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Scaling Effects and Dynamic Characteristics
of Miniature Rotorcraft

Bernard Mettler,* Chris Dever,! and Eric Feron*
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

The dynamic characteristics of miniature rotorcraft, starting from a parameterized linear model developed for
the identification of a Yamaha R-50 helicopter (3.04-m rotor diameter), and later applied to a smaller, more agile
X-Cell .60 helicopter (1.52-m rotor diameter), are described. From this model, key flying qualities metrics are
extracted and related to physical parameters. Based on these metrics, the identified data, and fundamental Froude
and Mach scaling hypotheses, the effects of rotorcraft size on flying qualities and performance characteristics are
analyzed and scaling trends inferred. These results are used to highlight the mechanical features and flight charac-
teristics that are typical of small-scale rotorcraft, as well as to provide basic design guidelines for this class of vehicles.

Nomenclature
A = rotor disc area
Ap = blade surface area, longitudinal flapping
cross coupling
A, = longitudinal flapping stabilizer bar
Alat.lon longitudinal flapping cyclic inputs
a = main rotor longitudinal flapping angle
a, = maximum rectilinear acceleration
B, = lateral flapping cross coupling
By = lateral flapping stabilizer bar
Biaion = lateral flapping cyclic inputs
b = main rotor lateral flapping angle
Clon = stabilizer bar cyclic input
c = stabilizer bar longitudinal flapping angle
c = rotor chord
cr = thrust coefficient
Co = lift curve slope
DL = rotor disc loading
D = stabilizer bar cyclic input
d = stabilizer bar lateral flapping angle
e = rotor hinge offset
F = linear system stability matrix, Froude number
G = linear system input matrix
g = gravitational acceleration
h = height of main rotor above vehicle c.g.
I = roll axis moment of inertia
Iy = flapping moment of inertia
K, = stabilizer bar mechanical mixer gain
K,,r, = yaw rate dampings
kg = rotor effective linear spring constant
L = characteristic length
Ly = lateral flapping spring
L, = couple due to hinge offset
Ly = main rotor stiffness moment
(Ly). = effective roll damping
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T = flapping time constant

T, = rate response time constant
¢ = roll angle

¢ = maximum bank angle

Q = rotor angular velocity
Subscripts

f main rotor

m = model vehicle

P = prototype vehicle

s = stabilizer bar

Introduction

NMANNED aerial vehicles are the focus of numerous research

activities today. Miniature rotorcraft are a particularly interest-
ing subclass of such vehicles. Their compact size and ability to hover,
turn on the spot, move in various directions, and cruise similar to
fixed-wing aircraft make small-scale rotorcraft well-suited for op-
erations in challenging, dynamic environments. Candidate mission
tasks include inspection, surveillance, reconnaissance, delivery, and
even object manipulation. Through physical scaling effects, such as
increased thrust-to-inertia ratio with decreased vehicle size, small-
scale vehicles can be made far more agile than their full-scale coun-
terparts. It is, thus, possible to execute a variety of aggressive and
aerobatic maneuvers that are crucial for operation in confined or dy-
namic surroundings. In addition, compared to traditional full-scale
manned vehicles, miniature rotorcraft are fairly inexpensive, easy to
transport, and well-suited for coordination with other vehicles and
systems.

A fundamental problem in the realization of autonomous minia-
ture rotorcraft operation has been the development of automatic
flight-control and guidance systems that effectively exploit the ve-
hicle’s natural capabilities. The design of such systems is best ac-
complished when an appropriate model of the vehicle dynamics
describing key response and performance characteristics is avail-
able. This is certainly true for model-based techniques such as LQ
or H.,. Models are also essential for the analysis of the vehicle’s fly-
ing qualities and performance, both for the specification of vehicle
instrumentation and characterization of operational capabilities.

Early work in automatic control of miniature rotorcraft largely
stayed away from the modeling task and used empirically tuned
classical feedback controllers.'~ This approach was motivated by
the difficulties in both the derivation of accurate dynamic models
from scratch or the adaptation of existing, detailed full-scale he-
licopter models.* With empirically designed control systems, op-
eration typically has been limited to stationary-type flight, that is,
hover and slow-speed trajectory following. These controllers have
helped develop other essential systems for automatic flight, such as
the onboard computer, navigation systems, path planning systems,
and even computer vision systems.’

To be practical for control design and analysis purposes, a vehi-
cle model must be simple, yet accurately predict dynamic responses
in a broad range of operating conditions. Linear models are typi-
cally preferred because there are numerous effective linear control
design methodologies available. However, rotorcraft often require
multiple linear models scattered across the flight envelope, cap-
turing changes in dynamic behavior during a typical flight. More-
over, unlike fixed-wing aircraft, which are often sufficiently mod-
eled with rigid-body equations of motion,’ rotary-wing vehicles
display significant coupling effects between rotor and fuselage mo-
tions. Such effects play a critical role in defining vehicle response
in the mid- to high-frequency range® and require additional system
states to incorporate properly into the model.” However, when ro-
torcraft are modeled with standard first-principles approaches, this
quickly results in complex high-order nonlinear equations of motion
that carry an excessive level of detail, contain numerous unknown
parameters, and are often poorly suited for direct control design.
Therefore, to obtain a useful vehicle model, we seek a method
that combines basic physical principles, an understanding of ve-
hicle flight characteristics, and insight gathered from experimental
data.

The coupling of physical and system identification-based mod-
eling has proven an effective method for the generation of simple
and accurate models for full-scale manned rotorcraft. These mod-
els are typically used for flight-control design and flying qualities
(FQ) analysis.® To date, efforts in the application of such techniques
to small-scale vehicles have obtained a comparatively small share
of the results demonstrated on full-scale rotorcraft. Most studies
have focused on a subset of rotorcraft degrees of freedom, often
resulting in single-input/single-output linear transfer functions, for
example, longitudinal dynamics® or angular dynamics.'®!'" Occa-
sionally, models restricted to rigid-body dynamics were used that,
although useful for quasi-steady applications, naturally have sub-
stantially limited bandwidth!' and cannot capture high-order phys-
ical effects. Note also that all of these earlier efforts concentrated
only on hover flight conditions, and, in some cases, experiments
were performed on a mechanical rig instead of an actual flying
vehicle, 1!

In an effort to study small-scale rotorcraft dynamics and gener-
ate a useful multivariable model, established system identification
methods, including the software package CIFER,'?> were applied
first to an instrumented Yamaha R-50 miniature helicopter (667 N,
3.04-m main rotor diameter)'® and later to a smaller instrumented
X-Cell .60 helicopter (75.6 N, 1.52-m rotor diameter)'* (Fig. 1).
The CIFER process has two major parts: first, multivariable input—
output data from flight experiments are processed into frequency
responses; second, a user-provided parametric linear model is fitted
to the estimated responses by the use of nonlinear optimization.

