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ABSTRACT:

The growing interest of rotary wing UAVSs, for nailif and civilian applications, has encouraged desig to
consider miniaturized configurations, more effi¢ciemterms of endurance, payload capability and earerability.
The purpose of this paper is to study a new cordigan of coaxial rotor as applied to a micro adrizehicle (MAV)
with the intention to guarantee the vehicle maneahiéty while removing unnecessary control surfaeehich would
increase wind gust sensitivity. Coaxial rotor cgufiations maximize the available rotor disk surfaecel allow for
torque cancelation. Tilting rotors may allow foretkrehicle control.

1. INTRODUCTION

Miniaturizing MAVs requires satisfying stringent ssaconstraints as well as simple mechanisms wrichbe
downscaled. Because it cancel the resulting toequkbtakes full advantage of the available diskasgf coaxial
configurations have attracted the designers attentithin the MAV community (A.P.K. Hall et al. [L]Instead of
resorting to swashplate cyclic pitch mechanismscividre fragile and difficult to miniaturize, theepent study
investigate tilting rotors as a control mode. Tiueptial benefit from that kind of control is totged of any
unnecessary control surface which would make thecle more sensitive to crosswinds. Eventually, tiltang
mechanism shall be replaced by electroactive palymseuators instead of the present servos. Theeprgmmper
aims at studying a modified version of a convergi@ounter rotating coaxial rotor in which rotorayrbe tilted in
order to create drift forces and moments potegtiaiable for maneuverability. In the presented qiypte, the
direction of the thrust of the two rotors can beinected by tilting propellers laterally and longitnally. A
theoretical model of the mechanism has been desdldyased on a mechanical model which includes $prce
moments and gyroscopic effects induced by the ingtgtarts (Fig. 1, left). A simple coaxial modeledto G.
Leishman [2,3] has been implemented in order toaacfor both mechanical and aerodynamic effeatsddition
to the theoretical approach, an experimental seagpbeen developed. It is based on 5-componentdma(&ig. 1,
right) holding the coaxial system from above. Hoe present study only quasi-static measurements haen
done. That configuration allows evaluating the ésr@and moments created by the many combinatiomspat
parameters of the system. In this case, we alsdumbra vibration analysis system in parallel camfagion rotors.
The experimental system has 6 inputs (Double acmhrol of the two rotors, and rotational speedtiadrof the
two motors) and 12 outputs (2 forces Fy / Fz, ues Mx / My / Mz, the rotational speeds of the twtors the
voltage and current of the two motors, pressuretangperature). The rotors are regulated by a spestioller,
and the rotors incidence is controlled via fouveatotors, calibrated to +/- 0.1 °.

The methodology consists of several steps, Perfacen@f each rotor at zero incidence, Interactiorthef two
rotors, zero incidence, Influence of static tiltors system at null iso-torque, Stress analysishen case of
movement in tandem rotors (not shown in this ajichnd Influence of the tilt rotor dynamics (temgdacontrol
law) system to at null iso-torque, gyroscopic efeanalysis (not shown in this article).

Preliminary results have provided the motor spesisesponding to a vanishing global torque, andsgess the
influence of the interaction rotors on the ovesgiétem performance. As a second step, it was stiostrit was
possible to use the tilt rotors to generate foara$ moments to operate the system in flight. Thal fpaper will
include a side-by-side comparison between the #tieaf model and experimental data. In this fiesadibility
study will limit ourselves to a study of the modelthout flight, allowing to analyze and understatite
mechanisms of the tilt rotors.



2. MODELING

In this section we perform a kinematic analysishef mechanism, in order to understand, analyzecangbare the
experimental results obtained. This mechanism tmesservomotorsKig. 1 (b)) for independently controlling the
lateral and longitudinal tilt of the two rotors. &lwo external servomotors control the longitudiiiihg and the
two internal actuators control the lateral tilting. this preliminary study, the mechanism is ateatho a five
component balance to measure forces induced hythgon and tilting of the rotors.
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(a) Model (b) Prototype

(a) Longitudinal Tilt (b) Lateral Tilt

Figure 1. Control mechanism

based on pivoting rotors Figure 2. Coordinates systems

of the Upper and Lower rotor

In what follows we will present the equations of thynamics of such a mechanism. To detail thisyaiglwe first
define the following coordinates systerfsg, 2):

* Ry = (Xg, Yg Zg) is linked to the coordinate of the balance meagugiobal efforts.
o Ry =Wy Yy Zy) and R, = (X,,Y;, Z;) are linked to the Upper and Lower rotors (Fig) 2Gd 2(b)).

