response of helicopters. Model rotor
experiments have identified dynamic inflow characteristics
[23,24] that show very good agreement with theory [22]. The use
of flight data for identification has been 1less successful

[7,20]. The results obtained in both of these studies are very
different from the theoretical results of [22]. The result
obtained in [7] assuming a quasi-static inflow is quite
reasonable. However, in the dynamic case the inflow time

constant has been selected at a rather unrealistic value in the
identification process, resulting in a dynamic inflow model
considerably at variance with the theory and experimental results
of [22,23,24]. This 1is also true of the results obtained by
parameter identification given in [20]. In interpreting these
results in terms of the theory of [22] it is important to note
the distinctions between the form of the theory used in parameter
identification and the form of the theory in [22]. This is
illustrated in Figure 13. Table I compares the theoretical
values of the inflow time constant and gain with those found by
identification in [7,20].

The most difficult difference to explain is the off axis
response, which in all cases considered above, results in a
theoretical prediction that is basically in sign to experiment.
It is interesting to note that there is a very strong similarity
between the off axis response of the AH-64 and the UH-60.

CONCLUSIONS

1. For articulated rotor helicopters with strong lag dampers,
blade flexibility must be included to properly model the
contribution of the 1lag motion the helicopter frequency
response.

2. Dynamic inflow plays a significant role in the prediction of
on axis roll and pitch response of helicopters. Attempts to
identify harmonic inflow characteristics from full scale
tests have not been very successful.

3 Off axis response characteristics of single rotor
helicopters are not understood.
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TABLE I:

DYNAMIC INFLOW CHARACTERISTICS
THEORY AND IDENTIFICATION

THEORY (UH-60) IDENTIFICATION (AH-64)
[22] (RIGID) (Q-S)
T « 07 .14 1.33 0 *
sec
K « 50 1.0 2+33 .54 -.56
nd
REF [12,19] [8] [20] [7]
"o
*Constrained ——— = 1.724 sec.
1l + KI
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