Small-scale rotorcraft typically feature the same main rotor—tail
rotor configuration as full-scale helicopters. As such, the develop-
ment of the parameterized model was based loosely on those used
for full-scale rotorcraft identification,®!>1¢ whereas the full-scale
flight-test techniques'” were closely adapted to the remotely piloted
miniature vehicle. To help human pilots compensate for control
sensitivity increases brought on by scaling effects, small-scale ve-
hicles are typically equipped with a stabilizer bar, for example, a
Bell-Hiller system,'®!® and an active yaw rate damping system.
Because of their strong influence on vehicle dynamic behavior, it
was important to account for these stability augmentations in the
model explicitly. In addition, scaling effects and numerous minia-
ture helicopter design details also influence the way mechanical and
aerodynamic effects play into the overall vehicle dynamics. To deter-
mine which effects are most relevant for small-scale rotorcraft, the
modeling-identification process was approached iteratively, starting
with a baseline model structure!® that was later augmented with ad-
ditional states.'>?® This model refinement process was guided by
intermediate identification results, with particular insight provided
by numerical sensitivity and statistical metrics computed within the
CIFER package.
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Fig. 1 CMU’s Yamaha R-50 and MIT’s X-Cell helicopters with custom
instrumentation.



468 METTLER, DEVER, AND FERON

The resulting full-order model has 13 states (u, v, p,q, ¢, 0,
a,b,w,r,rg,c, and d) and contains a reasonable number of
parameters (around 30). The model’s multi-input/multi-output
structure means that it can be used with multivariable control de-
sign methods and that its identification takes full advantage of
all available measurements from the coupled vehicle motion. This
depth enhances the amount of information available for the identi-
fication and produces physically meaningful parameter estimates.
The model’s accuracy was validated by the use of time domain
verification methods, in which flight-test data were compared to
model-predicted responses. Although the presented model is linear,
it has been shown valid for large control deflections (up to 100%
magnitude) and large state deviations (up to maximum physical
angular rates). Its form has also been shown to be applicable to
the forward cruise flight condition without modification. Many of
the model parameters have direct physical meaning, so that iden-
tified values can be compared to laboratory measurements of ve-
hicle characteristics, for example, mass, inertia, rotor head stiff-
ness, physical dimensions, etc., which provides a validation of the
model’s physical significance. Explicit accommodation for the ro-
torcraft stability augmentations helps to better separate their effects
from the underlying bare-airframe characteristics and to obviate
their interaction with external flight-control systems.?"??> Subse-
quent application of the model structure to a smaller X-Cell .60 heli-
copter demonstrated its usefulness as a general model for miniature
rotorcraft.

When the dynamics of miniature rotorcraft are captured at two
important flight regimes (hover and forward cruise), the linear model
made possible development of more broadly descriptive nonlin-
ear models'#?3 that were used in realistic full-envelope simulation.
Also, use of both the linear and nonlinear models for control anal-
ysis allowed a method for easy implementation of multivariable
control design techniques.?? The flight performance attained with
such a control system far exceeded what was achieved with the ear-
lier decoupled control systems and enabled even advanced aerobatic
maneuvers.?*%>

Presently, the model is useful for the study of flying qualities
for miniature vehicles, a viewpoint not taken in earlier small-scale
rotorcraft research. As demonstrated in this paper, it is descriptive
of vehicles over widely ranging scales, without a need for signifi-
cant revision. Thus, by the examination of rotorcraft from a scaling
perspective, it is possible to discern the role of physical size in gov-
erning bare-airframe dynamic characteristics, FQs, controllability,
and frequency response shapes. These considerations are critical
when a flight-control system is constructed for a new vehicle design
because they will determine the required level of modeling detail,
the frequency range that should be explored during identification,
and the requisite control system complexity and instrumentation to
achieve a performance target.

This paper takes a detailed look at the influence of physical scale
on performance characteristics. The main contribution is a quantifi-
cation of scale as a parameter in vehicle dynamics and a broader
description of rotorcraft “dynamic classes,” in which a relatively
small set of physical parameters may be used to classify the agility
(or maneuverability) of a given rotorcraft. Interestingly, the derived
scaling laws, which have at their core a small set of physical quan-
tities, extend beyond the realm of small-scale rotorcraft and may
even be used to describe full-scale vehicles such as the Bell UH-1H
and Robinson R22. The scaling laws quantify the intuitive notion
that even though the Yamaha R-50 and X-Cell .60 are both con-
sidered miniature helicopters by the general aerospace community,
their dynamic characteristics are quite different and, thus, belong to
significantly different classes of vehicle. This scale-based viewpoint
of dynamics helps the engineer determine what rotorcraft classes are
most suitable for various applications and directly aids in the vehicle
design task.

The paper opens with a description of several special airframe
features of miniature rotorcraft. The parameterized linear model
follows with a summary of identification results and physical vali-
dation. A detailed application of FQs to small-scale vehicles comes
next. Finally, scaling hypotheses based on Froude and Mach consid-

erations are presented with several small- and large-scale helicopters
given as examples.

Airframe Characteristics

Small-scale helicopters, such as the Yamaha R-50 and those used
by hobby remote control (RC) pilots, are essentially reduced-size
versions of traditional full-scale rotorcraft. A main rotor is employed
to generate lift, propulsive forces, and attitude moments, and an
antitorquing tail rotor controls the vehicle’s yaw moment. The me-
chanical realization of these devices is virtually identical to their
full-scale counterparts. The tail rotor speed is mechanically driven
at a fixed multiple of the main rotor rate, which is itself regulated
to a near-constant value by an electronic governor. In addition to
these similarities with full-scale helicopters, small-scale rotorcraft
can possess the following extra features of note.

Rotor Head Design

Most small-scale rotorcraft use two-bladed rotors; like many
larger manned helicopters, the details of the rotor head design can
vary significantly from vehicle to vehicle. For example, the Yamaha
R-50 uses a trihinge head (one teetering hinge and two independent
blade flapping hinges) with elastomeric restraints (Fig. 2). In con-
trast, the X-Cell .60 uses an unhinged teetering head with harder
elastomeric restraints, resulting in a significantly stiffer rotor head.
The latter design is prevalent in miniature RC helicopters because
rotor head stiffness generally translates into agile maneuvering ca-
pabilities, whereas the R-50’s more compliant head suits its less
aggressive flight requirements. However, because these rotors pro-
duce small damping moments in comparison to larger helicopters,
both designs feature stabilizer bars for ease of pilot handling.

Stabilizer Bars

Small-scale rotorcraft are often equipped with a mechanical Bell—
Hiller stabilizer bar that effectively applies lagged rate feedback to
the two cyclic control channels. This system may be regarded as a
secondary rotor attached to the shaft either above or below the main
rotor by an unrestrained teetering hinge. The blades consist of two
aerodynamic paddles attached at the extremities of an essentially
rigid rod. Like the main rotor, the stabilizer bar receives cyclic pitch
and roll inputs from the swashplate (but no collective input, unlike
the main rotor).