The positions of the rotors relative to the refeefi; are determined by means of the passage matjcesd
C,, parameterized by the longitudinal and laterlilangles, respectivelyy, | etfy, .

2.1 Thrustsof rotors

Rotating propellers produces thrugts,andT;, classically modeled by, = Cl,.w% andT, = Cl,.w?, where the
coefficientsCl; and Cl;, , specified axial thrust which depends mainly oa ¢frometry of the blades and the air
density and withw; andw;, are the rotational speeds of the propellers. Wdmnparing with experiment, this
model was robust in the case of a single propelierour case the propellers being strong interactib was
necessary to bring a more complex formulation o tgpe: Ty (wy, w;) = Tyo(wy) + Ty (wy, w,) and
T (wy, wp) = To(wy) + Ty (wy, w), whereTy, andT;,, are the propellers thrust off interaction, dhd,;; and
Ty, differences thrust resulting from the interactiprespectively, of the upper on the lower and foare the
upper. The propellers thrust off interaction, aredeled by :Tyo(wy) = aly,. wé + ct wy and Tp(w,) =
al;. w? + ct.w,. The coefficientsd, c¥ al, c}] are constants dependent on type of propellerjraridsic to each
propeller. These coefficients are determinate bisten each propeller independently. The differémdbrust from
mutual interactions is not so easy to model. Indhge of the experiment presented in this paperatiess to the
intrinsic measure of each propeller interaction waspossible. We therefore used a test bench asune in the
same flow condition, the efforts of individual legs. This bench has allowed us, firstly, to measuirensic
performance of each propeller, but also to mouatpttopellers in the same configurations of inteoac(T able 2).
This interpolation allows us to determine the deefhts ¥, c¥ a}, c}] by the method of least squares. This
interpolates values as:

al, = 8.50 1078 N/(tr. min)? c¥ = —1.69 10~° N/(tr.min)

al; = 9.62 1078 N/(tr.min)? ¢} = —1.83 1075 N/(tr.min)
Then we can measure the efforts of the two propeifethe same conditions as for the prototypeudised later in
this study. The difference being that we can evalttze efforts of the two propellers. Thus it isgible to estimate
the interaction term%,_,;; andTy_,,. We can see that the differences due to the muttelaction are relatively
low. It may be noted that the interaction is twoywia fact, it was expected that the upper rotéernacts strongly
with the lower rotor, but these results show ttt lower rotor also affects the behavior of the arptor. A
second remark can be made on the form of the ttteraterms. We see that these two terms depenthpty on



the speed of rotation of the upper raigy. In order to model the effort to analyze the bétwaef the machine, we
choose to represent the mutual efforts by thevieiig model:

ol 2 4l w2 .l 1
Toy(wy, wp) = agy. w§ + it wy + aift. wf + *. w;, + af. wy. w;,

— L 2 1 ul 2 ul ul
Tys(wy, wy) = apy. i + et wy + aff. wf + ¢ wy, + aly. wy. wy,

As previously, by the method of least squares, are @etermine the coefficients. Both thruggsandT, can be
expressed iy andR;, coordinatesTHY = [0,0,Ty]t andT** = [0,0,T.]%. To find their expressions in the
coordinate system related to the balafiggjust use the passage maitixandCg : FpXE = C,. TRV + C,. TR

2.2 Torquesof rotors

When the blades rotate they undergo drag produommies,Q, andQ; are opposed to the rotational speed of the
propellersQiV =[0,0,Qy]t andQf* =[0,0,—0Q,]¢. In general, a modeling of these couples, the tgpe=
Cty.w? andQ, = Ct,.w?, is well suited for an isolated propeller, or fhe same reasons as above, we used a
model of the typeQy(wy, w,) = Quo(wy) + Qry(wy, w) andQ, (wy, w,) = Qo(wy) + Quor(Wy, w, ), With,
Quo and Q,,, the propellers torque off interaction, a@g., and Qy_,,, differences torque resulting from the
interactions, respectively, of the upper on thedoand lower on the upper. The propellers torqéientéraction,
are modeled by :Quo(wy) = di.wé + fit.wy and Qu(w,) = di.w? + fL.w,. The coefficients
[d¥, f¥ dl f!] are constants dependent on type of propellerjraridsic to each propeller. These coefficients are
determinate by tests on each propeller independemtie difference in torque from mutual interactois
determined, as before, by measurements on anatseibench. This interpolation allows us to deteamine
coefficients fi%, £ d}; f'] by the method of least squares. This interpolatéses as:

