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Control of a hybrid helicopter with wings

C. De Wagtetand E.J.J. Smelr
Delft University of Technology, Kluyverweg 1, 2629HS Delfte Netherlands

ABSTRACT vehicle to hover while the wings and rotor design enable effi-
cient fast forward flight.

This work investigates the design parameters and
consequences in the control of a helicopter rotor
combined with a pair of fixed wings. This hy-
brid vehicle has a light and aerodynamically effi-
cient rotor that can achieve large pitch angles to
allow forward flight. Because of the light stiff
rotor and heavy wings, the hybrid vehicle ex-
hibits couplings between the roll and pitch axes
during hover flight. The rotor-wing interaction
depends on a lot of parameters. In this paper,
we utilize a simplified theoretic model and sim-
ulations in order to gain insight in the effect of
these parameters on the vehicle dynamics. Fi-
nally, a controller is designed that compensates
undesired coupling between pitch and roll.

1 INTRODUCTION

Rotorcraft dynamics have been well studied for many
years[1, 2, 3, 4] with work ranging from rotorcraft modeling
[5, 6], simulation [7], over matching measurement data with
models [8], to the blade optimization in function of vibrais
[9]. Figure 1: Novel hybrid Unmanned Air Vehicle featuring a

The design of controllers for conventional helicopters iscyclic controlled rotor with wing.
well understood [10][11].

For less conventional designs like hinge-less low inertia
rotors or high inertia fuselages, the design choices anttaion The rotor blade design in the case of this vehicle is a com-
prob]ems are more Comp|ex_ Some studies into the fuse|ag@.r0mise between efficient hover and efficient forward ﬂlght
rotor interaction and fuselage ground interaction havatide ~This means the rotor is significantly different from rotoess
fied resonance problems [12]. in conventional helicopters. It is relatively small, liglstiff

On the scale of small unmanned helicopters, models werand it has a high lift coefficient. During forward flight the
used to identify which parameters affect the performanag [1 'PMis reduced and pitch angle increased to generate propul-
and to reduce vibrations or noise [14]. Recent work presentgion efficiently. The wings which act as fuselage are large an

a comprehensive non-linear model of a miniature unmannegystems are distributed over the entire wing, giving it gear
helicopter [6]. moment of inertia.

1.1 Heli-Wing Hybrid These properties significantly affect the way the conven-

The approach of using a model to identify parameters imlional heli_copter rotor _behaves during _hover. On the other
portant for the performance can also be applied to a vehicilBand, during forward flight, the propulsion gyroscopic effe
such as a heli-wing hybrid. But when designing hybrid vehi-i$ much larger than usual, which also has an influence on the
cles different parameters are important. vehicle’s dynamics.

The subject of this paper is the design and control of a  |n order to find an acceptable compromise between the
conventional cyclic and collective pitch controlled romm  dynamics in hover and forward flight, a mathematical model
top of a fixed wing shaped heavy fuselage. Figure 1 showg created in Section 2. Design parameters are varied in Sec-
the vehicle in semi transitioned attitude. The rotor all#hes  tion 3. Section 4 investigates the interaction betweenrroto

*Email address: ¢.dewagter@tudelft.nl and fuselage and in Section 5 the model is used to gain in-
tEmail address: e.j.j.smeur@tudelft.nl sight in the flight test results of hovering flight.
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Figure 2: Hover and forward flight.

2 ROTOR MODEL

element then becomes: while the vertical speed of the blade
elementV,, is a function of the flapping ratér. The path an-
glev is the arc tangent df, andV,, while ¢ is the feathering
angle of the blade and is set with collective and cyclic pitch

commands.
— wr
= )=(5)

Since we are mainly interested in the lateral control prop-
erties, we will neglect collective pitch, meaning that theill
be no induced velocity; and the angle of attack of a blade
elementisy = 0 + v, and for small angles = 3/w. The lift
on a blade element becomes:

Va

v (1)

0L = g(wr)cha - cor 2

To explore the design options and their consequences, a in which ¢, is the lift coefficient andy the air density.
helicopter model is derived mathematically. Figure 3 Hlus The Lock Numbery = pei, cR*/I is substituted withl be-

trates the basic rotor model [1]. The flapping anglis mea-
sured around the spring hindé. The rotor radius is? and
it is spinning with a ratev. The inputs are deflections of the
swash-plate around the bodyaxisé, andY axisd,. A pos-

itive inputo,. increases the pitch of the blade as it passes over

theY axis.

w

Figure 3: Simplified Rigid Rotor Model.