The stabilizer bar itself does not produce significant forces on the
helicopter body. Instead, a mechanical mixer connects the stabilizer
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Fig. 2 X-Cell .60 and Yamaha R-50 rotor head designs showing the
main blade attachments.
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bar to the main rotor blade pitch links, augmenting the blade pitch
with a component proportional to the stabilizer bar flapping angle
(Fig. 3). During steady roll, for example, the main rotor disk will lag
behind the rotor shaft by an angle (7 + B,7,) p, instead of merely
77 p without the stabilizer bar, producing a greater damping moment
on the helicopter and, thus, making the vehicle easier to control
manually. Detailed treatment of the stabilizer bar is available in
Refs. 10, 18, and 26. A first-order stabilizer bar model, developed
for system identification, is also given in the next section.

Yaw Rate Damping

An additional stabilizing feature present in many smaller heli-
copters is yaw rate damping. As with the roll and pitch motions,
yaw moments generated by the tail rotor easily produce large angu-
lar accelerations, even for small control inputs; thus, they make the
rotorcraft hard to control manually. A proportional yaw rate feed-
back signal is, therefore, added to the pilot’s pedal input to provide
additional damping.

System Identification

The linear rotorcraft model presented here accurately predicts
responses to pilot inputs and is well-suited for control system design
and FQ studies. This section gives its state-space form and describes
the identification process used to determine its parameter values.

Parameterized State-Space Model

The parameterized model used for identification was developed
based on a hybrid rigid-body first-order tip-path-plane rotor formu-
lation employed for full-scale rotorcraft.'> Model augmentations ac-
count for the stabilizer bar and yaw rate feedback system. Through
iterative model revision coupled with system identification, we ad-
justed the structure to capture the dynamics of small-scale heli-
copters with the smallest set of physically meaningful parameters.
Mettler et al.'> describe the model’s detailed development.

Figure 4 shows the model in the state-space form

Mx = Fx + Gu ()
stabilizer bar hinge e
teetering hinge mechanical mixer Bstab,lc_

A
paddle \A,‘ 4 !
v 5 |
¢ ) ‘
| 3
i . ! Alan (61011 + K¢ )
pitch link i
cyclic command |
i main blade

AonSion feathering hinge

rotor
shaft

Fig. 3 Stabilizer bar mechanization.
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with state vector x and input vector u. The system matrix F contains
the stability derivatives; the input matrix G contains the input deriva-
tives; and the matrix M contains the rotor time constants featured
in the blade flapping equations. The actuator dynamics, not shown
in the state-space model for clarity, were accounted for during the
identification.!?

Note that in addition to standard relations for vehicle rigid-body
dynamics (states u, v, w, p, ¢, 1, ¢, and ), the model includes sim-
plified relations for the rotor, stabilizer, and active yaw damping
system. The dynamics of the coupled rotor—stabilizer system are
modeled by a pair of first-order tip-path-plane equations of motion
for both the rotor and stabilizer bar lateral and longitudinal flapping.

For example, the longitudinal main rotor flapping a is governed
by the standard tip-path-plane equation of motion, augmented to
include the stabilizer bar contribution:

tfd = —Trq —a + Ac.c+ Alon(Slon (2)
The stabilizer bar longitudinal flapping is modeled similarly, that is,
7,6 = -4 —Cc+ Ciondion (3)

The stabilizer bar is coupled to the main rotor through the derivative
A, which represents the gain K, of the mechanical mixer (cf. Fig.

3):

Ae = AnK. 4

The main rotor is coupled to the fuselage pitch dynamics through
the rotor flapping derivative M,,:

q=Maa (5)
A similar set of equations is used for the lateral rotor and stabilizer
bar flapping (states b and d, respectively) and roll dynamics. For
simplicity, the equations shown here account only for first-order
effects. Cross-coupling terms and secondary effects are visible in
the state-space equation shown in Fig. 4.

FQ studies are typically based on a lower-order model than that
given in Fig. 4. In such situations, the identified model can be ef-
fectively reduced and still account for the vehicle stability augmen-
tations, as will be shown in the subsequent FQ section.

Given a sensible model structure, the identification problem be-
comes one of choosing parameter values that reflect the particular
vehicle under study. Of course, rotorcraft combine many mechan-
ical and aerodynamic effects, and a complete direct determination
of all of the model parameters requires a wide range of experiments
and tools (dynamic balance, gyroscopes, wind tunnel, etc.). Also
note that the parameterized model is, by necessity, a simplification
of a complex nonlinear dynamic system and cannot explicitly ac-
count for every physical effect. In fact, during identification, some
state-space quantities such as speed sensitivities and input gains may
capture effects unmodeled in the structure of Fig. 4. In (fortunate)
instances when a parameter can be inferred from both system iden-
tification and direct measurement, information from the two sources
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Fig. 4 Parameterized linear state-space model for Eq. (1).



470 METTLER, DEVER, AND FERON

may be combined or simply used to validate the state-space model’s
physical significance.

Frequency Domain System Identification

The system identification of both the Yamaha R-50 and X-Cell
.60 employed the CIFER identification tool developed jointly by the
U.S. Army and NASA'"® and successfully used to analyze full-scale
rotorcraft such as the BO 105 and tilt-rotor XV-15. CIFER first trans-
forms multivariable input—output flight data into frequency response
estimates by the use of a chirp-z transform, multisignal correlation
conditioning, and composite windowing. These responses form a
nonparametric frequency domain model of the vehicle. Figures 5

and 6 show the cyclic input-to-roll and pitch body rate responses for
the R-50 and X-Cell. These curves resemble second-order systems;
the peaks arise from the lightly damped coupled rotor—fuselage
mode. The sharp phase roll-off beyond the natural frequency is due
to the presence of a pure time delay.

Although only roll and pitch response curves are shown here, ad-
ditional responses are required to account for other system inputs.
Choice of which input—output pairs to estimate is a user design
judgement (as described in Ref. 13). During the flight experiment,
each of the four input channels were individually selected and re-
peatedly excited with an increasing-frequency chirp signal, whereas
the three remaining off channels were used to maintain a reason-
ably steady operating point. All flight experiments were flown by
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Table 1 Identified Yamaha R-50 and X-Cell .60
parameters in hover

Angular dynamics

parameters X-Cell R-50 Ratio
s 0.052 0.046 (0.048)2 1.1
T, 0.22 0.34 (0.38) 0.65
Ly 320 166 (140) 1.9
M, 204 82.6 (84.2) 2.5
Ay ob —0.189 (N.A.) —
B, 0P 0.368 (N.A.) —
Ae 1.15 0.644 (0.68) 1.8
By 1.15 0.71 (0.95) 1.6
Alat ob 0.015 (N.A.) R
Alon 0.53 0.05 (N.A.) 11
Biat 0.42 0.07 (N.A.) 6.0
Bion ob —0.007 (N.A.) S
Clon 0.11 0.13 (N.A.) 0.85
Diat 0.11 0.135 (N.A.) 0.81

#Values in parentheses are analytic predictions for the R-50.
®Derivatives were set to zero.

an expert RC helicopter pilot; no closed-loop control authority was
present other than yaw rate feedback.