d%, = 1.75 1072 Nm/(tr. min)? fi¥ = —-2.78 107 Nm/(tr. min)

d!; =1.21107° Nm/(tr. min)? f =-1.1810"% Nm/(tr. min)
Then we can measure the efforts of the two propeifethe same conditions as for the prototypeudised later in
this study. The difference being that we can evelttze efforts of the two propellers. Thus it isgible to estimate
the interaction term@,_,,;, andQy_,,. We can see that the differences due to the muttexiaction are relatively
low. It may be noted that the interaction is twoywia fact, it was expected that the upper rotteriacts strongly
with the lower rotor, but these results show thatlbwer rotor also affects the behavior of theanpgptor. In order
to model the effort to analyze the behavior of thachine, we choose to represent the mutual effortshe
following model:

Quoy(wy, ) = dify. f + fii*. wy + e. w®

Quor(wy, w) = d¥,. w? + f oy + di w? + . oy + d4. wy. 0,

As previously, by the method of least squares, aredetermine the coefficients. As before, we cgress these

torque in the referend®g : Mc*E = C,.QFY + C,.Q**.

2.3 Balancereaction

In this study, we consider a mechanism outsidéflion order to analyze and understand the difteirgeractions
that can occur. Therefore, the mechanism is atthttha 5 components balance modeled like this:

Fb?;cfl = [FXrFY'FZ]t Mb?;cfl = [MX'MY'MZ]t
24 Torquesduetothethrusts

As the rotors rotate around two points, distincthef center of gravity, the thrust force generatésrque 0,0 = [0,0,—1,]*
and 0,0 =[0,0,1,]* are defined as the position vectors expresse®,n points of application of thrust$, and Tj,
respectively. Thus the torque produced by the throfsthe center of gravity O and expressed in \ghign by:

MpfE = (Cu. TFY)A0,0 + (CL. TF)A0L0

2.5 Gyroscopic moments

During the rotation of an object around a giversaai gyroscopic torque appears perpendicular setheo axes.
The tilt of a rotor with a certain angle givingeit a gyroscopic torque, which is the vector pobdd the angular
momentum vector of the rotor and the tilting spe€dese moments are expressed in the rotor cooedist
follows:

Longitudinal Tilt :

Myy = —l. wyay My = -0 d; ; M?}g = [ My, ,0,0]° Mi'% =My, ,0,0]¢
. . t t
Myg = I.wyBy Mg =1, w.p, : Mg =[0,Myg,0] MYy =[0,Myz,0]



I, is the moment of inertia of the rotors relativetheir rotational axesR, ; and R, ;. These moments expressed
in the coordinate systerR;, lead to the following expressionsME, = Cy. MY + C,. My and M35, =
Cy. Mg + Cp. Mg

2.6 Reaction moments of servomotors

This parasitic moment is caused by the pivotingaxdh rotor. When a servomotor apply a torque orrdtor for
the tilting, resulting in a inverse reaction tordéie. This moment depends on the accelerafign andﬁU,L. These
moments are expressed as follows :

Longitudinal Tilt :

Mry, = —I,.dy Mry, = —I,.d; : MrjV =10,Mry,,0] Mrll =10,Mr,,0]t
Lateral Tilt :

.. . t t

Mryg = 1.y Mryp = —1. 5, : Mrj = [ Mry,0,0] Mrl = Mrz,0,0]

I is the moment of inertia of the rotors relativethieir rotational axesR, x and R, y. These moments expressed
in the coordinate systefiy, lead to the following expressiondfrXt, = Cy,. Mr{V + C,. Mr%L and Mrﬁmt
Cy. Mr ﬁ + C;. Mr LB -

2.7 Equationsof motion

The equations of motion are obtained by applying fllmdamental principle of dynamics. Which in thase is
reduced, for the forces and for the momefist = — FXE andMbRE = — McRE — MpRE — MRE, — Mﬁmt
MrXE, — Mr/j’tot' In this study, we will take measures in the caseStatic tilting. That is to say that the
measurements are performed after tilting rotorgabrid of any transitional period. The study oésh particular
periods will be studied later. This assumption &l the point of view of the setting mechanisiy ( = 0,
Gy, =0, By, =0, By, =0). The forces equations becomebit, = — FpXE and [ Fy ,Fy ,F;]T = —Cy. TV —
C,.T:. And the moments equation®his, = — McE — MpRE and[ My , My, M;]" = —Cy.QRY — €. QF" -
(CU.TUU)/\OUO — (CL.TRY)A0,0. Thanks to these equations of motion, it is pdesibr us to determine the

forces that are applied to the machine. In the segtion we will compare the measurements withathegdytical
model created.