Figure 4: Angle of attack on a rotor section.

ing the inertia of the rotor [1]. The radiusis made non-
dimensionless as = r/R which yields:

27 3\ 1
6L:7w— (9—5)-5962-63:

The centrifugal forcém - r cos(3) - w? and the aerody-
namic force’ L on a blade element together with the méss
of the blade element yield the following moment equation at
the hinge:

®)

/6L-r—/6m-w2-rcos(6)-rsin(ﬁ) :/r-ém 4)

0L is expressed in function @ in Equation 3.6m can
be expressed in function of a length ugit using the rotor
densityppiaqe @and it’s cross sectiof.;oss_section -

The hinge spring moment is given &5 - 5. When lin-
earizing Equation 4, filling the lift force from Equation 3dan
integrating over a uniform rotor, the differential equatid]
for flapping around a fixed hinge is obtained:

B Tup+ @+ )8 = Lu2(0) (5)

Equation 5 relates the inertia of the rotor, the aerodynamic
damping, the centrifugal and spring forces to the excitatio
In simulation the rotor is defined as a finite number of sestion
and integral in Equation 4 is replaced by a summation over all
segments.

The excitation using feathering andlés periodic and a
function of the control inputs, andJ,

The forces acting on a blade element and the correspond-
ing angles are illustrated in Figure 4. The model negleas th
lagging angle of the rotor blade. The velocity of the blade

0 = §, sin(wt) + 0 cos(wt) (6)
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the deflections reduced, but also the direction flapping —
in other words the rotor plane rotation — is affected.
Figure 7 shows the results for a rotor system with a stiff
spring (highK). In this case the anglg¢ or in other words
% - ) the phase difference betweénand 3, is reduced frond0
axis of rotation degrees to below0 degrees for a springd which reduces
the flapping angleg roughly by half.

Fy

IN

Figure 5: Applied forceF, on a spinning rotor and corre-
sponding axis of rotation at angfe For non spinning bodies
& is zero as a moment in th€ axis will produce a rotation in

the X axis. For pure gyroscopé€ss 90 degrees.

N

flapping / feathering [deg]
)

3 DESIGN VARIATION 20
The derived model is analyzed in simulation. To gain in-
sight into the design choices, several variables in the inode 0 2 4 6 8

that can be tuned in real life are varied over a range. rotor-rotations ]

3.1 Hinged Rotor
Figure 6 shows the results for a rotor wikh= 0. Param-
eters for the model can be found in Section Appendix A:. A

deflections, of 4 degrees is applied. After a few rotatidns )
the rotor plane is tilted. 3.3 Design Parameters

The deflections has a phase lag &0 degrees with the From Equation 5 it can be found that the dynamics of the
perturbatiord as is expected in gyroscopégSee Figure ref-  rotor are affected by its rotation rate Lock Numbery and
figure:Advance) is equal 0 degrees. The cyclic deflection spring stiffness with respect to rotor inerfig/ /.

Figure 7: Blade dynamics based on cyclic deflection with sig-
nificant spring stiffnesé.

in pitch decreases the feathering angl@henever the rotor For a given amount of lift, théock Numbery can only
blade is at the right position of theclockwise spinning rotor, ~ be altered by changing the rotor weight and will influence the
to yield a rotor-plane inclination backward. speed of the response. High valuedtan even change the
direction of the actuator.
4 AT 4 ROTOR HEAD AND FUSELAGE
5l g ] 4.1 Rotor Head Model

Since the previous sections have shown the importance of
the hinge spring, the model of the actual rotor is investigat
further. Figure 8 shows a cross section of the helicopterrot
head used in the platform from Figure 1. It consists of an
aluminum head block on a main rotor shaft. The shaft holding
both blades is only connected to the hub via rubber o-rings.
. : A close up can be seen in Figure 13.

2 4 6 8 Modeling the bending of all parts of the rotor is complex.

rotor-rotations [rev] The exact bending of the feathering shaft, the blade grids an

the blade itself contain a large number of parameters. Model

Figure 6: Blade dynamics based on cyclic deflection withing how the force is transferred from the rotor system to the

zero spring stiffnes&. main rotor shaft is much easier as it only involves the rubber
o-ring stiffnessk,_,,, and their locatior,_,;,, as illus-

32 Stiff Rotor trated in Figure 9. For one.blade the moment from the rotor
on the rotor shaft becomes:

When the stiffness of the springj is increased, the dy-
namics of the rotor are significantly affected. Not only is

'
N

flapping / feathering [deg]
o

A
o

Mrotor—shaft = Azo—ring . Ko—ring . lo—ring (7)

1The number of rotations depends on theck Numbery or in other ]
words the damping to weight ratio. with
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Figure 8: Actual Rotor Hub Simplified Schematics.
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‘_’ Iblade Figure 10: Rotor dynamics in function of fuselage imposed
motion. Left K = 0, right K # 0.