The second phase of the CIFER identification procedure is a
numerical search for the state-space model parameters that best
match the nonparametric frequency response estimates. Iterative al-
gorithms minimize a weighted frequency domain objective function
using a nonlinear secant search. The resulting parameter estimates
for the R-50 and X-Cell are given in Table 1. Note from Table 1
that in certain cases, we may compare a parameter’s estimate to
analytical predictions. The next section gives examples of how to
do so. Figures 5 and 6 show the match between the collected roll
and pitch frequency responses and those predicted by the identified
state-space model. The close agreement of a single model structure
for both vehicles validates its physical significance.

The final stage of the identification is time domain model valida-
tion, which is normally performed by comparison of predicted and
measured time responses to steplike pilot inputs. Results of these
validations showed that the model predicted the response to pilot
inputs with a high level of accuracy.'*'* We next look at the validity
of the model from a first principles perspective.

Experimental Validation of Key Derivatives

A number of physical parameters can be determined from direct
measurements and/or simple experiments. The following are exam-
ples of meaningful physical quantities and the techniques used to
measure them. Values obtained through this process will be used in
analytic expressions for key model derivatives:

1) Fuselage inertias indicate that rotorcraft principal moments of
inertia can be measured from a torsional pendulum test. The oscil-
lation period depends explicitly on the vehicle inertia.?’ Different
body axes may be analyzed by orientation of the vehicle appropri-
ately on the pendulum platform.

2) Rotor effective spring indicates that stiffness can be measured
from a force-deflection test.

3) Stabilizer bar gearing indicates that the ratio of main rotor
blade cyclic input contributions from the swashplate and stabilizer
bar can be determined from the geometry of the mechanical Bell-
Hiller mixer or through deflection measurements.

4) Main blade and stabilizer bar inertias indicate that flapping
inertias can usually be determined from a simple pendulum test.

Values for these and other quantities for the R-50 are given in
Table 1 (for the X-Cell, no data from the specific airframe configu-
ration flown during the flight-test experiments were available). The
next section illustrates the usefulness of these quantities in estimat-
ing some of the state-space derivatives (Fig. 4 and Table 1).

Analytic expressions for some parameters and derivatives are ob-
tainable from classical rotorcraft theory.”® Table 1 shows the com-
parison between the identified values and those predicted by ana-
lytical expressions.

Table 2 Physical parameters of the
Yamaha R-50 and X-Cell .60 (thrust T
corresponds to the hover value)

Parameters X-Cell R-50 Ratio
T,N 77 680 0.11
Lo, kg-m? 0.18 5.98 0.03
Iy, kg-m? 0.35 9.99 0.035
h,m 0.24 0.57 0.42
kg, N - m/rad 112 471 0.24
Ig, kg -m? 0.035 1.18 0.03
Yr 2 3.8 0.53
Vs 0.58 0.51 1.1
kg/Th 6.1 12 5.3
T

=
L +L ’, h 1s

Fig. 7 Primary flapping moments on fuselage around roll axis.

Flapping Derivatives

Rotor flapping produces a moment on the helicopter fuselage
due to three effects. The first contribution L; comes from the rotor
head mechanical stiffness (both teetering and flapping hinge rotor
heads may be restrained by elastomeric springs). This stiffness is
idealized as a rotor head-centered torsional spring with effective
linear spring constant kg. The second contribution L results from
the tilting of the thrust vector T at a height /2 above the helicopter
center of gravity. Finally, for hinged rotors, the centrifugal forces
acting on the two blades can produce a couple L, on the aircraft
body.? Figure 7 shows the first two of these moments for the roll
axis. Identical effects apply to the pitch axis.

If we neglect the offset moment L,, the lateral flapping spring
derivative L, will contain only the thrust vector tilt and rotor stiffness
contributions, normalized by the roll moment of inertia:

Ly = (1/1) (kg +Th) (6)

A similar expression can be derived for the longitudinal spring
derivative M,,.

The agreement between the R-50’s identified and theoretical val-
ues for L, and M, derivatives is very good. Note that for a given
helicopter, the ratio kg /T h gives a measure of the rotor head’s abil-
ity to produce a control moment beyond the nominal thrust vector-
induced moment. As shown in Table 2, this ratio for the X-Cell is
more than fivefold that of the Yamaha R-50, consistent with the rela-
tive agility of the two vehicles. Note also that the moment resulting
from head stiffness is not dependent on rotor thrust and plays an
important role in aerobatic-type flight.

Rotor and Stabilizer Bar Time Constants
The first-order time constant for an idealized teetering rotor is
given by?®

T=16/yQ (7)

The Lock number y gives the ratio of aerodynamic to inertial forces
acting on the blade and is expressed in terms of physical quantities
as

y = [peca®R* = 9]/ 15 ®)
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Fig. 8 Identified X-Cell: , lateral cyclic-to-roll rate frequency response in hover; - - - -, predicted full-order model; and - - - -, predicted
quasi-steady model.
There is usually a significant difference between the main rotor and gives the steady-state expressions
stabilizer bar Lock numbers, that is, ¥y > y;, and, thus, we expect
T, > Ty, as verified in Table 1. b= —1;p+ Byd + B0 9
The R-50’s identified and predicted values show very good agree-
ment. Given that the combined lagged rate feedback of the main rotor d = —1,p + Dibia (10)

and stabilizer bar tend to slow vehicle attitude motion, t,/7 ratios
of 4.2 and 7.4 for the X-Cell and Yamaha, respectively, demonstrate
the stabilizer bar’s significant contribution to the vehicle’s angular
damping and, thus, reduced peak angular rate.

Stabilizer Bar Gearing

The stabilizer bar gearing K. for lateral and K, for longitudinal
determines the change in main blade pitch angle produced by stabi-
lizer bar flapping [recall Fig. 3 and Eq. (4)]. To determine the value
of K. (K, should be equal), we measured the main blade pitch angle
for several stabilizer bar flapping angles and obtained the gearing
value by taking suitable ratios. The derivatives A, and B, can be ob-
tained by application of Eq. (4). Again, good agreement is obtained
for the R-50.