3. FACILITY AND MODEL DESCRIPTION

The characteristics of the model are presentddaile 1. The model is mounted
on a fixed frame, outside containment. Particuldergion has been paid withTable 1. Model Characteristics
respect to the reduction of vibrations. Used piHepel are propellers trade

characterized in the laboratory. The motors arshiass typeRoxxy Robbe BL- Nb. Of rotors 2
Motor 2824-34 the control of these motors is performed BgpModel Xregl0 Nb. Of blades 2
Rotor diameter D (m) 0.20

power speed controllersnodified to allow measurement of the rotationaéedd. .. piade chord Cm M) 0.022
The rotors are strongly interacting, it was set jpgmgram control, closed-loop Rotor separation H (m) 0.18
system of the two rotors, to enslave them direbilythe regime wanted value. Pivot separation @, (m)  0.08
This control permits precision in speed to 0.5%e Titting of the rotors is
achieved by four servomotors§dpModel, Digital Servo DS4308 MGorque : 4.3
kg.cm, Speed : 0.08 ” / 40° to 4.8V, Mass : 24@)owing a range of +/- 12°:
Laws control the servomotors to know the incideoferotors with precision (+ / - 0.1 °) passes tlgloua
calibration phase. This calibration is for all thesitions of the servomotors to measure the inciédn the
coordinateR. This measure of incidence is effected by means laiser displacement senskeyence 1L-300,
which is used to extract a grid of points on thralisk, and to a plane by interpolation to kndw tncidence of
the it accurately. This calibration is performedadarge number of positions of the servomotorsl ean be
determined for a calibration matrix inversion tdab two control laws of the typey, 8, = f(ComUx, ComUy)
and a;, B, = f(ComLx, ComLy), with ComUx, ComUy, ComLx and ComLy, the controls of the servomotors.
The mechanical design for the double tilt rotoruiegs each non-linearity of these laws. Thereforgroperly
represent them and thus increase the accuracgatieation was performed automated way to scancéfitrol
pairsComUx/ComUy andComLx/ComLy. The measurement of the forces due to the inferecand tilting of the
rotors is performed by means of a five-componetdrizz dart built by I''AT Saint-Cyr I'Ecole. It is the form of
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Mass (g) 283




a bar of square section steel, and 9 cm in length five measuring bridges to strain gauges. lowd the
measurement of two components of force FY and RZ taree moment components MX, MY and MZ. This
balance has a maximum capacity of 10 N is conditiohy five amplifier / filterE-325 which feeds the bridge
balance with a nominal voltage of 4 V. Is then &loguisition of these signals through a Nationalrument card.
The use of this balance through its calibratiommatch each measuring bridge component of the ftosor
applied to the balance. Bridges are coupled, tiieraton was therefore to address these outpuiagek and
provide force components decoupled. A steel platie mne points fixed application shanks on the Béis board
allows, thanks to its high precision applicationnt®, applying ad hoc efforts on the balance. Agpam was then
used to complete the acquisition. Each measurimgt ® the average of 1000 acquisitions to the desgy of
500Hz, for 459 pairs mass / position. Through catiedal treatment it was possible to go back thdrima
calibration static balance, allowing to determihe forces on the basis of measured voltages with &tcuracy.
Acquisitions of different measurement channels wesle at a frequency of 2kHz, (15s and 30000 sapples
allowing statistical convergence of the standandad®n of effort. A correction is applied to theeasurement of
rotational speed and effort, to take into accoinet variations in atmospheric pressure and temperaturing

. . . . . . . . . . . wU'L
testing. This correction is applied to the instaptaus signals is summarized by the relationshfp; = Traym
Ff, = frz and Mg , = Mz The exponent ¢ corresponding to the correctedegalthe index i is the raw