@ It is interesting to note that a pure imposed pitch motion
. i will generate moments in both/, and A/, directions. The
Figure 9: Simplified Rotor Hub. fuselage applies a moment to the rotor to make it pitch up, but
the gyroscopic reaction of the rotor on that pitching motsn
a rolling motion. This yields a roll moment from the rotor on

A (Mrcyyn. 4 (@ - leg)?m) 8 the fuselage in return.
Fo-ring = lo—ring (8) This is of particular importance in the case of a partially
42 Constrained rotor-shaft moti constrained fuselage. For instance, upon landing of the ve-
' onstrained rotor-shatt motion hicle from Figure 1 with a roll angle, one tip will touch the

When the rotor shaft is rotated in pitch or roll to simulateground first, yielding a constrained roll rate imposed on the
a fuselage change in attitude, the rotor plane is followivg t otor. As shown in Figure 10, this results in significant pitc
fuselage motion. Figure 10 depicts the simulation resiilés 0 moments imposed back from the rotor on the fuselage, which
10 degree pitch up of the fuselage and main rotor shaft in th@an cause undesired pitch motions caused by imposed roll
case of a pure hinged rotor witli = 0 and in the case of a motions.
bending rotor with/d 110N-2€r0. . . Similarly, in forward flight, a pitching moment from the

In the case of a fully hinged rotor, the rotor disc still track fixed wing and its elevons will cause an undesired yawing
the motion of the rotor-shaft, as the feathering angle of th oment from the rotor back on the fuselage.
blade remains parallel to the rotor shaft through the swash-

plate dynamics. When neglecting the blade grip push-rodg , .o fuselage dynamics
and swash-plate forces, the moment from rotor to rotor shaft
is zero. To simulate the free fuselage dynamics, the fuselage is
On the other hand, whenever a moment can be transferrégodeled as four point loads of a quarter of the total mass.
from the rotor to the rotor-shaft, it can be seen that theivgla  The fuselage is symmetric around theandY” axis but the

blade flapping angle,;,;; creates momenta/, and M,  dimensions are not equal.
with a frequency ofw, or two times the rotor frequency. The distance from the real center of gravity to each point
load in thex direction isl,, and in they directionl,,.
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Assuming no aerodynamic forces on the wing duri £ g
hover, no yaw rate and small angles, the fuselage rates 1§ ~§‘ -6
obtained through integration of the rotor shaft moments. = .15 o - - b
. q q
M, -2 -10
Dfuselage = / —dt (11) 0 10 20 30 0 10 20 30
0 Ioa rotor-rotations rotor-rotations
t M . . N
Qfusclage = / I_ydt (12)  Figure 1_2: Th_e mﬂuence_of fugelage inertia on a free body.
o lyy Three simulations of an identical rotor with identical non-

zero stiffness and different inertia distribution of thedlage.

5 CONTROL CONSIDERATIONS

The derived models were applied to the rotor design ond roll with a 90 degree phase difference. Using an onboard
the hybrid rotor-wing vehicle depicted in Figure 1. Its ligh logging on an SD card, all turn rates and control deflections
carbon rotor, mounted on a stiff conventional rotor headhwit were logged. This data was used to model the angular accel-
high lift coefficient rotor blade airfoils — parameters g eration in pitch and roll using the inpufs andd,, the rates
Section Appendix A: — is not behaving like a conventionalin roll and pitch and an offse? = 1. The model is shown in
helicopter anymore. Equations 13 and 14, wheyfg and f, are linear functions of

To validate the model, real flight tests were performed. Athe parameters.
governor was programmed to yield a constant rpm, to remove

extra variables from the problem. Figure 14 shows the rpm P = fp(O,0z,0y,p,q) (13)
is kept constant as soon as the vehicle takes off. The flight
controller used is the paparazzi autopilot project [15, 16] -
The vehicle can be flown with a simple proportional con- 0= 1a(0, 0z, 0y, 1,4) (14)
troller that controls the vehicle’s angular rates. The atigd From the first data-set, it was discovered that the control