Angular Flying Qualities and Performance Metrics

Once its physical parameters are estimated, the state-space model
reveals basic FQs and performance metrics for the rotorcraft under
study. The FQs are relevant because they describe mathematically
the responsiveness and agility of a vehicle. Because most of the
metrics follow from a six-degree-of-freedom rigid-body model, it is
necessary to reduce the higher-order state-space to this form by the
use of steady-state approximations of the main rotor and stabilizer
bar dynamics.

Quasi-Steady Attitude Dynamics Approximation

To condense the state-space model to rigid-body form, the dy-
namic rotor and stabilizer bar states are replaced by their steady-
state values and then substituted into the angular rate equations of
motion. This approach is valid when the first-order flapping time
constant is fast compared to the vehicle rigid-body dynamics.

Given the roll channel as an example, the lateral rotor and stabi-
lizer bar flapping derivatives are set to zero, thatis, b =d =0, which

Note that all off-axes terms are discarded. Elimination of the variable
d gives

b= —(ty + Bats)p + (Bia + BaD1at)d1at an

The steady-state flapping expressions can now be inserted into the
rigid-body equations of motion to obtain the expression for the
quasi-steady roll dynamics:

p=—Ly(ts + Byts)p + Lyp(Brat + ByDiar)d1a (12)

The longitudinal channel can be treated similarly. The standard ro-
torcraft flying qualities metrics are now applicable.®%

Figures 8 and 9 show the frequency responses obtained from the
X-Cell quasi-steady model compared to the full-order identified dy-
namics. Notice that the quasi-steady model does not capture the
coupled rotor—fuselage mode and leads to mismatches in both the
magnitude and phase in the mid- to high-frequency region. How-
ever, it does predict the quasi-steady (low-frequency) rate response
accurately. For a helicopter with a high coupled rotor—fuselage nat-
ural frequency, the quasi-steady model will be accurate to first-order
up to higher frequencies.

Angular Dynamics Flying Qualities

Key roll flying qualities parameters include (longitudinal metrics
obtained similarly) the following:

1) Effective roll damping represents the damping moment pro-
duced by the rotor. Note that the stabilizer bar increases the damping
moment by an amount L, B, 7, thus, improving pilot handling:

(Lp)e = —Ly(ts + Byty) (13)

2) Control sensitivity represents the aerodynamic control mo-
ment. Note that the stabilizer bar increases the control sensitivity by
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Table 3 Lateral flying qualities parameters with and without
stabilizer bar and scaling effects based on Froude
and Mach considerations

Stabilizer bar Scaling
Parameter With Without  Froude Mach
Effective —Lyp(tf + Bats) —Lpty \/N N
roll damping, —
s
Control 4/ Lo(Buar+ BaDiw)  LypBu N o N?
sensitivity, e
‘0
Biat + By Dy B
Rate ads lat + Bd lat lat IN N
sensitivity, 7 Ty + Bats s
0
1 1
Rate response [Lp(Ty + Byt)] ™! (L;,rf)“ —_— —
time constant, s VN N

*Percentage refers to fraction of full-stick deflection.

an amount L, B, D, boosting pilot authority:
(Lﬁm)e = Ly(Bi + By Diar) (14)

3) Rate sensitivity represents the steady-state roll rate the aircraft
will attain for a given input. Defined as the ratio of control sensitivity
to effective damping. The stabilizer bar makes the vehicle more
manageable by reducing the maximum obtainable angular rate:

p(s) _ B+ BiDi
Sla($) | _p 75 + Bats

15)

4) The rate response time constant gives the timescale for angular
reactions to input steps:

tp = [Ly(ts + Byts)]™! (16)

Table 3 summarizes these FQ parameters both in the presence and
absence of the stabilizer bar. (Scaling terms are discussed in the next
section.) Figures 5 and 6 show the frequency responses estimated
from the flight-test data evaluated for rate sensitivity and phase

, longitudinal cyclic-to-pitch rate frequency response in hover; - - - -, predicted full-order model; and - - --,

bandwidth. The X-Cell has a significantly larger rate sensitivity, as
well as a faster coupled rotor—fuselage mode.

Key quantities for the angular dynamics include the following:

1) L, which governs roll moment due to lateral rotor flapping. A
stiffer rotor head will have a higher value and, hence, greater control
sensitivity but also greater damping.

2) The main rotor and stabilizer bar time constants 7, and 7,. By
design, the stabilizer bar dominates the overall rotor response.

3) Biy and Dy, indicate that lateral stick to lateral cyclic blade
pitch gearing is dictated by the main rotor’s mechanical design. Rel-
ative magnitude varies widely from vehicle to vehicle (cf. Table 1).

4) B, is the main rotor cyclic blade pitch augmentation due to sta-
bilizer bar flapping. Determined by mechanical design, the mixing
coefficient weights the main rotor and stabilizer bar time constants.

Effect of Size on Rotorcraft Dynamics

Small-scale helicopters operate in the same environment as their
full-scale counterparts, but can exhibit substantially different dy-
namic behavior. For example, the X-Cell .60 is capable of agile
aerobatic maneuvers well beyond the reach of virtually all larger
vehicles. This section qualitatively describes such variations in ro-
torcraft dynamics from a scaling viewpoint. The investigation con-
siders the application of two hypotheses: Froude and Mach scaling.
Each scaling hypothesis imposes a particular set of relations among
a vehicle’s physical parameters, most notably rotor size and speed.
Given a set of vehicle data, these scaling laws readily quantify to
what degree two vehicles may be expected to behave dynamically
similar, that is, to have response and FQs that seem to be alike,
even if the vehicles are of different sizes. Alternatively, the laws can
detect if two rotorcraft, such as the R-50 and X-Cell, will behave dif-
ferently and possess substantially different flight capabilities. Taken
a step further, the Froude and Mach scaling viewpoints describe the
scale and rotor speed-dependent variations of the following: thrust-
to-weight ratio and the translational flight envelope, rotor perfor-
mance, angular responsiveness to control inputs (and, thus, agility),
and combined rotational and translational maneuverability.

Scaling approaches have been used in other rotorcraft analysis
problems as well. For example, in Ref. 30 the authors use Froude
scaling to extrapolate full-scale dynamic and stability characteristics
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from reduced-scale models. In Ref. 31, both Froude and Mach laws
are applied to the aeroelastic scaling problem for rotary-wing vehi-
cles.

When comparing two vehicles, we will state that a model exists
at a physical scale N relative to some given prototype, meaning that
R,,=R,/N.Thus, a scale factor N denotes a helicopter 1/Nth the
size of its prototype.

Froude Models

Froude-scaled models have the quality of being dynamically sim-
ilar to some prototype system. Here, a model and prototype are said
to be dynamically similar if the relative magnitudes of their gov-
erning forces are unchanged by scale. Froude models are typically
used to study systems at reduced size and perhaps reduced cost.
Recall that in this setting, the principal rotorcraft forces are inertial,
gravitational, and aerodynamic in nature.