Pa;/Pag, Pa;/Pagy
signal, TO and Pa0 are the standard value of teatyer and pressure, respectively, 288.15K and B)E2
Measurements used for this study are divided tmteet distinct parts. First padase 1, of studying the behavior of
the device without tilting in conventional operatiof coaxial rotors, which requires the settingtfoe model that
ay, Bu, L, . = 0. This configuration will allow us to readjust ttteeoretical model to experimental data, and so
determining, empirically and by an optimization hud, the coefficients intrinsic rotor upper and éww
respectivelyCly(wy, wy), Cly(wy, wy,), Cty(wy, wy,), et Ct,(wy, wy,). This step will be explained in the results
section. This part will also determine the pairgahtional speedsey/w,, allowing cancellation of the resulting
torque Mz, which will be used in the following parihe following two cases studied concern, tlmgfithe tilting
of the rotors. The speeds are fixed at values géingra resultant torque equal to zero. The twesame
distinguished by the inclination of the two rotof$ie starting point of this study is the controVide, type MAV.
The choice of rotor tilt control has been donertotd generate pure transverse forcegyFor pure moments
(Mxy). Therefore, certain symmetry was observed reggrttie movements of the rotoGase 2, called "Tandem
Rotor" is applied to the lower rotor tilt symmetiallowing the upper to keep the two parallel refamplying as
parametersd; = a; and Sy = ). Case 3, called "Rotor Mirror" is applied to the lower oottilt antisymmetric
involving as parametersg = —a; andfy = —f,).

4. RESULTS

Case 1: This section presents the results @ase 1, of studying the behavior of the device witholtirtg in
conventional operation of coaxial rotors, This pagterization leads to the model, a cancellationfafr
components of efforts (f & My y), the two remaining components, correspondindhéovertical thrust and the
yaw moment of the vehicle. The measurements peddram the model confirm thigigures 3 and4, shows the
results of the force measurements as a functiomotdtional speeds of the two motors, for the case 1
Figures 3 and4, respectively, represent the component Fz andffdrte function of Rprg and Rpm. This figures
represents the iso-components of forces (Fz andidMdiagrams®Rpm, / Rpm. These same figures also represent
the comparison of our optimized model to data fritve experiment. Because of interactions betweertwoe
rotors, the efforts on the system are not symnadtiic spaceRpm, / Rpm. Indeed, if the two propellers had the
same behavior in interaction, efforts would be swtrioal about the line Rpir= Rpm. However, as shown in
Figures 3 and4, this is not the case. Propellers having the satn@sic characteristics, this is because the lowe
propeller sees a flow different to the upper prigpeldisturbed by it. Regarding the comparison leetwthe
measurements and the analytical model, we obseveeyagood representation of the data. We haveerhtwee
values of the pairRpm, / Rpm, corresponding to a cancellation of the resultorgue Mz (yaw moment), which
will be used for the following two scenarios (cageand 3). In this paper we will focus on a poihfixed speed
(Rpmy / Rpm. = 5000/4955), and variations in tilt angle of abd2°. Case 2: Corresponds to the case in
"Tandem”, is to tilt the rotors so as to allow piata In this study, we have chosen to present rimults
corresponding to speeds 5000/4955, respectivedyyétocities of Upper and Lower rotor. In this gatbe force
measurements have shown that only two of the fimeponents are nonzero, Fy and Fz. The verticaleforc
component Fz, is almost constant3i®8N while the transverse component Fy varieig).(5). It is clear that the
switching of the two rotors in tandem creates aptrain, transverse and linearly related to theatigle. Even
without its extent, it is possible to imagine ttiad other transverse component, Fx, in the samavimeh and those
thanks to the symmetry of the assemi@pse 3: "Mirror”, corresponds to the antisymmetric tilting the two
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rotors. In this case, the efforts we show thatntleasured transverse forces (Fx and Fy) are zexqetttical force

Fz is almost constar®.54N and the roll and pitch angles are proportionaht tilt (Fig. 6 & 7). We see these
results as pitch and roll moments are relativehedr function of the angles and tilt rotors. In ttese of

antisymmetric tilting rotors, efforts created, ndétion to vertical thrust, correspond to pure matee

5. DISCUSSION

Figure 6 shows a synthetic way, efforts created duringnglrotors. These results show that the tiltinghef rotors
can be used to generate pure forces or moments e it is possible to use these efforts in otdesontrol the
drone, replacing conventional control surfad®e see that in the case of a gust of wind, we eraalrift, and a
pitch down moment. We see that in this case itisrésting to tilt one of the rotors to create agpg forces and
moments, thus stabilizing the drone. All theseifigd are made in the case of static displacematyyroscopic
efforts arising from the dynamic tilting are nokea into account. Following this study, we analyae system
behavior dynamically, by applying of the tempoiliing laws. In this case, we will create gyrosaopiforts that
can be interesting for the control of the dronetufaiwork will focus on a prototype maintained witla fixed

frame and allowed to rotate on a growing numbetegfrees of freedom.
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