this controller are cyclic commands, which are mapped to thenapping was incorrect, a&s ands,, both caused aroll as well
three servos that control the swash-plate. The feedback was a pitch acceleration. This was expected to cause some of
initially done with a 90 degree offset, such that roll feecba the problems, which is why a second test flight was conducted
was applied taj, and pitch feedback té,. ¢, produces a using the correct control mapping.
moment in the pitch axis and}, produces a moment in the Figure 15 shows the angular acceleration in roll and pitch
roll axis. Due to gyroscopic precession this then produoes aalong with the best fit of,,() and f,() for this second flight
angular rate in the correct axis. This method of control iyve [17]. All signals were filtered with a second order filter with
common for helicopters [1]. a cutoff frequency of 15 rad/s. The plot is taken duringpa
For the vehicle in question, this controller did not pro- degree step in roll. From the figure it can be seen that the
vide control without couplings. Inputs of the pilot resadlte model fit is very accurate for this part of the flight. However,
in rates in a different axis than intended and on top of that at is also clear from the figure that the transient wobble was
transient 'wobble’, where the vehicle oscillates in botttipi  still present. This is attributed to the effect of the rate on
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Figure 13: Close up of the rotor head of the hybrid winged he-
licopter vehicle. The swash-plate has 3 servoratdegrees

from each other. Collective pitch has much greater reaah thaFigure 15: Fitting control inputs and body rates to body ac-
conventional helicopters and the blades have more twist teelerations. In blue the filtered angular acceleration and i

allow efficient forward flight. red the best model fit.

2000 Coefficient I fq

Co -2.4661| -2.8847

= Cs, 0.0032 | -0.0044
2 1000} Cs, 0.0011 | 0.0073
; Cp -0.5703| 7.4479
Cy -3.4308| -3.4487
%OO 460 560 6(I)0 700 Table 1: Identified parameters.

time [s]

Figure 14: Test Flight RPM.
C(;% Cs
C(;mq Cs

v

G = (16)

Yq

angular acceleration in the other axis. The coefficients tha
were found using the data shown in Figure 15 are shown in
Table 1. in order to gradually enable the compensation of angular ac-
Note the coefficients fof', andC,. They state that aroll ~celeration due to rates. Test flights showed that a valuesof 0.

rate causes a pitch acceleration and vice verse. This miglgives better results than a value of 1. This may be caused by
well explain the observed wobble. Therefore, in order to re-actuator dynamics, as a control moment can not be instantly
move the wobble, the angular acceleration due to the rategenerated when a rate is measured. More research is neces-
needs to be canceled by a control input. The linear controllesary to better explain whix,. = 1 still gives a wobble.

And K, is a value between 0 and K. was introduced

is revised to: Figure 17 shows the measured angular rates of the vehicle
during some pitch maneuvers in the first part of the flight and
some roll maneuvers in the second part of the flight. The rates
[ Oz } — ! [ Kpperr +qCq; Ke (15)  werefiltered with a second order filter with a cutoff frequgnc
Oy KoGerr +pCp; Ke of 25 rad/s. From this figure it can be seen that no wobble is

present, and the motion in roll and pitch is uncoupled. Com-
Wherep.rr andg.rr are the difference between the pilot pare this to Figure 16, whet€. = 0 results in clear coupling
command and the actual rates of the vehicle, and between roll and pitch.
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Figure 16: Flight withK. = 0.
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Figure 17: Flight withK'. = 0.5. [10]

6 CONCLUSION

When designing hybrids between conventional cyclic
controlled helicopters and fixed wings, it is crucial to urde [11]
stand the interactions between rotor and wing in order to op-
timize the design.

Lock Numberand rotor hinge spring stiffness where
shown to influence the speed and even direction of the contrét-2]
effectiveness.

Non-homogeneous inertia of the fuselage and fuselage-
rotor interactions add non-symmetrical coupling betwénen t [13]
pitch and roll axes. Compensation for gyroscopic effects wa
needed in the controller to remove this coupling.
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APPENDIX A: DATA
Parameters of the model are supplied below:

Variable | Value Unit
R 51 cm
Te.g. 30 cm
m 55 gram
Ctip 3.0 cm
Croot 5.7 cm
Cl, 2 cm
K ’8 Nm/rad

Table 2: Blade parameters.

Variable | Value | Unit

C.G.wi . m _ .
5 g 182 m Variable | Value | Unit
JC.G-wing . .
Maying 0.95 kg Muyeight 730 gram
Mtotal 3.9 kg Tweight 41 cm
- Tdeflect 41 cm
Table 3: Fuselage parameters. Az 17 mm

Table 4: Central Rotor Block Spring Mounts.

To asses the stiffness of the central rotor block rubbers,
a setup was created using a dummy weight to measure the
increase in deflection as shown in Figure 18 with parameters
from Table 4.

K

Ztip

Mapeight
Tweight g

>
>

Tdeflect

Figure 18: Stiffness measuring.
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