To find scaling rules useful in the enforcement of dynamic simi-
larity between two rotorcraft, consider the Froude number

F=V?/Lg (17)

If V is taken as the main rotor tip speed and L is taken as the main
rotor radius, then F reflects the ratio of blade lift, which is used
to produce translational accelerations and rotational moments, to
vehicle weight. Given this choice of characteristic V and L, equal
Froude numbers between two vehicles implies the following rela-
tionship between main rotor speeds:

Q,=vVNQ, (18)

When the argument is extended to vehicle timescales 7, and T,
it must hold that

T, = (1/VN)T, (19)

A summary of physical dimensions related by the Froude scaling
law is given in Table 4.

Mach Models

Clearly, all rotorcraft are not dynamically similar, and we need ad-
ditional insights to relate helicopter behavior across scale. A useful
consideration is main rotor tip speed, which places an upper limit
on a rotorcraft’s forward velocity. This restriction exists because
high translational velocities can lead to excessive airspeed on the
advancing rotor blade (and, therefore, flow compressibility) and in-
sufficient speed on the retreating rotor blade (leading to blade stall).
As such, if two vehicles at different scales have similar translational
speed envelopes, they are expected to have similar rotor tip speeds.
However, given the difference in scale, it is possible that they will
exhibit a significant dissimilarity in overall dynamic behavior.

Table 4 Froude and Mach scaling rules

Dimension Froude Mach
Length Ly=L,/N Ly=L,/N
Time constant Ty=T,//N Ty=T,/N
Speed Vin=V,/JN V=V,
Weight Wy =W, /N3 Wy =W,/N3
Moment of inertia I, =1,/N°> Ly=1,/N>
Frequency wn =wp/N wn =w,N

Consider two helicopters, with relative scale N but equal tip
speed, that is,

QyR, = QuR, (20)
Because their rotor radii follow R,, = R, /N, we must have
Q,=NQ, (21)

and also the following relation between time constants:
T, = (1/N)T, (22)

Comparing the rotor speed constraint of Eq. (18) to that of
Eq. (20), we note that vehicles with similar tip speeds (said to ex-
hibit “Mach similarity”) cannot be dynamically similar. In fact, as
the next section will show, Mach scaling represents a significant
departure from dynamic similarity and helps explain the extreme
agility of some small-scale rotorcraft.

Table 4 gives further Mach scaling rules for other physical quan-
tities, again under the assumption that the model and prototype have
equal vehicle densities and operate in equal density air.

To demonstrate the applicability of the aforementioned Froude
and Mach scaling hypotheses, consider physical data from the
Yamaha R-50 and X-Cell .60, as well as two full-scale manned
helicopters: the Bell UH-1H and Robinson R22, all of which have
two main rotor blades. Table 5 lists physical data for these rotorcraft,
including weight, rotor radius, and nominal main rotor speed. The
R-50 and X-Cell are given with both nominal (empty) and instru-
mented weights. The calculated scale ratios use the R-50 as a fixed
reference, so that larger vehicles have N < 1 and the smaller X-Cell
has N > 1.

The computed vehicle Froude numbers indicate fairly similar
blade lift to gravitational force ratios for the UH-1H, R22, and R-
50, whereas the X-Cell Froude number reveals a vehicle whose lift
forces are proportionately much larger than its weight.

Noticing that the X-Cell is indeed dynamically dissimilar from
the other sample vehicles, we instead examine the rotor tip Mach
numbers listed in Table 5. Whereas the UH-1H, R22, and R-50
have differing Mach numbers, the R-50 and X-Cell share similar
tip speeds, indicating that the Mach scaling rules of Table 4 will
help relate these vehicles’ dynamics. Next, the scaling relationships
allow certain predictions of helicopter operation, ranging from rotor
performance to angular flying qualities.

Application of the Scaling Rules

In the following, we apply the scaling rules to study vehicle size-
dependent variations in basic rotor parameters. Then, we use the
results to make predictions of rotor performance and angular flying
qualities parameters. The insight gained will make possible basic
predictions about the impact of scale on the maneuvering charac-
teristics of helicopters.

Main Rotor Parameters
The rotor thrust coefficient is defined by

cr =T/pAQR)? (23)

Using this formula, and the scaling laws of Table 4, we can de-
termine how the hover thrust coefficient will change for both

Table 5 Comparison of key physical parameters of various helicopters

Physical characteristics

Computed characteristics

Weight, Radius, Speed, Scale Froude Mach
Helicopter N m rad/s ratio N number number Tmax/ W
UH-1H 35,590 7.24 34 0.21 862 0.75 1.69
R22 5,780 4.00 53 0.38 1,134 0.63 1.66
R-50 431 1.52 89 1 1,230 0.41 1.75
CMU R-50 667 1.52 89 1 1,230 0.41 1.12
X-Cell 44.5 0.76 167 2 2,165 0.38 3.64
MIT X-Cell 75.6 0.76 167 2 2,165 0.38 2.14
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Table 6 Rotor aerodynamic parameters for different helicopters near hover

Parameter ~ UH-1H R22 R-50 CMU R-50 X-Cell MIT X-Cell
N 0.21 0.38 1 2 2

CT hover 0.0028 0.0022 0.0027 0.0041 0.0013 0.0021
DL, N/m? 210 120 91 24 42

v;, m/s 9.4 7.0 6.1 3.0 43

by 0.038 0.033 0.037 0.045 0.025 0.033
Reyip 8.8x10°  3.1x10°  9.6x10° 9.6 x 10° 5.1x 10 5.1x10°

Froude and Mach models. For the former, it follows that the
hover thrust coefficient is unchanged by scale, whereas for the
latter ¢y o< 1/N. Taking the X-Cell as a Mach scale model of
the R-50 with N =2, we indeed find that the X-Cell’s thrust
coefficient is around one-half that of the R-50 in both the in-
strumented (crr-—so =0.0041 and cr x—cen =0.0021) and empty
(c7.r-50 =0.0027 and c7 x_cen = 0.0013) cases. Also note the sim-
ilar thrust coefficient for the three Froude similar vehicles: the UH-
1H, R22, and empty R-50 (¢7,yg—1n = 0.0028, ¢ r22 =0.0022, and
CT R-50 = 00027)

Because gross vehicle weight decreases faster than rotor disc
surface area, another effect of scale is to decrease the rotor disc
loading (DL =T /A o 1/N) and also the induced inflow velocity in
hover:

vin =+/DL/2p x 1 [/N (24)

A smaller induced velocity means a smaller induced power
P; =T v;, the principal power consumption in hovering flight. The
induced power consumption decreases slightly faster than the hover
thrust (vehicle weight): T l/N3, and, thus, P; « 1/N7/2. Note,
however, that other power expenditures, such as profile drag or gear-
box friction, may be larger at smaller scale and offset this benefit.
The inverse of the induced velocity is sometimes referred to as
power loading and is the ratio of thrust produced to rotor power
consumed. As such, rotors with low disk loadings will require lower
power per unit thrust. A consequence is that small-scale helicopters
with smaller rotors will be able to carry proportionally heavier loads.
Alternatively, a smaller but similar weight vehicle will require a pro-
portionally smaller rotor.

Recall that the induced inflow ratio A; (ratio of induced velocity
to blade tip speed) for a rotor in hover is given by

Ain = in/ QR =+/cr /2 (25)

Based on scaling relationships, this ratio should remain relatively
unchanged for a Froude model, whereas for a Mach model, we obtain
Ain ¢ 1/4/N. These behaviors of inflow ratio can be observed in the
numerical data of Table 6.

Table 6 lists other rotor aerodynamic quantities for the UH-1H,
R22, R-50, and X-Cell as well. Overall, the variations among the
parameters are consistent with the scaling hypotheses. Note that the
Reynolds number, computed for flow over the blade tip, becomes
smaller with decreasing vehicle size. This effect holds under both
Froude and Mach scaling hypotheses, although the decrease oc-
curs at different rates with increasing N. (Re o< 1/N3/? for Froude
and Rex1/N for Mach.) The range of Reynolds number given
here is small enough that all vehicles operate in a turbulent flow
regime. However, if a vehicle’s size becomes too small, the blade
aerodynamic conditions may change enough to challenge the basic
assumption of a similar rotorcraft operating condition that underlies
the scaling viewpoint. An example of an analysis of a microrotary-
wing vehicle (R =7 cm and Re=2.5 x 10%), which raises small
Reynolds number issues, is given in Ref. 33.

Main Rotor Performance

An important characteristic for helicopter maneuvering is the ro-
tor thrust margin, which is the additional thrust available at a given
operating condition. Traditional helicopters have small thrust mar-
gins in hover,? typically around 5-10%. It is possible to infer some

rotor performance trends based on scaling alone. Note, however,
that performance is ultimately a function of combined rotor and
powerplant characteristics.

Mach scale models have proportionally faster rotor speeds than
Froude scale models and, thus, hover at a lower thrust coefficient.
The thrust coefficient reflects the lift loading of the rotor, that is,
how much thrust is produced per disc area and rotor tip speed. To
reflect the local lift loading of the rotor blades (with blade area A,),
consider the blade loading coefficient cr /o, given by

cr/o =[T/pAQR)N(A/A) =T [pA,(QR)*  (26)

The maximum blade loading coefficient is around 0.12 for a typical
helicopter.® If the thrust is limited by the maximum blade loading
coefficient, the maximum thrust of rotors as function of scale can
be inferred from the expression

Tnax = (€1/0)max P A(QR)? @7

This relation gives a maximum thrust that scales as T < 1/N 3
for a Froude model and as Ty, o 1/N? for a Mach model. When
divided by the vehicle weight W oc 1/N3, it follows that Froude
models have a similar maximum thrust-to-weight ratio, consistent
with the notion of dynamic similarity. However, for a Mach model,
there is an increasing maximum thrust-to-weight: (T /W ). X N.
The flight-test identification experiments presented earlier in-
clude heave acceleration frequency responses to collective input
(Fig. 10). From these responses, the maximum thrust-to-weight ra-
tio in hover flight can be estimated. To compute the steady-state
maximum acceleration, take the response values at 1 rad/s, which
are a, max =21 m/s? and @, e = 11 m/s? for the X-Cell and R-50,
respectively. The maximum thrust-to-weight is obtained from

Tmax/W = maz.max/mg = az,max/g (28)

which gives peak thrust-to-weight values of 2.1 and 1.1 for the X-
Cell and R-50, respectively. Note that the ratio of these numbers
agrees with the scaling predictions of a Mach-scaled model. The
calculated maximum blade loading coefficient (¢7 /0 )max derived
from these data is 0.1 and 0.09 for Carnegie Mellon University’s
(CMU’s) R-50 and Massachusetts Institute of Technology’s (MIT’s)
X-Cell, respectively.

To further illustrate the effect of scale on the maximum hover
thrust-to-weight ratio (7 /W )max, consider Fig. 11, which shows
(T /W )may for the sample vehicles, as well as the (T'/ W ), curves
corresponding to the Froude and Mach scaling effects. For the
empty R-50, R22, and UH-1H, where no experimental data were
available, (T /W )max Was computed with CMU’s maximum blade
loading coefficient, and the corresponding MIT X-Cell value was
applied to the empty X-Cell. (Numerical thrust-to-weight data are
listed in Table 5.) The R-50, R22, and UH-1H helicopters all lie
along a line of similar 7/ W. Note that these values were computed
for the empty weights; operational weights would reduce values
closer to the CMU’s R-50, in agreement with the 5-10% thrust
margin. Both X-Cells relate well to the R-50s through the Mach
scaling-parameterized T /W curve. Note the extremely high value
[(T /W )max = 3.64] obtained for the X-Cell, in agreement with the
remarkable maneuverability of this vehicle. For completeness, a
curve for yet another set of scaling rules based on constant rotor
speed (£2,, = 2,,) is given.
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Table 7 Flying qualities parameters for R-50 and X-Cell based on identification results, with and
without stabilizer bar, as well as expected ratios predicted by both Froude
and Mach scaling considerations

With stabilizer Without stabilizer Ratio Scaling ratio
Parameter R-50 X-Cell R-50 X-Cell w/ stabilizer Froude Mach
Effective —48 -98 —7.6 —-17 2.0 1.4 2
1
roll damping, —
s
Control 27.5 175 115 134 6.4 2 4
... rad/ s2
sensitivity, %
0
Rate 0.58 1.8 1.5 8.1 3.1 1.4 2
... rad/s
sensitivity,
Rate response ’ 0.021 0.010 0.13 0.06 0.48 0.7 0.5

time constant, s
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Fig. 10 Identified collective cyclic to heave acceleration frequency responses in hover for R-50 and X-Cell helicopters.
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Fig. 11 Estimated maximum thrust-to-weight ratio near hover for different full-scale and model-scale helicopters based on CMU’s R-50 blade loading
coefficient. Helicopters arranged in function of size relative to the R-50. The effect of scale on the thrust-to-weight ratio resulting from different rotor

speed scaling rules is also shown: , Froude; - - - -, Mach; and

The mentioned earlier, lower hover inflow ratio trends have a di-
rect implication on the amount of heave damping and the maximum
vertical velocity wp,,, whose value is a function of the rotor tip
speed?:

4
Wmax = _§QR®O (29)
Hence, Froude models should exhibit a slight decrease in maxi-
mum vertical velocity, that is, Wy, & 1/4/N, whereas Mach models
should exhibit a similar maximum climb velocity, consistent with
the initial notion of Mach scaling.

Angular Flying Qualities

To complete the analysis of scale-dependent performance capa-
bilities, we now look at the effect of vehicle size on the angular
FQ parameters presented earlier. The effects can be inferred di-
rectly from the relationships between time constant and scale factor
[Egs. (19) and (22) for the Froude and Mach models, respectively].
This deduction is possible because the FQs listed in Table 3 have

, constant rotor speed.

units derived only from timescale, angle, and input magnitude, the
latter two of which are independent of rotorcraft size.

The expressions in Table 3 show that when a Froude-scaled
smaller helicopter (increasing N) is considered, control sensitiv-
ity increases proportionally to scale factor, rate sensitivity increases
as the square root of the scale factor, and rate response time con-
stant decreases inversely as the square root of scale (an increase in
bandwidth by a factor ./N). Each of these effects make a small-
scale helicopter more agile and responsive, but also more difficult
to control manually; this explains the necessity of the stabilizer bar
for effective piloted operation. Note the even more dramatic effects
associated with Mach scaling.

For computer controlled operations, the stabilizer bar is not re-
quired, and the added agility resulting from scaling may represent an
operational advantage. If desired, the effect of the stabilizer bar can
be obtained by the use of a simple feedback loop like that already
implemented for yaw damping.

Given the identified state-space model parameters of Table 1,
FQ values for the R-50 and X-Cell are readily computed (Table 7).
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Quantities are calculated for the vehicles with and without the sta-
bilizer bar. The latter set of numbers are, of course, extrapolations
because the identification data were never collected without stability
augmentation. By comparison of the computed FQ ratios to those
predicted by scaling, it again seems that the R-50 and X-Cell are
better related by Mach scaling than by dynamic similarity. Note
also the stabilizer bar’s significant “taming” effect on effective roll
damping and rate sensitivities.

Maneuvering and Flight Operations

Simple level-flight maneuvers illustrate the combined effect of
scaling and design on flight operations. Consider first the steady
mid-to-long-duration coordinated turn and rectilinear acceleration,
which give indications of scale-dependent geometrical characteris-
tics. Also, short-duration side-step-type maneuvers are important in
rotorcraft operation and emphasize angular agility.

At a given speed, the minimum turn radius is determined by the
maximum thrust-to-weight ratio L. We can employ the maximum
vertical acceleration a. m,x used in Eq. (27) to calculate an approxi-
mate value, that is, L ~ a; max/g = 1.1 for CMU’s R-50 and L~2.1
for MIT’s X-Cell. Note that the identified hover values represent
conservative estimates because in forward flight, more thrust can
be generated due to the decrease in rotor-induced inflow velocity.”
These values result in maximum bank angles ¢ of about 25 deg
for CMU’s R-50 and 62 deg for MIT’s X-Cell. The minimum turn
radius is then approximated by

Prmin ~ v /L siné (30)

Evaluation of this expression for v =35 m/s (altitude 15 m/s) gives
Pmin = 1.4 m (altitude 12 m) for MIT’s X-Cell, and 5.6 m (altitude
50 m) for CMU’s R-50. The R-50 would, therefore, take about four
times more space than the X-Cell to execute a 180-deg turn, which
at faster speeds can mean a serious operational handicap.

The maximum rectilinear acceleration can also be estimated from
these values. Specifically, a, = L sin ¢ = 1.89¢ and 0.5¢ for the in-
strumented X-Cell and R-50, respectively. In terms of rectilinear
motion, the X-Cell exceeds the gravitational acceleration in all three
dimensions, which makes it possible to virtually cancel the effect
of gravity. From earlier scaling considerations for the maximum
thrust, together with pitching/rolling kinematics, it follows that for
a Mach model, a, and a, oc N. Simple constant-acceleration kine-
matics show that the time to achieve some absolute velocity change
scales as 1/N, and the time to achieve a given displacement (at
constant acceleration) is proportional to 1/./N . For a Froude scale
model, there is no variation with scale.

Small displacement corrections in the form of side steps can be
used in hover flight to reposition a rotorcraft, or in cruise flight to
correct a cross-track error. For these short-term maneuvers, angular
agility is the dominant effect. The earlier stated observation that
angular acceleration per unit cyclic control input varies as N2 for
Mach models and as N for Froude models means that the time
required to achieve some angular change in the thrust vector varies
as 1/N for Mach models and as 1/,/N for Froude models. Given
the foregoing rectilinear relations, it follows that combined angular—
translational maneuvers should be 1/N faster for Mach models and
no more than 1/,/N faster for Froude models.

When large rectilinear acceleration is combined with high angular
sensitivity in small-scale rotorcraft like the X-Cell, fast yet compact
maneuvers can be executed, and quick redirections of the thrust
vector and, thus, rapid changes in the flight direction, can be ob-
tained. Moreover, with specially designed rotors, inverted flight can
be achieved fairly easily. These characteristics result in capabilities
unseen in typical manned helicopters.

Conclusions

This paper described the dynamics of miniature rotorcraft from
the perspectives of physical modeling and identification, flying qual-
ities, and scaling. An identified linear model captures the key dy-
namic characteristics of helicopters with a relatively small set of

parameters, many of which can be numerically verified with labo-
ratory measurements, validating the model’s physical significance.
The model structure is general enough to describe both hover and
cruise flight conditions for two differently sized miniature rotorcraft
and allows easy evaluation of several important flying qualities met-
rics.

These flying qualities provide simple measures of vehicle perfor-
mance, describing the fundamental dynamic capabilities of a given
rotorcraft. For example, input response timescales and control sen-
sitivities based on angular dynamics give basic metrics of vehicle
agility and provide a link between physical design variables and per-
formance characteristics. Also, the flying qualities make clear the
beneficial effects of stabilizer bar mechanisms on open-loop pilot
controllability.

In addition, physical scale has been introduced as a parameter for
describing rotorcraft dynamics across a wide range of vehicle sizes.
A series of simple relationships based on two fundamental scal-
ing hypotheses helped quantify the intuitive notion that small-sized
rotorcraft tend to be more agile and responsive than their larger-
scaled counterparts. The scale-based viewpoint predicts trends in
flying qualities, rotor performance, and vehicle maneuverability,
providing specific references for vehicle design and control system
requirements. From this perspective, we see that when conceiving a
small-scale rotorcraft based on some larger prototype, the engineer-
ing design space expands rapidly with decreasing length scale. The
faster response characteristics brought on by reduced size allow the
engineer to choose a vehicle design ranging from agile Mach-scaled
behavior on one hand to slower Froude characteristics on the other,
as well as any desired behavior in between. Finally, miniature ro-
torcraft, with their overall faster dynamics, will set more stringent
bandwidth requirements on various hardware and computing com-
ponents.
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